
SUPPLEMENTARY INFORMATION
DOI: 10.1038/NGEO1936

NATURE GEOSCIENCE | www.nature.com/naturegeoscience 1

Supplementary Information for
 
 
 
 

A weak El Niño-Southern Oscillation with a delayed growth phase around 
4,300 years ago

 
 
 
 

H.V. McGregor, M.J. Fischer, M.K. Gagan, D. Fink, S.J. Phipps, H. Wong, C.D. Woodroffe 
 
 

 
 
 
 
Supplementary Methods  
Supplementary Discussion 
Supplementary Figures 1-11 
Supplementary Tables 1-6 
Supplementary References 
 
 
 
 
 
Corresponding author: H.V. McGregor, School of Earth and Environmental Sciences, University of 
Wollongong, NSW 2522, Australia. Email: mcgregor@uow.edu.au, mcgregor@uni-bremen.de 
Telephone: +61 2 4221 4265, Fax: +61 2 4221 4250 
 
 
 
 
 

1

© 2013 Macmillan Publishers Limited.  All rights reserved. 

 

http://www.nature.com/doifinder/10.1038/ngeo1936


Supplementary methods 

Coral collection and setting 
Kiritimati Island, in the central Pacific Ocean (Supplementary Figure 1), is a low-lying atoll 

surrounded by a narrow reef flat (typically 80 m), and the interior contains a network of hypersaline 
lakes. Rainfall at Kiritimati Island is low (2 mm/day for 1982–2007; Adler et al., 2003), except during 
El Niño events when rainfall increases dramatically (e.g. austral summer 1997/1998 the rate was 
11.4 mm/day; Adler et al., 2003). Mean SST over the period 1982-2007 was 27.4 ± 1.2 (1σ) °C for the 
1°x 1° grid square including Kiritimati Island, with the SST minima occurring in early February, and 
the maxima occurring in June (Reynolds et al., 2002). SST anomalies of up to 3 °C in the boreal winter 
are recorded during El Niño events, and SSTs can be 1-2 °C cooler than average during La Niña events 
(Wyrtki, 1975). 

Fossil Porites sp. coral microatoll XM35 grew to a remarkable ~5 m in diameter, and a radial slab 
was collected from the coral in 2007. XM35 occurs in the position in which it grew, on a reef 
amongst a range of associated branching Acropora corals and Tridacna, beside what is now a 
hypersaline lake, one of many in the Mouakena Closed Area at the southeast of Kiritimati Island 
(01°44.212'N, 157°12.522'E). Dating of Porites microatolls and associated biota, together with 
geomorphic investigations, indicate that the interior of the Island was a flourishing reef growing 
uninterrupted between 6400 and 1500 years BP (Woodroffe and McLean, 1998; McGregor et al., 
2011b). Microatolls aged between 1500 years BP to present have not been found in the interior 
suggesting that the area has not been suitable for microatolls since then. The present-day lagoon 
does not appear to be the analogous environment for XM35 as Porites microatolls have not been 
found in that setting. Instead, living Kiritimati Porites microatolls today are found on well-flushed, 
active reef flats on the fringe of the Island (McGregor et al., 2011a; McGregor et al., 2011b). Finally, 
preliminary measurements of SST in a variety of reef settings across the Island (active reef flats with 
living microatolls, lagoon entrance, and shallow settings within the lagoon (no microatoll growth)) 
suggest that absolute SSTs vary by ~0.5 °C and the SST amplitudes are very similar. This suggests 
remarkable SST consistency, regardless of the reefal setting, and that our fossil coral is likely a 
faithful recorder of climate and ENSO variations for the time it was alive. 

 

Screening for diagenesis 
Fossil coral XM35 was screened for diagenesis using X-ray diffraction (XRD) and petrographic 

analysis. Two ~7mm slices were cut from XM35. One slice was used for geochemical analysis, and 
from the parallel slice one block (~3x4 cm) was cut approximately every 20 cm from the outer to the 
inner margins of the coral. Blocks were sub-sampled with the first portion used for XRD analysis to 
screen for calcite and the second portion used to prepare a thin section to screen for calcite, 
secondary aragonite, dissolution, and other post-depositional textures (McGregor and Abram, 2008). 
Both portions were thoroughly cleaned using RiOS water and a Branson 450 ultrasonic probe. 

Samples for XRD were crushed to a fine powder under ethanol with a mortar and pestle. XRD 
samples were measured on a Phillips Goniometer with a Spellman DR3 Copper X-ray generator run 
at 1 kV, and scanned at 2° per minute for a 2θ range of 4-70°. The percent aragonite and calcite in 
each sample was estimated using SIROQUANT version 3 software utilising the Rietvelt method for 
analysing diffraction peaks. All samples contained ≤0.2% calcite (Supplementary Table 1), and the 
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coral was rated as excellent preservation (Supplementary Fig. 2), based on thin section analysis and 
the criteria of McGregor and Abram (2008). 
 

