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Abstract The El Nifio-Southern Oscillation (ENSO) dominates interannual climate variability
worldwide and has important environmental and socio-economic consequences. However, determining
the evolution of ENSO variability and its long-term response to climate forcing remains an ongoing
challenge owing to the limited instrumental records. In this study, we quantified ENSO variability via an
empirically calibrated threshold and sliding variance windows using monthly sea-surface temperature
(SST) anomalies based on Porites coral Sr/Ca records from the Xisha Islands in the northern South China
Sea. Instrumental SST anomalies from the Xisha Islands correctly captured increasing ENSO variability
in the twentieth century, with ENSO detection skills similar to those for Nifio3.4 regions. Coral Sr/Ca-SST
anomalies can also serve as sensitive and robust proxies for ENSO variability. Sub-fossil coral Sr/Ca-SST
anomalies indicated intensified ENSO variability at the end of the Medieval Climate Anomaly (MCA)
from 1149 to 1205 + 4.9 (26) Common Era (CE). Combining our records with other ENSO-sensitive proxy
reconstructions from the tropical Pacific, we observed fluctuating ENSO variability during the MCA

and intensified ENSO variability for the late MCA. Considering the fewer and low intensity fluctuations
associated with external climate forcing and the absence of a coherent temporal correspondence of ENSO
activity with solar irradiance and volcanic eruption during the MCA, we hypothesized that the internal
dynamics of the climate system play a prominent role in modulating ENSO variability and its evolution,
which is supported by unforced climate model simulations and coral reconstructions across the tropical
Pacific.

1. Introduction

The El Nifio-Southern Oscillation (ENSO) is an inherently unstable climatic oscillation of the tropical Pa-
cific oceanic-atmospheric system between positive (El Nifio) and negative (La Nifia) phases with a perio-
dicity of 2 to 8 years (Timmermann et al., 2018; Wang & Fiedler, 2006). The impacts of ENSO activity can
be transmitted worldwide through atmospheric teleconnections, significantly altering global redistribution
of heat and moisture fluxes (Alexander et al., 2002; Diaz & Markgraf, 2000; Trenberth, 1997). Therefore,
ENSO has dramatic impacts on agriculture, weather, ecological environment, society, and economy (Cai
et al., 2014; Sarachik & Cane, 2010). Although instrumental observations can be used to test the predictive
skills of climate models on interannual timescales, these short records limit the improvement of models
that simulate ENSO variability. ENSO reconstructions from paleoclimate archives, which extend the time
span of instrumental records, can provide valuable perspectives on ENSO variability, climate forcing, and
model investigations (Schmidt, 2010). Furthermore, determining the range of natural ENSO variability over
the last millennium is essential for understanding the underlying mechanisms of ENSO and for predicting
future ENSO activity under anthropogenic climate change.

The Medieval Climate Anomaly (MCA) is generally defined as occurring from approximately 950 to 1,250
Common Era (CE) and this time interval was subjected to mostly warm conditions in Northern Hemisphere
temperature reconstructions (Masson-Delmotte et al., 2013). Although numerous studies have provided
some clarifications on ENSO activity during the MCA, paleo-ENSO variability and the response to climate
forcing during this period remains poorly understood and vigorously contested (Emile-Geay et al., 2013b;
Sadekov et al., 2013). According to some regional evidence, the medieval period was characterized by
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Figure 1. Spatial correlation between monthly sea-surface temperature (SST) of the tropical Pacific and Nifio3.4 SST
during 1,982-2016 CE (with tropical Pacific SST lags by 6 months). The source of SST data is Optimum Interpolation
Sea Surface Temperature version 2 data product (NOAA OI SST v2; Reynolds et al., 2002). A significant positive
correlation in the South China Sea (SCS) (r = 0.42, neg = 22, p,g = 0.02 at the Xisha Islands) indicates warmer (colder)
conditions in the SCS during El Nifio (La Nifia). Red dots with numbers indicate enhanced El Nifio activity during

the MCA, whereas yellow dots with numbers indicate reduced El Nifio activity. Further information about these data
used for each location can be found in Table S3 of Supporting Information. Star indicates the location of the sampling
sites in the Xisha Islands. CE, Common Era; MCA, Medieval Climate Anomaly; SCS, South China Sea; SST, sea-surface
temperature.

persistently weak ENSO variability (Cobb et al., 2013; Rein et al., 2005), whereas a number of proxy records
have demonstrated strong ENSO variability during this time interval (Ledru et al., 2013; Moy et al., 2002;
Rustic et al., 2015; Tan et al., 2019; Toth et al., 2015). The sensitivity of ENSO to external climate forcing
also remains a subject of considerable debate (Dee et al., 2020). Studies on the ocean dynamical thermo-
stat mechanism have revealed that positive tropical radiative forcing counteracts the development of El
Nifio events (Booth et al., 2006; Clement et al., 1996; Goodwin et al., 2014; Salvatteci et al., 2013). Never-
theless, several studies have found no obvious relationship between irradiance or volcanism and ENSO
activity. Instead, they suggest that the majority of ENSO variability is modulated by internal variability of
ENSO system (Cobb et al., 2003, 2013; Graham et al., 2011). In addition, climate model simulations have
demonstrated that stochastic modulation of the climate system leads to the changes in ENSO variability
(Wittenberg, 2009). These results indicate complex and contradictory ENSO behavior during the MCA and
emphasize the necessity of expanding high-resolution ENSO reconstructions.