X-radiography, and sampling along maximum growth axis 
A ~7 mm slice was taken from the XM35 section and X-rayed to reveal the coral density 

bands, which show horizontal growth towards the coral’s outer margins (Supplementary Fig. 3). The 
~7 mm slice was reduced to a ~2 mm ledge, thoroughly cleaned using MilliQ water and a Branson 
450 ultrasonic probe, and dried in an oven set to 40°C for 24 hours. The ~2 mm ledge was then 
continuously microsampled along the major growth axis (Supplementary Fig. 3) at equivalent to 
fortnightly sampling, using a low-speed milling system (Gagan et al., 1994). Annual growth bands 
revealed by X-radiography and stable isotope analyses show that XM35 has an average growth rate 
of 15 mm/year, and provides a ~175 year “window” into ENSO variability during the time through 
which it lived. 
 

U-series age dating 
A small coral piece from section XM35-H1 (Supplementary Fig. 3), equivalent to 

approximately year 130 of the coral’s internal chronology, was thoroughly cleaned in MilliQ water 
and by ultrasonic probe in preparation for U-Th age dating. Two 50–100 mg aliquots were weighed 
out, prepared and measured at the Radiogenic Isotope Laboratory, University of Queensland 
following the procedures outlined in Zhou et al. (2011). In summary, the aliquots were dissolved in 
nitric acid and spiked with a 229Th-233U mixed tracer. Following chemical separation, a mixed U–Th 
solution was made such that the final 3 ml solution had a U concentration of ~10 ppb or less. U–Th 
isotopic ratio measurement was performed on the Nu Plasma multi-collector inductively coupled 
plasma mass spectrometry (MC-ICP-MS) following the analytical protocol described by Hellstrom 
(2003), with minor modifications (Zhou et al. 2011). The 238U/235U value of 137.88 was used for mass 
fractionation correction for both U and Th isotopic ratio measurements. Monitoring of carryover 
memories showed that 230Th memory was consistently less than 0.1 count s-1, and was negligible for 
all other isotopes. U–Th ages were calculated using the Isoplot/EX 3.0 program (Ludwig, 2003). 

(234U/238U)initial values for both dates are within the acceptance criteria of 1.1455 ± 0.0023 
based on values for Holocene seawater (Supplementary Table 2; Cheng et al., 2000). The U-Th ages 
quoted in yBP were calculated relative to 1950 AD (Supplementary Table 2). A random effects model 
(Galbraith and Laslett, 1993; Galbraith et al., 1999) was used to calculate a weighted mean calendar 
age and standard error of the two U-series aliquots, and was taken as the U-series age of the coral. 
This weighting and standard error calculation takes into account the 2σ errors on each individual age 
date. The weighted average coral U-series age is 4,243 ± 9 yBP (Supplementary Table 2). Taking into 
account the location of the U-series dating sample within the coral, and the years of coral growth, 
the XM35 coral lived between 4,400 and 4,200 years ago, with an average age of ~4.3 kyBP. 
 

δ18O analysis 
Coral δ18O on fossil coral XM35 was measured at approximately monthly resolution on a 

Finnigan MAT 251 mass spectrometer. For each sample aliquot, 200 ± 20 μg of powder was initially 
dissolved in 105% H3PO4 at 90°C in an automated carbonate (Kiel) device. Isotope results were 
calibrated relative to the Vienna Peedee Belemnite (v-pdb) using the NBS-19 (δ18O = −2.20‰) and 
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NBS-18 (δ18O = −23.0‰) standards. The standard deviation for in-run δ18O measurements on NBS-19 
(n = 329) was 0.04‰ during the course of the analysis. The average standard error for replicate δ18O 
measurements for coral samples is 0.04‰ (n = 100). The mean δ18O value for XM35 (−4.77 ± 0.15 ‰) 
is within the range of modern values for the stacked modern δ18O record (Fig. 1 and Supplementary 
Fig. 4).  
 

Coral time-series age model 
The time-series for coral XM35 was established in the same way as for the modern coral 

microatoll record (XM22) as described in McGregor et al. (2011a) by assigning XM35 δ18O maxima to 
early February using the Analyseries software package (Paillard et al., 1996) and taking into account 
the average coral growth rate (15 mm/year). Model results support a February climatological SST 
minimum. The CSIRO Mk3L climate system model (Phipps et al., 2011, 2012) was used to conduct a 
pre-industrial control simulation and three transient simulations of the past 8 ka. The transient 
simulations were forced with changes in the Earth's orbital geometry only. Climatological SSTs were 
derived from the control simulation, and from the period 5-4 ka of the transient simulations. In both 
cases, February was the coldest month of the year at the location of Kiritimati Island. The possible 
effect of shifting the monthly tie-point by ± 1 month on the results presented in this paper is 
discussed in the Supplementary Discussion. 

On rare occasions where a δ18O maximum was poorly resolved in the coral no tie-point was 
assigned. The age model was interpolated between the previous year February tie-point and the 
subsequent year February tie-point, and was checked against the density bands in x-ray and the 
coral growth rate to verify the number of years between the two tie-points. 

Approximately 10 months (February-November) were missing from one year in XM35 coral 
section R1 (Supplementary Fig. 3). These data were recorded as NaN in the raw data file. For the 
statistical calculations values were linearly interpolated between January and December. Data 
missing from this one partial year are unlikely to affect ENSO and annual cycle changes calculated 
based on this coral. 

The δ18O data were interpolated using ARAND software (Howell et al., 2006) to give 12 
values/year. 

The overall age model error on the coral time-series is estimated as ± 1 year. 
 

Sr/Ca analysis 
Coral Sr/Ca was measured on the youngest 30 years of coral microatoll XM35, and for 1994-

2007 in modern coral microatoll XM22 to verify the dominant contribution of SST to Kiritimati coral 
δ18O in non-El Niño years (Supplementary Discusison). Aliquots of 0.55 ± 0.5 mg from the same coral 
samples as for δ18O were weighed into pre-cleaned centrifuge tubes and dissolved in 1% (vol/vol) 
HNO3. For each sample the volume of acid was added to give a Ca concentration of 40 ± 4 ppm for 
each dissolute sample. The tubes were shaken manually and placed in a 40°C sonicator bath for 30 
minutes to completely dissolve the coralline aragonite. 

Samples were measured on a Varian (VISTA AX - Charged Coupled Device Simultaneous) ICP-
AES, calibrated using a standard solution series containing Sr, Ba, P and Mg in a range of different 
concentrations and with a 40ppm Ca matrix. Blank 1% HNO3 samples were measured at the start of 
each run and periodically throughout the run. A reference solution was measured after every sample 
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or after every second sample, and was used for offline correction for instrument drift. The resulting 
within-run precision was ± 0.02 mmol/mol (0.2% RSD). The JCp-1 coral reference material (Okai et 
al., 2002) was included in every run and the standard deviation for repeat measurements was ± 0.03 
mmol/mol (n = 24). The average standard error for repeat analyses of Sr/Ca sample solutions was 
0.005 mmol/mol (n = 56). 

The coral δ18O-based age model also applies to the Sr/Ca results, since the Sr/Ca analyses 
were performed on the same coral powders. 
 

Methods for statistical calculations for Figures 1-4 and Supplementary 
Table 3 
 
The main Data records analysed in this paper are: 

1) Kiritimati SST March 1938 to May 2007 (from ERSSTv3b SSTs (Smith et al., 2008) for 158°W, 
2°N, and includes Kiritimati Island) 

2) Kiritimati modern coral δ18O stack, March 1938 to May 2007 (Supplementary Figure 4) 
3) WM_stack Kiritimati modern coral δ18O stack, February 1978 to May 2007 (Supplementary 

Figure 4) 
4) The ~4.3 kyBP (XM35) coral δ18O record  

 
These data series were broken down into three component time series (Trend, Annual, and 

Residual), such that: 
 

sidualReAnnualTrendData ++=      (1) 
 
The Trend series was modelled using a penalized regression spline with smoothing 

parameters estimated by generalized cross-validation (Wood, 2006).  
 
The Annual series was modelled using a monthly indicator matrix, 

    



= mi
I mi  when ,1

0
 ,

     
where m = 1:12 (columns), i = n mod 12, n = 1 to N, N = total number of months (rows). 
 
The Residual series was extracted as the Data minus (Trend+Annual) series (i.e. detrended 

and deseasonalised). The Residual series are dominated by the interannual (ENSO) variability 
(Supplementary Fig. 5), and hence the Residual series are also referred to as the ‘interannual time 
series’ in the text. 

The formulation of equation (1) allows the trend and seasonality to be simultaneously 
estimated from the data using multivariate regression (by generalized additive modelling).  

The raw data for all three time series, and the WM_stack, separate into distinct Trend, 
Annual and Residual (interannual) spectral bins (Supplementary Fig. 5). Note that for Fig. 1d the 
spectral analysis was performed on the Residual (interannual) time series only. 
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The various components calculated using equation (1) are described in more detail below 
and are plotted as follows: 
• Figure 1: The Data series are plotted in Figure 1a-c. Figure 1a-c also shows the 2-8 year 

Butterworth band pass filter of the Data plus the Trend for each record. Figure 1d shows the 
spectral analysis of the Residual (interannual) time series. 

• Figure 2a-c: The Residual (interannual) time series are plotted in 2a-c, with additional cluster 
analysis of the time series used to divide the interannual time series into El Niño (red), La Niña 
(blue) and neutral (black) years.  

• Figure 2d-f: Results from the cluster analysis of the Residual (interannual) time series plotted in 
Figure 2a-c were used to produce a composite picture of the seasonal evolution of El Niño, La 
Niña and neutral years for each record and are plotted in Figure 2d-f. 