Fast-growing massive hermatypic corals (growth rate of up to 2 cm/year) contain an array of geochemical
tracers within their skeletons (Yu, 2012). Therefore, coral records can provide high-fidelity archives for
continuous, monthly to annually resolved paleoclimatic and paleoceanographic studies (Cobb et al., 2003;
Correge et al., 2000; McGregor et al., 2013; Tierney et al., 2015; Tudhope et al., 2001). The analysis of oxygen
isotopes (8'*0) in coral skeletons has been a primary source of information on seasonal and interannual var-
iability (Cole et al., 1993; Yu et al., 2005). However, coral §'*0 is a function of both the sea-surface temper-
ature (SST) and 5'®0 composition of the ambient seawater (§'°Oy,,). Thus, it is normally difficult to extract
SST from the overall isotope signals. To circumvent this ambiguity, Smith et al. (1979) found the inverse re-
lationship between SST and strontium to calcium (Sr/Ca) ratios of corals and proposed the equations. After
that, Beck et al. (1992) suggested to measure coral Sr/Ca ratios via the high-precision Thermal Ionization
Mass Spectrometry to reconstruct SST with monthly resolution. Subsequently, the variations in coral Sr/
Ca have become an established tracer for SST variability on seasonal and interannual timescales (Corrége
et al., 2000; Gagan et al., 1998). Therefore, coral skeletons Sr/Ca has been widely served for paleo-ENSO
reconstructions in tropical and subtropical oceans (Alibert & McCulloch, 1997; DeLong et al., 2013; Mc-
Culloch et al., 1994).

The South China Sea (SCS) contains widely distributed corals and is sensitive to ENSO variability (Han
et al., 2020; Yu, 2012; Figure 1). Coral Sr/Ca-SST reconstructions from the SCS have been systematically
developed in recent decades, yielding a series of published coral Sr/Ca data that provide a high-resolution
Holocene climate history and ENSO records (Mitsuguchi et al., 2008; Yu et al., 2004, 2005). However, most
studies have only concentrated on ENSO periodicity and have rarely involved the MCA, especially for the
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evolutionary characteristics of ENSO variability and the corresponding
climate forcing (Sun et al., 2005; Wei et al., 2007). Here, we used instru-

b Top

A % mental and reanalysis data sets of SST from the Xisha Islands, which
2 is an archipelago in the northern SCS, to analyze the impact of ENSO
= (Nifio3.4) in this region. Subsequently, we investigated ENSO variability
S based on monthly sub-fossil coral Sr/Ca-SST from 1149 to 1205 + 4.9 (20)
g CE, which is a period coinciding with the late MCA. Our aim is to identify
:}—’ the characteristics of ENSO variations that occurred during the MCA and
g to analyze the possible forcing factors.
=

2. Climatic Setting of Study Area

The SCS, a semi-enclosed marginal sea in the northwestern region of the
tropical Pacific (Figure 1), is an important area for the transport of mois-
ture and energy between low and middle-high latitudes (Su et al., 2010).
The Xisha Islands (15°-17°N, 111°-113°E) are located at the northwest-
ern SCS (Figure S1). Satellite-derived SST (NOAA OI SST v2; Reynolds

—
wo g

YXN-1
et al., 2002) from the Xisha Islands demonstrate a mean SST of 27.3 + 0.4
Figure 2. X-radiograph positive images of (a) sub-fossil (GQ-2) and (b) (10)°C and exhibit annual cycles (Figure S2), with a mean maximum of
modern (YXN-1) Porites lutea coral core slabs. White and orange lines 29.2 + 0.4 (10)°C in the summer (June-July-August: JJA) and a mean

indicate the annual density banding and the sub-sampling transects along minimum of 24.7 + 0.6 (10)°C in the winter (December-January-Febru-
the major growth axis, respectively. Red rectangles indicate the location of ary: DJF) from 1982 to 2016 CE (Figure S1). Observational results have re-

thin sections that were used to assess the preservation of coral aragonite.
Red point denotes the location of sample selected for U-Th dating.

vealed that ENSO activity remotely affects the SST in the SCS (Figure 1),
suggesting that warmer (colder) conditions persist during El Nifio (La
Nifia) events. Mature ENSO phases that usually occur in boreal winter
remotely affect the climate of the SCS via the so-called “atmospheric-bridge” of atmospheric circulation
changes (Klein et al., 1999). When El Nifio events occur, the anomalous anticyclone over the western Pacific
weakens monsoons, which would reduce cloudiness, increase solar radiation, and cause the positive SST
anomalies (SSTA) in the northern SCS (Han et al., 2020; Wang et al., 2000; Yan et al., 2010). Meanwhile, the
weakened East Asia Trough decreases the sea-level pressure in Aleutians Island, which would increase the
land surface temperature, strengthen southern winds, and yield a decreased winter monsoon and increased
SST in the SCS (Guo & Wang, 1990; Song et al., 2012; Zhu & Xie, 1988). For example, the anomalous warm
events in the SCS from 1997 to 1998 CE were closely related to the strong El Nifio event during that period
(Wang et al., 2004, 2006). The reverse phenomena take place during La Nifia events.

3. Materials and Methods
3.1. Coral Samples

Two coral cores from the Xisha Islands were obtained from Porites lutea colonies using an underwater hy-
draulic drill in late June 2008 CE. The first sample GQ-2, which was collected from an in situ sub-fossil cor-
al, was recovered from ~5 m water depth on the fringing reef of Ganquan Island (16°30'28”N, 111°35'10”E;
Figure S3). The second sample YXN-1 was collected from a living coral at ~6 m water depth off Yongxing
Island (16°50'27”N, 112°19’34"E), approximately 80 km from Ganquan Island (Figure S3). YXN-1 was used
to calibrate the coral Sr/Ca-SST relationship in the Xisha Islands.

The obtained coral samples were cut into ~7 mm thick slices along their major growth directions using a
circular diamond saw. These slices were soaked in 5% H,O, for 48 h, cleaned three times in an ultrasonic
bath using deionized water, and air-dried in a 60°C oven for 48 h. After removing all the organic matter and
surface contaminants, the coral slices were X-ray photographed to identify the annual-density banding pat-
terns and determine the microsampling paths. According to the X-radiograph images (Figure 2), the mean
extension rate of GQ-2 was 9 mm/year, ranging from 8 to 10 mm/year. The mean extension rate of YXN-1
was 12 mm/year, ranging from 10 to 12 mm/year (Table S1).

Three blocks extracted from the middle and bottom of the sub-fossil coral sample and the bottom of the
modern coral sample were investigated for possible skeletal diagenetic alteration (Figure 2). First, a part of

JIANG ET AL.