• Figure 3: The average Annual series for WM_stack δ18O and Kiritimati SST for 1978-2007, and 
for ~4.3 kyBP coral δ18O, excluding strong El Niño years, are plotted in Figure 3a as average 
annual cycles. The March 1938 to May 2007 modern coral δ18O stack was not used for 
reconstructing the average Annual series to avoid possible biases due to the 1-2 month 
‘spawning spikes’ in the Evans et al. (1998) coral δ18O record. For WM_stack δ18O and Kiritimati 
SST the El Niño years (July-June) 1982-1983, 1986-1987, and 1997-1998 were excluded from the 
analysis to avoid possible biases due to additional rainfall contributions to the δ18O seawater. 
For the ~4.3 kyBP coral years (July-June) 21-22, 26-27, 52-53, 76-77, 88-89, 121-122, 140-141, 
and 170-171 were excluded. 

• Figure 4: Running 21-year variance of the JFM anomaly was extracted from the Residual 
(interannual) time series. 

• Supplementary Table 3 and Supplementary Figure 6: The Data series were filtered into annual 
and Interannual bands and the ratio of variance explained by each band was plotted in 
Supplementary Figure 6.  

 

Spectral analysis – Figure 1d: 
The power spectral density (S) of each Residual (interannual) time series was estimated using 

the multitaper method (MTM; Ghil et al., 2002). MTM reduces the variance in the spectral estimate 
by premultiplying the time series with orthogonal tapers. The number of tapers (K) and the 
bandwidth parameter (p) were set at K=3 and p=2, which is suitable for time series that have a 
length N of a few hundred time points (Ghil et al., 2002). The theoretical spectrum and 95% 
confidence interval for the 'red noise' null hypothesis were calculated for the Kiritimati modern coral 
δ18O stack (Gilman et al., 1963; Ghil et al., 2002). Power spectra for Kiritimati SST and the ~4.3 kyBP 
coral δ18O record were calculated on the interannual time series for moving 69-year windows, using 
a 1-month sliding time step. The median, 2.5 and 97.5% quantiles of spectral power are plotted in 
Fig. 1d. 

Slight differences between the Kiritimati SST and modern coral δ18O stack in Figure 1d are 
due to the different time intervals used to calculate the spectra. When the spectra are calculated for 
the same interval (1938-2007) both display typical bimodal ‘modern’ ENSO spectrum (not shown), 
characterised by peaks at ~2.5, 3.6 and 5.3 years (Moron et al., 1998).  

Note that the power spectra in Figure 1 are based on the interannual (residual) time series 
only (i.e. all records detrended and deseasonalized) so as to best highlight differences between the 
modern and fossil interannual power. This is in contrast to Supplementary Figure 5, where the 
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spectra are calculated on the three component time series, to demonstrate that the annual, 
interannual, and trend components fall into distinct frequency ‘bins’. Note also that the y-axis is 
different in Supplementary Figure 5 and Figure 1d for clearer comparison of the spectra of the 
different components. 

 

Cluster Analysis – Figure 2a-c: 
In order to investigate changes in ENSO amplitude, phase and symmetry we used cluster 

analysis to classify (cluster) the Residual (interannual) time series into El Niño years, neutral years, 
and La Niña years. The method has the advantage for studying mid-Holocene ENSO in that it does 
not require a preconceived definition of an El Niño or La Niña event, a useful trait given that El Niño 
events could have a different temporal structure in the mid-Holocene.  

Time series cluster analysis was performed using a K-means algorithm (Hartigan and Wong, 
1979). K-means is a partitioning algorithm that divides the data into a pre-specified number of 
groups, g, that are both internally homogenous and externally separated from one another (as much 
as possible). K-means partitions data on the basis of multiple features, including the shape, phase 
and amplitude of events, and these features are known to be an important characteristic of ENSO 
events. K-means uses all the important information available in the time series matrix to define the 
clusters (anomaly size, shape etc.), whereas threshold definitions use only part of the available 
information (anomaly size). K-means always finds partitions in a dataset.  

 
K-means minimizes: 
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To test the statistical significance of the group means, we also need: 
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To implement K-means, each Residual (interannual) time series was arranged into an array 

where rows = years, and columns = months (July-June). Specifying g=3 groups allows K-means to 
naturally partition, for example, the SST data into positive (El-Niño), negative (La-Niña) and neutral 
‘years’. K-means was implemented with 20 random starts, which helps avoid local minima in the 
objective function. The results are shown in Figure 2.  
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Note prior to cluster analysis of the stacked modern coral δ18O record the positive ‘spawning 
spikes’ from the Evans et al. (1998) coral record were identified and removed by performing a 
median smoothing of the stacked δ18O record, calculating the 99th percentile of the negative 
anomalies of the median smoothed record, then applying this to the positive anomalies and 
removing any positive anomaly outside the 99th percentile. This procedure did not change the 
number of years in the modern δ18O stack identified as positive, negative or neutral years, nor 
change the cluster composites in Figure 2. 