3of 17



A7
ra\%“1%
ADVANCING EARTH
AND SPACE SCIENCE

Paleoceanography and Paleoclimatology 10.1029/2020PA004173

the blocks was used for X-ray diffraction (XRD) analyses (Rigaku Ultima IV) to quantify the calcite content.
The sub-fossil coral contained <0.2% calcite content, which is similar to that of modern coral (Figure S4).
Considering that inorganic aragonite crystals could not be detected by XRD analyses, scanning electron
microscopy (SEM) analyses (Hitachi SU5000) were used to distinguish the presence of secondary aragonite
needles. A comparison of the SEM images for the other part of the blocks showed an excellent preservation
level with respect to the primary porosity for modern and sub-fossil corals, as well as the absence of second-
ary minerals and diagenetic alteration (Figure S5).

3.2. Microsampling and Sr/Ca Analyses

Slabs were micro-milled along the maximum growth axis of the corallite fan and the path perpendicular to
the annual-density bands using a digitally controlled milling machine (Alibert & McCulloch, 1997; DeLong
et al., 2013; Fairbanks & Dodge, 1979; Felis et al., 2000; Marshall & McCulloch, 2002; Figure 2). According
to the average extension rate of each coral, we continuously extracted coral skeletal powder with monthly
resolution by milling at 2-mm depth, 2-mm width, and 0.8-1-mm increments. To ensure that the sampling
paths followed the optimum sampling paths and avoided the valleys (Delong et al., 2013), all the coral slices
after microsampling were X-ray photographed again (Figure S6).

Analyses of coral Sr/Ca were conducted on a Varian Vista Pro (Varian Inc.) inductively coupled plas-
ma atomic emission spectroscope at Guangxi University, following previously described techniques (Yu
et al., 2005). Each powdered aragonite coral sample was weighed using a microbalance (sample weights
ranged from 0.8 to 1.0 mg) and placed into micro centrifuge tubes. Subsequently, each coral sample was
completely dissolved in 2% HNOj, such that the mass of final solution (8-10 g) was 10,000 times that of the
original sample. The Ca®* concentration was targeted to ~40 ppm and within the calibration range from 10
to 45 ppm. Strontium and Ca wavelengths were simultaneously detected in three coral sample replicates.
All obtained coral Sr/Ca ratios were corrected for instrument drift using standard-sample bracketing meth-
ods described by Schrag (1999). The in-house Porites coral standard (NS-1) collected from the SCS was dis-
solved in 2% HNO; and analyzed after every two coral samples. Then, the raw coral Sr/Ca data were linearly
corrected using this in-house standard. Furthermore, the international coral standard (JCp-1 Porites spp.)
was treated in the same way and analyzed along with the coral samples (OXkai et al., 2002). The mean Sr/
Ca value for the JCp-1 standard obtained in this study was 8.647 + 0.069 (2o) mmol/mol (n = 127), which
is within analytical uncertainty of the accepted mean for JCp-1 (8.838 + 0.089 (20) mmol/mol; Hathorne
et al., 2013). The analytical precision for the coral Sr/Ca data was 0.016 mmol/mol (1o) obtained from
the repeated measurement (n = 529) of the in-house reference standard solutions (NS-1). This yielded an
uncertainty of ~0.3°C according to the coral Sr/Ca-SST relationship of 0.0497 mmol/mol per 1°C from the
Xisha Islands (see Section 4.3).

3.3. Chronology Construction

Growth chronologies for each coral core were developed by the cross-validation of visually counting the an-
nual-density bands from the X-radiograph images and the pronounced annual cycle of coral Sr/Ca records.
The modern coral sample YXN-1, for which the outermost band represented ongoing growth as of June 2008
CE, has a 28-year continuous growth record for 1,980-2007 CE. The sub-fossil coral sample GQ-2 was ura-
nium-thorium (U-Th) dated using a Nu Plasma high resolution multicollector inductively coupled plasma
mass spectrometer at the Radiogenic Isotope Facility of the University of Queensland. Yu et al. (2006, 2012)
have described the details of the sample preparation and analytical method. GQ-2 was dated at 1200.1 + 4.9
(20) CE (Table S2). According to the pronounced annual cycles of the coral Sr/Ca records, the lifespan of
GQ-2 was identified to be in the period from 1149 to 1205 + 4.9 (20) CE, corresponding to the late MCA.
Considering the pronounced annual cycle of SST from the Xisha Islands for the period of 1982-2016 CE
(Figure S2), we assigned the maximum and minimum coral Sr/Ca value in each annual cycle to the coldest
(January) and warmest (June) months, respectively. We converted the coral Sr/Ca values into monthly re-
solved time series (12 points per year) by constructing a linear interpolation between these tie points.
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4. Data Analysis
4.1. Data Sources

Monthly SST used in this study were collected from the Met Office Hadley Center Sea Ice and Sea Surface
Temperature (HadISSTv1.1) database, which provides monthly SST data from the year 1870 onward, with a
spatial resolution of 1°x 1° (Rayner et al., 2003). The SST records from the SCS and the Xisha Islands were
set to the mean SST for the region of 2.5°-22.5°N, 100°-120°E and 16°-17°N, 111.5°E-112.5°E, respec-
tively. Both include the coral sites of this study. A commonly used index for representing SST variability
associated with ENSO is the Nifo3.4 SST index (Trenberth, 1997), which serves as the target climate signal
for paleo-ENSO reconstruction (e.g., Cobb et al., 2003; Emile-Geay et al., 2013a, 2013b). Our overarching
objective with these data was to demonstrate that instrumental SST data from the northern SCS accurately
detects historical ENSO events. Therefore, we selected Nifio3.4 SST, the mean SST for the region of 5°S-5°N,
170°-120°W, as the arbiter of ENSO variability. Modern observed ENSO events were defined following the
methodology of Oceanic Nifio Index, which is the 3-month moving mean of the HadISSTv1.1 SSTA (Rayner
et al., 2003) in the Nifio3.4 region that exceeds +0.5°C for five or more consecutive overlapping 3-month
periods (Hereid, Quinn, & Okumura, 2013; Larkin & Harrison, 2005).