The statistical significance of the clusters was tested using Linear Discriminant Analysis (LDA) 
and a MANOVA test (using Wilks’ lambda). Wilks’ lambda is the determinant of the within-cluster 
sum of squares (SSW ) divided by the determinant of the total sum of squares (SST). Wilks’ lambda has 
values between 0-1, whereby small values correspond to a large difference between the clusters. For 
the three Residual (interannual) time series, the actual ratio SSW:SST was 0.2 (Kiritimati SST 1939-
2007), 0.24 (Kiritimati modern coral δ18O stack 1939-2007) and 0.26 (~4.3 kyBP coral). All these 
ratios are statistically significant (MANOVA test using Wilks’ lambda). Thus the negative and positive 
anomaly years identified by cluster analysis of the XM35 record do indeed characterise the 
development of El Niño and La Niña events during the mid-Holocene compared to the present day. 

We test the skill of the cluster analysis against five commonly-used ENSO indices 
(Supplementary Tables 4 and 5). The cluster analysis is applied to the ERSSTv3b NINO3.4 SST (Smith 
et al. 2008). The five ENSO indices all use different criteria to define events leading to discrepancies 
among the indices as to what is and is not an El Niño or La Niña year. We first assess the agreement 
between the ENSO indices by calculating the percentage of indices that record an El Niño year 
(Suppementary Table 4), and the percentage that record a La Niña year (Supplementary Table 5). If 
the cluster analysis shows an event in a given year, yet <50% of ENSO indices record an event in that 
same year the event is recorded as a false positive. If >50% of ENSO indices show an event yet the 
cluster analysis does not then that event is recorded as a false negative. Post-1950 there are three 
false negative El Niño events (1951, 1953, 1993) and one false positive La Niña event (1967). Prior to 
1950 there are: no false negative El Niño events; five false positive El Niño events (1884, 1885, 1904, 
1929, 1940); four false negative La Niña events (1878, 1890, 1897, 1906); two false positive La Niña 
events (1908, 1944). Note that the ENSO indices definitions of El Niño and La Niña events pre-1950 
are based on the Southern-Oscillation Index and the threshold/EOF-based index of Meyers et al. 
(2007), where the input data are less reliable, rather than NINO3.4 threshold indices (the latter are 
more relevant to our central Pacific coral site). Note too that the terms ‘false positive’ and ‘false 
negative’ assume that the other ENSO indices correctly identify events, which particularly in the 
early part of the record may not be the case. Overall, the cluster analysis records the majority of El 
Niño and La Niña events seen in the ENSO indices and can be considered equal to the earlier indices 
of ENSO. 

 

Cluster analysis interannual time series composites – Figure 2d-f: 
The cluster composites (with confidence intervals) are plotted in Figure 2d-f. For the modern 

coral δ18O stack (2e), the cluster composites were calculated by fitting a generalised additive model 
to all years (July-June) within each cluster, i.e. the regression spline is a smoothed function of the 
months (with smoothing parameters estimated by cross-validation). These cluster composites are 
essentially the same as the cluster centres calculated by the K-means algorithm. For the 
instrumental SST anomaly (1877-2007) and XM35 anomaly time series, the k-means cluster analysis 
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was performed separately for 69-year windows, using a 1-year time step and July-June years. The 
cluster means were calculated for each window, and the set of these cluster means was used to 
generate the median, 2.5 and 97.5% quantiles in Figures 2d and 2f. For the modern coral δ18O stack 
there is only one 69-year window (1938-2007) so the 95% confidence intervals are calculated using 
standard errors of the mean. 

 

Mean annual cycle – Figure 3a:  
The mean annual cycles for different records (WM_stack δ18O and Kiritimati SST, and XM35 

δ18O) were determined from the Annual component time series (equation 1) excluding strong El 
Niño years. The March 1938 to May 2007 modern coral δ18O stack was not used for reconstructing 
the average annual cycle to avoid possible biases due to the 1-2 month ‘spawning spikes’ in the 
Evans et al. (1998) coral δ18O record, and diagenesis in the Nurhati et al. (2009) record LaVigne et al. 
(In press) Instead we used the WM_stack δ18O (Supplementary Fig. 4) based on Woodroffe et al. 
(2003) and McGregor et al. (2011a).  

For WM_stack δ18O and Kiritimati SST the strong El Niño years July 1982 – June 1983, July 
1987 – June 1988, and July 1997 – June 1998 were excluded from the analysis to avoid possible 
biases due to rainfall contributions to the δ18O seawater. For the ~4.3 kyBP coral years July 21 – June 
22, July 26 – June 27, July 52 – June 53, July 76 – June 77, July 88 – June 89, July 121 – June 122, July 
140 – June 141, and July 170 – June 171 were excluded. 

For the detrended instrumental SST (1877-2007) and XM35 time series, the annual cycle was 
calculated for the full record length using a 29-year (348-month) window, with a 1-month time step. 
A 29-year window length was used to match the length of the WM_stack δ18O. These mean annual 
cycles are plotted in Figure 3a. 