4.2. Data Processing

To explore the periodic variability within SST records, the multi-taper method (MTM) spectral analysis was
applied to the detrended and normalized SST series using the k-Spectra software package v.1.17 (Spectra
Works; Ghil et al., 2002; Figure S7). The number of tapers (k) and the bandwidth parameter (p) were set
to three and two, respectively, which are suitable for climate records with a few hundred time points. To
isolate the interannual variability, seasonal variations were removed to generate monthly SSTA calculated
as deviations from the respective timescale climatology for each SST record. Then, a 13-month running
mean was applied to the monthly SSTA. We applied different band-pass filter windows representative of
ENSO periodicities (e.g., 2-7-year, 2-8-year, and 3-7-year) to the SSTA from the Xisha Islands and Nifio3.4
regions for the period of 1960-2016, and this analysis suggests that the SST from the Xisha Islands displays
high sensitivity to ENSO activity (Figure S8). We focused on the 3-7-year band-pass filter for our analysis
to ensure minimal influence from interactions between ENSO and Asian monsoon variability (Mitsuguchi
et al., 2008; Yan et al., 2015), as well as amplitude modulation of the quasi-biennial cycle in the SCS (Charles
et al., 1997; Han et al., 2020; Hu et al., 2020; Yan et al., 2017). Sliding variance windows can assist in de-
termining the overall strength of ENSO signal at a particular time and have historically been employed to
investigate the changes in ENSO variability (Cobb et al., 2003; Li et al., 2011). Here, we calculated a 31-year
sliding variance for the filtered SSTA to investigate the evolution of ENSO variability (D’Arrigo et al., 2005;
Wilson et al., 2010). We considered the effective degrees of freedom (n.¢) when conducting the significance
tests (pag;) for correlation analysis (Box et al., 1976; Trenberth, 1984; see Supporting Information for addi-
tional details).

We analyzed the ENSO detection skill with respect of the SST from the Xisha Islands using empirically
calibrated threshold method proposed by Hereid, Quinn, and Okumura (2013). Based on the positive cor-
relation between the filtered SSTA from the Xisha Islands and Nifio3.4 regions (Figure S8), we classified
the positive and negative SST excursions from the Xisha Islands as potential El Nifio and La Nifa events,
respectively. According to the peaks of the filtered SSTA, we set the initial El Nifio (La Nifa) event thresh-
old to 0.01°C (—0.01°C) for the Xisha SSTA and increased (decreased) the threshold in steps of 0.01°C. We
recorded the peaks that exceeded the set threshold and defined them as ENSO events. We independently
optimized the El Nifio and La Nifia threshold levels for the Xisha SSTA to maximize the percentage of cor-
rectly identified ENSO events (ENSO detection skill) and minimize falsely identified (false positives) and
missed (false negatives) ENSO events.

4.3. Coral Sr/Ca Thermometer

Modern coral Sr/Ca records were significantly correlated with instrumental SST from the Xisha Islands for
the period of 1980-2007 CE (Figure 3a). We performed a reduced major axis (RMA) regression analysis to
calibrate the coral Sr/Ca-SST relationship. This regression technique provides more reliable and accurate
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Figure 3. Calibration of the Sr/Ca thermometer in modern Porites lutea coral. (a) Comparisons of modern coral
(YXN-1) Sr/Ca records (orange line) and instrumental SST (purple line; Rayner et al., 2003) from the Xisha Islands
for 1980-2007 CE. Vertical error bar on the top-right indicates the analytical precision of 0.016 mmol/mol (1o) in this
study. (b) Regression of modern coral Sr/Ca records against instrumental SST for the period of 1980-2007 CE. The
dashed lines indicate 95% confidence intervals. CE, Common Era; SST, sea-surface temperature.

estimates by minimizing the residuals in both the dependent variables and independent variables (Solow
& Huppert, 2004). We used the RMA software (v.1.17) for the regression calculations (Bohonak, 2004). A
corresponding linear regression equation can be proposed as follows (Figure 3b):

Sr / Ca(mmol / mol) = 10.144(+0.0016) — 0.0497 (+0.0015) x SST(°C) 1)

The error on the intercept and slope for this regression equation corresponds to 1o. The significant relation-
ship between coral Sr/Ca records and instrumental SST (i = 0.71, p < 0.0001, n = 336) supports the fidelity
of coral Sr/Ca-SST relationship from the Xisha Islands. The slope value of —0.0497 mmol/mol°C™" is within
the range of previous relationships derived for Pacific Porites spp., which ranged from —0.04 to —0.12 mmol/
mol°C™? (Correge, 2006; Sayani et al., 2019). To further validate the coral Sr/Ca thermometer, we applied
this regression equation to another published modern Sr/Ca records from a Porites coral (15XS1), which
were normalized against the international coral JCp-1 standard (Hathorne et al., 2013; Wang et al., 2018).
15XS1 was obtained from Qilianyu Reef (16°57°24.75” N, 112°18'46.80” E), approximately 13 km from our
modern coral (Figure S3). The reconstructed SST from Qilianyu Reef were highly consistent with the in-
strumental SST from HadISST database for the period of 1990-2015 CE (r = 0.81, p < 0.0001, n = 308;
Figure S9). Therefore, modern coral Sr/Ca records from the Xisha Islands establish the potential of Porites
coral paleothermometry from the northern SCS for SST reconstruction.

4.4. Uncertainty Estimation

To fully account for the uncertainties in coral Sr/Ca-SST records, we included the analytical uncertainty of
0.016 mmol/mol (1o) (Section 3.2), an estimate of the inter-colony uncertainty of 0.024 mmol/mol (1) in
Sr/Ca among individual corals (Chen et al., 2018), and the calibration uncertainty associated with the coral
Sr/Ca-SST equation (Section 4.3). The combined uncertainties were assessed using Monte Carlo simulations
(n =1,000; Carré et al., 2012; Lawman et al., 2020; Nurhati et al., 2011; see Supporting Information for fur-
ther details). The uncertainties of the ensemble at a given time ¢ were evaluated using the root mean square
error (RMSE) and defined as RMSE,. The mean error of the entire record was calculated as the average of
the RMSE, of the ensemble. For the monthly Sr/Ca-SST records from modern colony (YXN-1: 1980-2007
CE), the mean error was calculated to be 1.03°C (RMSE, ranging from 0.89°C to 1.15°C). Considering that
our study primarily focused on interannual variability of the SSTA, we calculated the Sr/Ca-SSTA analogs
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from the monthly analogs by subtracting the averaged annual cycle from the monthly Sr/Ca-SST series.
Then, the RMSE; and the mean error of the Sr/Ca-SSTA ensemble were evaluated. The mean error of the Sr/
Ca-SSTA records was calculated to be 0.32°C (RMSE, ranging from 0.30°C to 0.35°C). A 3-7-year band-pass
filter was applied to the Sr/Ca-SSTA analogs to further evaluate the uncertainties of interannual variability.
For the filtered Sr/Ca-SSTA records, the calculated uncertainty was reduced to 0.05°C (RMSE, ranging from
0.04°C to 0.06°C; Figure 4). Further, the error of sub-fossil coral record was estimated following the method
for modern coral. The calculated mean error for sub-fossil coral record (GQ-2: 1149-1205 + 4.9 (20) CE) was
0.98°C (RMSE, ranging from 0.81°C to 1.13°C) for the monthly Sr/Ca-SST series, 0.32°C (RMSE, ranging
from 0.30°C to 0.39°C) for the Sr/Ca-SSTA series, and 0.05°C (RMSE, ranging from 0.04°C to 0.06°C) for the
filtered Sr/Ca-SSTA series (Figure 5). Based on the uncertainty estimation of coral Sr/Ca-SST reconstruc-
tion, our results indicated reduced uncertainties in the SSTA as well as in the interannual signal relative to
the monthly raw SST reconstructions.

5. Results and Discussion
5.1. Modern ENSO Variability

Instrumental SST variations around the Xisha Islands were characterized by prominent interannual vari-
ability for the period of 1900-2000 CE, with significant periodicities of 4.6 and 7.5 years (Figure S7a). To
establish the expected response of SST to ENSO activity in this region, we calculated the ENSO detection
skill for the period of 1900-2000 CE using SST records from Nifio3.4 regions and the Xisha Islands. Accord-
ing to the empirically calibrated threshold techniques, El Nifio (La Nifia) events were defined by the SSTA
in the Xisha Islands that exceeded 0.15°C (below —0.153°C). Based on this threshold level, the SST records
from the Xisha Islands correctly identified 16 El Nifio events and 11 La Nifia events that were captured by
Nifo03.4 SST records for 1900-2000 CE, with a detection skill of 76% for El Nifio events and 65% for La Nifa
events (Figure 4a). The number of false negatives was five El Nifio events and six La Nifia events. And the
number of false positives was four El Nifio events and three La Nifa events (Figure 4a). Similarly, the SCS
SST is sensitive to ENSO activity, with an ENSO detection skill (60%-70%) that is broadly similar to Nifio3.4
region (Hereid, Quinn, & Okumura, 2013; Figure S10). The sliding variance with a 31-year window suggest
that SST records from the Xisha Islands were characterized by increasing ENSO variability during the twen-
tieth century (Figure 4b), which is consistent with ENSO variability patterns previously observed in Nifio3.4
SST (Torrence & Compo, 1998; Trenberth, 1997). Therefore, we conclude that SST data from the SCS display
a high sensitivity to ENSO activity and quantitatively reflect the changes in ENSO variability.

Spectral analysis of modern coral Sr/Ca-SST from the Xisha Islands also revealed significant periodicities
from 2.9 to 4.5 years for the period of 1980-2007 CE (Figure S7b), similar to that of instrumental SST. To
detect the interannual variability in regional coral Sr/Ca-SST, we compared the de-trended and filtered coral
Sr/Ca with instrumental SST for 1,980-2007 CE. First, monthly anomalies of coral Sr/Ca and instrumental
SST were obtained by subtracting the monthly means for the period of 1980-2007 CE. A significant correla-
tion was detected between the 13-month running mean of coral Sr/Ca anomalies and Xisha SSTA (r = —0.47,
Pagj = 0.03, ney = 15; Figure S11a). Furthermore, a 3-7-year band-pass filter was applied to the coral Sr/Ca
anomalies and SSTA. We observed that ENSO variability between these two filtered series showed a signif-
icant negative correlation (r = —0.76, p,q; = 0.008, n; = 8; Figure S11b). Comparing the band-pass filtered
Xisha coral Sr/Ca anomalies with other ENSO-sensitive coral records in which they overlap, we found our
coral Sr/Ca anomalies exhibit significantly correlations with coral §'*0 anomalies from Kiritimati Island
(r = 0.68, pag; = 0.029, ne; = 8; McGregor et al., 2013) and Palmyra Island (¥ = 0.61, p.g = 0.047, neg = 8;
Cobb et al., 2003), as well as coral Sr/Ca anomalies from Vanuatu (r = —0.46, p,q; = 0.048, nes = 14; Lawman
et al., 2020; Figure S12). We further applied the ENSO threshold determined by instrumental SST to the
modern coral Sr/Ca-SST reconstruction, with observations of five El Nifio events and four La Nifia events
that were captured by Nifio3.4 SST records from 1980 to 2007 CE (Figure 4e). The number of false negatives
was two El Nifio events and one La Nifia events. And the number of false positives was three El Nifio events
and three La Nifia events. The detection skill for El Nifio events is 72% and for La Nifia events is 80%. These
results suggest that the SST revealed by coral Sr/Ca from the northern SCS is a sensitive and robust proxy
for regional interannual variability and can provide the required benchmark for future coral paleo-ENSO
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Figure 4. ENSO reconstruction based on instrumental SST (Rayner et al., 2003) from the Xisha Islands. (a) 3-7-

year band-pass filtered instrumental SST anomalies for the period of 1900-2000 CE. (b) Variance in a sliding 31-year
window for the 3-7-year band-pass filtered instrumental SST anomalies. Red arrow indicates increasing ENSO
variability. (¢) Monthly modern coral Sr/Ca records and SST reconstruction (dark orange) with Monte Carlo uncertainty
quantification (light orange shading) that take analytical, inter-colony, and calibration uncertainty into account