The errors on the estimate of the mean annual cycle amplitude for the WM_stack and ~4.3 
kyBP coral are a confidence interval calculated by applying a bootstrap method to the individual 
time series. First, the individual time series were arranged into a time matrix with 12 columns 
(corresponding to months) and rows corresponding to years. Next, whole rows were randomly 
selected from the time matrix, until a new matrix of the same size is formed. The new matrix was 
then unfolded to form the bootstrapped time series. Thus, each bootstrapped time series consists 
of fixed 12-month blocks of the original time series, randomly selected (with replacement), and 
randomly ordered. For each bootstrapped time series, the annual cycle amplitude was calculated 
using regression with monthly indicator matrix, as described at the beginning of the Supplementary 
Methods for Statistical Calculation section. The process was repeated using 2000 bootstrapped 
realisations, and from the probability distribution function (pdf) of the annual cycle amplitude the 
standard deviation (and confidence interval) was calculated. 

 
Applying this method to the modern WM_stack and the fossil ~4.3 kyBP coral gives: 
 
WM_stack annual amplitude = 0.17 ± 0.06‰ 
XM35 annual amplitude = 0.22 ± 0.02 ‰ 
(The values here are the bootstrap-estimated 2 standard deviation error). 
 
The above results show that the mean annual amplitude in the modern WM_stack (0.17‰) 

falls outside the 95% confidence interval for the ~4.3 kyBP coral annual cycle amplitude (0.205-
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0.239‰).  Although the reverse is not true (WM_stack 0.11-0.23‰, 95% confidence interval), this 
comparison does not constitute a proper test of the null hypothesis “that there is no difference in 
the annual cycle amplitude of two time series”. A test of this null hypothesis is described in the 
Supplementary Discussion and demonstrates that the amplitudes of the annual cycles in the ~4.3 
kyBP and modern corals are different. 

 

Running 21-year variance of the interannual time series – Figure 4: 
The interannual (Residual) time series are detrended and deseasonalised, so after calculating 

the mean anomaly for the months JFM for each year, the running standard deviation (σ) is simply 
the square root of the mean squared JFM anomaly, calculated in 21-yr windows. The 21-year 
running standard deviation of boreal winter anomalies are used in order to investigate interdecadal 
modulation of ENSO amplitude (Fig. 4). Interdecadal modulation (i.e. >10 years) is an important 
feature of ENSO in observational and modelling studies (Fang et al., 2008; Soon-Il, 2009; Li et al., 
2011; Yu and Kim, 2011). These studies all report: (i) interdecadal modulation of ENSO amplitude at 
9-15 year timescales, and (ii) that there are two main patterns of interdecadal ENSO modulation, 
commonly referred to as PDV1 and PDV2 (Pacific Decadal Variability 1 and 2). So the 21-yr window 
length is neither too long nor too short relative to the 9-15 year timescale of interdecadal ENSO 
modulation, and hence we can compare our results with other published works. 

The confidence intervals on the plots are 95% confidence intervals (2.5/97.5%) for the null 
hypothesis of ‘randomness’ or ‘sample variance’. That is, values of σ within these lines could result 
simply from estimating σ over small (21-yr) windows of time. Note that σ always has a positive value. 
The confidence intervals were determined by shuffling the time series values, calculating the 21-yr 
running σ of the shuffled series, and repeating 5000 times. ‘Randomisation by shuffling’ is a useful 
statistical test because it makes no assumption about the statistical distribution of the data.  

 

Time series filtering – Supplementary Table 3 and Supplementary Figure 6 
To calculate the values in Supplementary Table 3, the Data series were filtered (using a 

Butterworth filter) into two time bands: Annual (11-13 months) and Interannual (24-96 months, 
equal to 2-8 years). Variance was calculated for the interannual (2-8 year) band extracted from the 
δ18O Data series.  

All Data series were regressed on the bandpass series, in order to calculate the percentage 
of variance explained by each bandpass series. These calculations were also repeated using an 
Interannual band of 24-84 months (2-7 years), which made little or no difference to the results in 
Supplementary Table 3. Annual to interannual variance ratios were calculated and plotted in 
Supplementary Figure 6. 

 

Supplementary Discussion 

Are any results sensitive to the chronological (monthly) tie-point? 
Our result, of a shift in the seasonal timing of El Niño events relative to the calendar year for 

the ~4.3 kyBP coral (Fig. 2d-e), is not dependent upon the choice of monthly tie-point. From the 
cluster analysis, the shape of (and the differences in shape) the mean El Niño event and the mean La 
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Niña event for each time series cannot be changed by shifting the monthly tie-point. Cluster analysis 
does not require that a time series has an absolute chronology; only a relative chronology is needed.  

Similarly, the number of months between the peak in the mean annual cycle (Fig. 3a) and 
the peak in the mean El Niño events (Fig. 2) is not dependant on the choice of monthly tie-point. For 
the SST series and modern coral δ18O stack there are ~5-6 months between these two peaks, where 
the mean annual cycle peaks in June-July (Fig. 2a), and the mean El Niño event peaks in November-
December (Fig. 2d,e). The number of months between these two peaks cannot be changed by 
shifting the monthly tie-point by ± 1 month because if the monthly tie-point is shifted from February, 
the corresponding peaks related to the mean annual cycle and the El Niño peak are shifted by the 
same amount, and the number of months between the peaks is maintained. This also applies to the 
~4.3 kyBP fossil coral, where we see a delay (relative to today) of the peak in El Niño and La Niña 
events.  