(n = 1,000 realizations). Coral Sr/Ca data are converted to SST using the Sr/Ca thermometer calibrated in this study.
(d) SST anomalies reconstruction (dark orange) with uncertainty quantification (light orange shading). (e) 3-7-year
band-pass filtered SST anomalies reconstruction (dark orange) with uncertainty quantification (light orange shading).
Sections of the filtered SST anomalies that are above the empirical El Nifio event threshold of 0.15°C (magenta dashed
line) correspond to El Nifio events. Similarly, sections of the filtered SST anomalies that fall below the empirical

La Nifia event threshold of —0.153°C (green dashed line) correspond to La Nifia events. The solid magenta (green)
triangles indicate the El Nifio (La Nifia) events captured by both the Xisha Islands SST and Nifio3.4 SST. The hollow
magenta (green) triangles indicate the El Nifio (La Nifia) events captured by Nifio3.4 SST, but not identified in the
Xisha Islands SST (false negatives). Black triangles represent ENSO events predicted by the Xisha Islands SST, but not
identified in Nifio3.4 SST (false positives). CE, Common Era; ENSO, El Nifio—Southern Oscillation; SST, sea-surface
temperature.
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Figure 5. ENSO reconstruction based on sub-fossil coral Sr/Ca-SST from the Xisha Islands for the period of 1149-
1205 + 4.9 (20) CE. (a) Monthly sub-fossil coral Sr/Ca records and reconstructed SST (dark orange) with Monte Carlo
uncertainty quantification (light orange shading) that take analytical, inter-colony, and calibration uncertainty into
account (n = 1,000 realizations). (b) SST anomalies reconstruction (dark orange) with uncertainty quantification
(light orange shading). (c) 3-7-year band-pass filtered SST anomalies reconstruction (dark orange) with uncertainty
quantification (light orange shading). Sections of the filtered SST anomalies that are above the empirical El Nifio event
threshold of 0.15°C (magenta dashed line) correspond to predicted El Nifio events (magenta triangles). Similarly,
sections of the filtered SST anomalies that fall below the empirical La Nifia event threshold of —0.153°C (green dashed
line) correspond to predicted La Nifia events (green triangles). (d) The number of El Nifio (magenta line) and La Nifia
(green line) events in a sliding 31-year window. Gray shading is the variance in a sliding 31-year window for the filtered
SST anomalies. Red dashed arrow indicates intensified ENSO variability and increased frequency of El Nifio events.
Black triangles with horizontal bar mark the Z0Th age of 1200.1 + 4.9 (20) CE for sub-fossil coral. CE, Common Era;
ENSO, El Nifio—Southern Oscillation; SST, sea-surface temperature.

reconstructions. We subsequently applied the empirically calibrated ENSO threshold to the sub-fossil coral
Sr/Ca-SST records from the Xisha Islands.

5.2. Reconstruction of ENSO Activity During the MCA

Seasonal fluctuations are notable in sub-fossil coral Sr/Ca series, with clear annual cycles over the 57-year
record (Figure 5a). Spectral analyses of this Sr/Ca-SST records revealed pronounced interannual peak of
3.3 years from 1149 to 1205 + 4.9 (20) CE (Figure S7c). To further examine the ENSO variability, we ap-
plied a 3-7-year band-pass filter to the monthly coral Sr/Ca-SSTA obtained by subtracting the monthly
means for 1149-1205 =+ 4.9 (20) CE (Figure 5b). The total variance of filtered sub-fossil coral Sr/Ca-SSTA
(0.29°C?) shows relatively stronger than that of modern coral (0.19°C?), suggesting ENSO variability at
1,149-1,205 + 4.9 (20) CE was enhanced by 53% compared with today (Figure S13). According to the em-
pirically determined ENSO threshold (see Section 5.1), we observed approximately 13 predicted El Nifio
events and 12 predicted La Nifia events from 1149 to 1205 + 4.9 (20) CE (Figure 5c). The ENSO variations
throughout this time interval were evaluated by counting the ENSO events using a 31-year sliding window
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(Cobb et al., 2003; Han et al., 2020). The larger variations in the frequency of El Nifio events during 31-year
periods relative to that of La Nifia events (Figure 5d) indicated that El Nifio events play a leading role in the
variations of ENSO variability.

A plethora of evidence indicates there are discrepancies in the reconstruction of ENSO activity during
the MCA. Lake sediments from Laguna Pallcacocha (Moy et al., 2002) and Galdpagos Islands (Conroy
et al., 2008) demonstrate more frequent and stronger El Nifio events during the MCA. Speleothem §'*0
records from the northeastern Peru (Reuter et al., 2009), the Isthmus of Panama (Lachniet et al., 2004), and
the western Pacific (Tan et al., 2019; Tierney et al., 2010) document relatively decreased rainfall and dry
climate episodes from 950 to 1250 CE, which is consistent with the paradigm of persistent El Nifio pattern
in this region (Toth et al., 2015). However, the MCA has been characterized by persistently weak El Nifio
activity based on marine sediment cores from offshore Peru (Fleury et al., 2015; Rein et al., 2005) and basin
ventilation records from Indonesia (Langton et al., 2008). Extreme rainfall in the northwestern Australia
(Dennistona et al., 2015) and aridity in the western North America (Cook et al., 2004; Graham et al., 2007;
Li et al., 2011) also suggest enhanced La Nifa activity from 850 to 1450 CE, which is supported by SST
reconstructions from the central (Cobb et al., 2003; Seager et al., 2008) and eastern (Conroy et al., 2010)
equatorial Pacific.

Several factors may have contributed to the observed discrepancies in reconstruction of ENSO activity dur-
ing the MCA. A growing body of evidence suggests that the ENSO teleconnection patterns may have under-
gone significant reorganization in the tropical oceanic-atmospheric circulation system during this period
(Graham et al., 2011; Lachniet et al., 2004; Rein et al., 2005), which may have affected regional precipitation
in the tropical Pacific and produced ENSO-driven patterns of SST and rainfall that were different than at
present. For example, sediment records from Laguna Pallcacocha indicate large amounts of precipitation
associated with increased El Nifio episodes during the medieval period (Moy et al., 2002). However, this in-
terpretation is contradicted by records of reduced rainfall in the western United States, where precipitation
patterns are similar to northwestern South America at present (Graham et al., 2007). In addition, the North
American Drought Atlas (Cook et al., 2004) depicts shifts in North American hydroclimate from the MCA to
the Little Ice Age (LIA) consistent with changes in the ENSO-United States teleconnection (Li et al., 2011).

An alternative explanation for the disagreement in ENSO activity during the MCA could, therefore, be
related to the inconsistency in the time period used to represent the medieval period in paleo-records. For
example, the enhanced La Nifia activity in the tropical Pacific suggested by corals from Palmyra Atoll during
the MCA were from the period of 1320-1462 CE (Seager et al., 2008). However, this time interval has often
been defined as the transitional stage from the MCA to the LIA (Masson-Delmotte et al., 2013) and was
likely characterized by an evolution in ENSO behavior.

5.3. Intensified ENSO Variability for the Late MCA

Despite numerous studies shedding light on ENSO variability relative to modern times (Moy et al., 2002;
Rein et al., 2005), our records allow for testing the hypothesis that ENSO variability likely changed over the
course of the MCA. The results of 31-year sliding variance suggest a lower variance from 1149 to 1179 + 4.9
(20) CE and a higher variance from 1180 to 1205 + 4.9 (20) CE (Figure 5d), which is consistent with the
change in the number of El Nifio events. Given that the MCA extends over 300 years from 950 to 1250 CE
(Masson-Delmotte et al., 2013), the time interval of 1149-1205 + 4.9 (20) CE falls within the late MCA. The
transition of ENSO variability from weak to strong during 1149-1205 + 4.9 (20) CE suggests intensified
ENSO variability during the late MCA. Coral oxygen isotopic records from Palmyra Islands also exhibit
significant changes in the decadal ENSO behavior in the twelfth century (Cobb et al., 2003). We applied
the same sliding variance used in this study to the filtered coral §'*0 anomalies from 1149 to 1220 + 5 (20)
CE. This record also suggests less variance from 1149 to 1179 + 5 (20) CE and more variance from 1180
to 1220 + 5 (20) CE (Figure S14). The similar changes in variability in the records from both the Xisha Is-
lands and the central Pacific provides strong evidence for intensified ENSO variability during the late MCA
(Figure 6a).

Another coral Sr/Ca from Vanuatu in the southwest Pacific provide insights into ENSO variability from
1051 to 1150 + 2.7 (20) CE, a period coincident with the middle MCA (Lawman et al., 2020). Applying the
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Figure 6. ENSO reconstruction based on various proxies from the tropical Pacific during the Medieval Climate
Anomaly (MCA). (a) Variance in a sliding 31-year window for the filtered coral Sr/Ca-SST anomalies from Vanuatu
for the period of 1050-1151 + 2.7 (20) CE (blue shading; Lawman et al., 2020), the filtered coral Sr/Ca-SST anomalies
from the Xisha Islands for the period of 1149-1205 + 4.9 (20) CE (green shading), and the filtered coral §'*0 anomalies
from Palmyra Island for the period of 1149-1220 + 5 (20) CE (orange shading; Cobb et al., 2003). (b) Reconstructed
Southern Oscillation Index-like records (Yan et al., 2011). (c) Stalagmite 5'*0 records from the southern Thailand

(Tan et al., 2019). (d) Multiproxy synthesized stalagmite records from the eastern Indonesia (Griffiths et al., 2016).

(e) Percent of sand in lake sediments from El Junco in Galapagos (Conroy et al., 2008). (f) Red color intensity of
sedimentation in Laguna Pallcacocha, Ecuador (Moy et al., 2002). (g) Dinosterol abundance from Peru (Makou

et al., 2010). (h) Total solar irradiance (TSI) with the uncertainty (1o, gray lines) based on the cosmogenic radionuclide
1°Be (Steinhilber et al., 2009). (i) Global volcanic sulfate aerosol injection (Gao et al., 2008). Yellow, blue, and pink
vertical fields indicate the approximate intervals for the early (950-1050 CE), middle (1051-1150 CE), and late (1151-
1250 CE) MCA, respectively. Black dashed arrows indicate the trend of intensified or diminished ENSO variability and
El Nifio activity. CE, Common Era; ENSO, El Nifio—Southern Oscillation; MCA, Medieval Climate Anomaly; SST, sea-
surface temperature; TSI, Total solar irradiance.
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sliding variance with a 31-year window to the filtered coral Sr/Ca-SSTA from Vanuatu, we found that the
period of 1051-1099 + 2.7 (20) CE experienced more variability while the period of 1100-1150 + 2.7 (20)
CE had less variability (Figure S15). These results indicate a transition from enhanced to reduced ENSO
variability for the middle MCA (Figure 6a). Combined with the intensified ENSO variability for the late
MCA, coral records across the tropical Pacific portray sustained changes in ENSO during the MCA, with
interannual SST variability fluctuating between intervals with more and less variability.

There is a lack of additional records on ENSO variability for the MCA due to the limited temporal resolu-
tions that characterize most proxy reconstructions. However, considering that the intensified ENSO varia-
bility is consistent with the enhanced number of El Nifio events (Figure 5d), the transition from enhanced
to reduced ENSO variability during the middle MCA and intensified ENSO variability during the late MCA
is supported by several other proxy reconstructions of El Nifio activity across the tropical Pacific. A recon-
struction of the Southern Oscillation Index (SOI) shows the decreasing trend in El Nifio activity from 1,052
to 1149 CE and continuously increasing El Nifio activity from 1,150 to 1200 CE (Yan et al., 2011; Figure 6b).
The increased 8'°0 in stalagmite records from the southern Thailand suggest decreased rainfall and dry cli-
mate episodes in the central Indo-Pacific from 950 to 1050 CE and 1,151 to 1250 CE, resembling enhanced
El Nifio activity. In contrast, decreased stalagmite 8'°0 with attenuated El Nifio activity occurred from 1,051
to 1150 CE (Tan et al., 2019; Figure 6¢). Composite speleothem records from the southeastern Indonesia also
demonstrate an enhanced to reduced transition in EI Nifio activity during the middle MCA and intensified
El Nifio activity during the late MCA (Griffiths et al., 2016; Figure 6d). In the eastern Pacific, lake sediment
records from El Junco in Galdpagos Islands imply increased precipitation and intensified El Nifio activity
during the early and late MCA, and decreased precipitation and attenuated El Nifio activity during the mid-
dle MCA (Conroy et al., 2008; Figure 6e). Similarly, sedimentation records from Laguna Pallcacocha in the
southern Ecuador indicate an increased red color intensity during the early and late MCA, corresponding to
intensified El Nifio activity and more frequent ENSO events (Moy et al., 2002; Figure 6f). Furthermore, bio-
markers from marine sediments off the Peruvian coast suggest that the late MCA coincides with an interval
of increased dinosterol abundance and enhanced El Nifio activity (Makou et al., 2010; Figure 6g). Although
there is some temporal disagreement on the evolutionary characteristics of ENSO variability throughout
the MCA owing to differences in chronology and temporal resolution, the general correspondence between
these ENSO reconstructions and coral records from the tropical Pacific supports the conclusion of fluctuat-
ing ENSO variability during the MCA and intensified ENSO variability during the late MCA.