 

Are the changes in ENSO variance a consequence of internal variability? 
Although ENSO variance in the ~4.3 kyBP coral is reduced relative to the present day it may 

still result from internal variability within the climate system. We test the likelihood of this situation 
using three tests: an AR(1) test for stochastic variability, and tests of ENSO variance against the 
simulated ENSO variance in two unforced pre-industrial climate system model control simulations: 
one from GFDL CM2.1 (Wittenberg, 2009), and the other from CSIRO Mk3L version 1.2 (Phipps and 
Brown, 2010; Phipps et al., 2011, 2012). 

 

Part 1 – Autoregression test for stochastic variability 
This test explores whether the ~4.3 kyBP coral has variance that could be produced from the 

statistics and dynamics of ENSO ‘as we know it’ for the present day. In this test coral variance is 
assumed to be an autoregressive (AR(1)) process forced by ENSO (as we know it) and by stochastic 
(internal) variability. That is, the system is driven by noise processes (generally high-frequency) and 
feedbacks within the system ‘redden’ these processes, generating low frequency variations. For 
example, on long timescales (e.g. centennial) variability in the Pacific Ocean could be due to 
feedback processes that redden atmospheric noise and ENSO, resulting in more low frequency 
(decadal) variability than there would otherwise have been. In another example, the low frequency 
variance in corals could be present because the corals themselves are “climate integrators that 
redden ENSO” (Newman et al., 2003; Ault et al., 2009). The autoregression test we perform asks 
what range of standard deviations are possible with a stochastic model of ENSO (as we know it), and 
if the standard deviation in the ~4.3 kyBP coral ENSO is outside this range. 

A second issue when carrying out this test is whether or not the ~4.3 kyBP time series is long 
enough. If a sampling window is taken from a system that has low frequency variations, and the 
sampling window is too short, then that window can represent higher or lower variance than the 
system mean but can still be within the range generated from the stochastic variability. We test 
whether the ~4.3 kyBP coral variance happens to be within the range of the stochastic model or 
whether it sits outside the stochastic model range of what can be generated from an autoregressive 
process. 

These ideas were tested by viewing coral δ18O as an autoregressive (AR(1)) process forced by 
both ENSO and stochastic variability (and with feedbacks ‘reddening’ the system): 
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tttt ebOaO ++= − 34N1
1818 δδ         (3) 

 
where δ18O and N34 are anomaly time series (i.e. detrended and deseasonalised) of the modern 
coral stack and the NINO3.4 index, respectively; e is the atmospheric noise (high frequency); a is a 
parameter that controls the strength of the feedback within the system; b scales between NINO3.4 
and δ18O units. Note the anomaly time series were also annually averaged using July-June years. 
 

Step 1 – calibrating and simulating the ENSO system 
Since the above model is a regression model with multiple predictors, the coefficients were 

estimated based on the modern coral δ18O stack and the NINO3.4 Index for 1939-2007 using the 
standard techniques of multiple linear regression (Supplementary Table 6).  

The next step was to simulate the above model over a long time period, since the NINO3.4 
series are too short to generate a distribution of ENSO variance for the Autoregression test. The 
model terms (N34 and e) were simulated as follows: 

 
N34: An AR(2) model was fitted to the N34 anomaly time series, and the fitted AR(2) model was used 
to generate a long pseudo-N34 time series. The noise term in this AR(2) simulation was generated by 
randomly sampling from the residuals of the fitted AR(2) model. Simulated N34 time series were 
shown to have approximately the same variance and spectrum as the observed NINO3.4 anomaly 
time series. The test was repeated using an AR(3) model to simulate the N34 term. AR(2) or AR(3) 
models are used to simulate long time series of ENSO since they generate interannual spectral peaks 
(Kestin et al., 1998; Burgers, 1999).  

 
e: A long time series of the innovations (noise) in equation (3) was generated by randomly sampling 
from the residuals of the fitted equation (3) model. 
 

Thus, using these two terms, the equation (3) model can be simulated over long time 
periods. The simulated model can be described as an AR(2) (or AR(3)) process which is ‘reddened’ by 
an additional AR(1) process. The equation (3) stochastic model was simulated over 20,000 years. 
 