5.4. Internally-Driven ENSO Variability

The coherent evolutionary characteristics of ENSO activity and intensified ENSO variability during the late
MCA allow for an assessment of the mechanisms driving ENSO variability. Currently, one of the controver-
sies about ENSO dynamics is the response of ENSO variability to external climate forcing induced by solar
irradiance and volcanism over the last millennium (Cobb et al., 2003; Mann et al., 2009). Although formal
attribution analyses have not been performed, we found a lack of consistent response of ENSO variability
to external climate forcing. For example, intensified ENSO variability was not accompanied by relatively
decreased solar irradiance (Figure 6h) or increased volcanism (Figure 6i), which indicates that larger ENSO
variability occurred without strong external climate forcing. While our results suggest that ENSO variabil-
ity showed significant fluctuations throughout the MCA, the amplitude of the total solar irradiance had
relatively low variability during this period (Steinhilber et al., 2009; Figure 6h). Similarly, a comparison of
ENSO variability with global volcanic activity (Gao et al., 2008) revealed a lack of coherent temporal cor-
respondence with ENSO activity following large volcanic eruptions (Figure 6i). Moreover, the magnitude
of external climate forcing during the MCA, including orbital factors (Bertrand et al., 2002), solar activity
(Steinhilber et al., 2009), and volcanism (Gao et al., 2008) did not differ significantly from that of modern
and preindustrial climate forcing (Bradley et al., 2003, 2016), but ENSO variability at 1149-1205 + 4.9 (20)
CE was enhanced by 53% compared with today (Figure S13). Therefore, we suggest that the ENSO variabil-
ity during the MCA was likely driven by the internal variability of the climate system.

Other paleoclimate studies have also concluded that there is little evidence of a response of ENSO varia-
bility to external forcing during other periods over the last millennium. For example, coral §'*0 records
from Palmyra Island revealed little correspondence between ENSO variability and solar or volcanic forcing,
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which implies that ENSO activity changed markedly in the absence of apparent external forcing (Cobb
et al., 2003). Data-model comparisons have also revealed that numerous model simulations may overes-
timate the sensitivity of ENSO variability to volcanic forcing (Dee et al., 2020). A spliced fossil coral §'*0
record from Misima Island in the western Pacific demonstrated reduced El Nifio variability relative to the
modern era, that had no apparent connection to solar forcing, instead likely arose from unforced internal
dynamics (Hereid, Quinn, Taylor, et al., 2013). A 2000-year control simulation exhibited a strong interdec-
adal and intercentennial modulation in ENSO behavior under constant boundary conditions. This simula-
tion also indicated that the intervals of varying ENSO behavior can stem purely from stochastic processes
within the climate system (Wittenberg, 2009). In addition, other long, unforced integrations of preindustrial
control climate model runs exhibited a broad ENSO variability range (Deser et al., 2012). These results
indicate that a range of ENSO behavior can occur in the absence of external forcing and that the internal
dynamics of the climate system play a prominent role in modulating ENSO variability. Therefore, a large
body of evidence supports our hypothesis that fluctuating ENSO variability during the MCA and intensified
ENSO variability during the late MCA, as observed in the tropical Pacific proxy reconstructions, most likely
resulted from internal variability of the climate system. Considering the sensitivity of ENSO variability to
anthropogenic forcing (Cobb et al., 2013), internally generated modulations in ENSO activity will further
complicate external perturbations.

6. Conclusions

In this study, ENSO variability during the late MCA was investigated using monthly coral Sr/Ca-SST re-
cords from the Xisha Islands in the northern SCS. The instrumental SST from the northern SCS revealed
that the ENSO detection skills are similar to those for Nifio3.4 regions and accurately record the changes
in ENSO variability. Moreover, coral Sr/Ca-SST from the Xisha Islands serve as sensitive and robust proxies
for ENSO variability. We applied an empirically determined threshold to sub-fossil coral Sr/Ca-SST records
and determined El Nifio events dominated the variations of ENSO variability from 1149 to 1205 + 4.9 (20)
CE. Comparisons of our results with other ENSO-sensitive proxy reconstructions show that the discrep-
ancies among records regarding ENSO activity during the MCA may be related to the reorganized ENSO
teleconnection pattern and the varied ENSO activity during different periods of the MCA. The coral Sr/
Ca-SST records developed in this study, in combination with other proxy reconstructions from the tropical
Pacific, supported fluctuating ENSO variability during the MCA and intensified ENSO variability during
the late MCA. Given that external climate forcing was minimal throughout the MCA and there was a lack
of a coherent temporal correspondence between solar irradiance or volcanic eruptions and ENSO activity,
we hypothesize that internal dynamics of the climate system plays a prominent role in modulating ENSO
variability. These observations significantly advance our understanding of the ENSO variability during the
MCA and provide insight into the forcing of ENSO phenomena. Nonetheless, high-resolution reconstruc-
tions of ENSO activity from other locations are required to achieve a comprehensive understanding of the
changes in ENSO activity.

Data Availability Statement

Supporting data for this study are available in the Zenodo data repository, doi: https://doi.org/10.5281/
zenodo.4584183.
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