Step 2 – sampling the system and applying the test 
The standard deviation was calculated for every 175-year non-overlapping time window for 

the simulated equation (3) stochastic model (histogram in Supplementary Fig. 7). The standard 
deviation of the Kiritimati coral stack (69 years, 1939-2007) falls within the distribution of the 
equation (3) stochastic model (Supplementary Fig. 7), which confirms that the stochastic model 
reflects ENSO ‘as we know it’. The standard deviation of the ~4.3 kyBP fossil coral however, falls well 
outside the stochastic distribution (Supplementary Fig. 7), and thus the ~4.3 kyBP fossil coral time 
series is unlikely to have been generated by a stochastic process in which atmospheric noise and 
ENSO ‘as we know it’ is reddened by another process. The test was repeated using an AR(3) model to 
simulate the N34 term, and showed that the standard deviation in the ~4.3 kyBP fossil coral was also 
significantly different than the standard deviations generated with the stochastic model (not shown). 
Overall, this autoregressive test lends substantial credibility to the idea that the reduced mid-
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Holocene ENSO intensity was due to different boundary conditions in the mid-Holocene, and not 
due merely to linear stochastic variability of the modern system. 
 

Part 2 – Quantitative data-model comparison 
We compare XM35 ENSO variability against the simulated variability in two multi-millennial 

unforced climate system model control simulations: a 4000-year control simulation from the GFDL 
CM2.1 model (Wittenberg, 2009) and a 10,000-year pre-industrial control simulation from the CSIRO 
Mk3L model version 1.2 (Phipps and Brown, 2010; Phipps et al., 2011, 2012). Model NINO3.4 SST 
was extracted from each control simulation and filtered using a 2-8 year bandpass filter. ENSO 
variability was then estimated by taking the standard deviation, relative to the long term model 
average, for moving 175-year windows (1-year time step, July-June years) i.e. for each model the 
175-yr window standard deviations were divided by the long-term mean standard deviation of the 
simulations. A probability density function of ENSO variance for each model was plotted. Both 
models show that ENSO is capable of century-to-century modulation due to unforced internal 
variability, with the amplitude of this modulation being similar for the two models.  

The ~4.3 kyBP coral time series was then filtered using a 2-8 year bandpass filter. ENSO 
variability was estimated by taking the standard deviation of the ~4.3 kyBP coral and dividing by 
ENSO variability for the ‘Line Island Holocene coral mean’ (Supplementary Figure 8 lower axes). The 
‘Line Island Holocene coral mean’ takes the  Line Island modern and fossil coral data from Cobb et al. 
(2013) and the ~4.3 kyBP coral, applies a 2-8 year bandpass filter, and then calculates the standard 
deviation for each record. The mean standard deviation (ENSO variability) for all these individual 
records was taken as the ‘Line Island Holocene coral mean’.  

For the upper axes in Supplementary Figure 8 the ‘Line Island Holocene coral mean’ and the 
~4.3 kyBP ENSO variability were scaled relative to the 1968-1998 CE interval. The 1968-1998 CE 
ENSO variability is taken as 100%. Cobb et al. (2013) quote a 42% average Holocene reduction in 
ENSO variance with respect to the 1968-1998 CE interval and adding the ~4.3 kyBP coral δ18O data 
changes this estimate by <1%. A 1968-1998 CE baseline is not used for the model results because 
pre-industrial control simulations are analysed and these do not incorporate the effects of 
anthropogenic forcings, and the 1968-1998 CE interval is only a 30-year window, whereas the model 
results were calculated on 175-year windows. 

In contrast to the model ENSO variance, the ~4.3 kyBP coral ENSO variability is clearly 
outside the model unforced internal variability range at greater than the 99% confidence level 
(Supplementary Figure 8). It is extremely unusual that an unforced model simulation could produce 
a 175-year period with variance as low as the variance in the ~4.3 kyBP coral. Furthermore, it would 
be difficult for a coral record to lie outside the range of model variability if the coral record had the 
same low variance but was shorter in length. Overall, the reduced ENSO variance in the ~4.3 kyBP 
coral is unlikely solely due to unforced internal variability, and combined with results from the 
autoregression test and the ~4.3 kyBP changes in the seasonal phasing of ENSO, suggests a forced 
component to the ENSO changes. 

 

Negligible influence of δ18O seawater on Kiritimati Island microatoll δ18O  
We used coupled measurements of coral Sr/Ca and δ18O to demonstrate that the 0.06‰ 

increase in the amplitude of the mean annual cycle of δ18O for the ~4.3 kyBP Kiritimati coral is due to 
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increased SST seasonaility in the middle Holocene, rather than a change in the δ18O of seawater 
(δ18Osw). At seasonal and interannual scales, δ18Osw may vary with precipitation, evaporation, 
upwelling and/or advection.  

The Kiritimati microatoll Sr/Ca-SST was used to remove the temperature component from 
the coral δ18O record and calculate the coral δ18O residual (Δδ18O), an estimate of the contribution of 
δ18Osw to the coral δ18O signal. Results for the modern microatoll XM22 show minor changes in Δδ18O 
in non-El Niño years (Supplementary Fig. 9a). During the exceptionally strong El Niño event of 1997-
1998 high rainfall lowered δ18Osw, thus contributing to the coral δ18O (Supplementary Fig. 9a).  

A 30-year subset of the full ~4.3 kyBP fossil coral record was analysed for Sr/Ca and the 
Sr/Ca-SST and Δδ18O calculated (Supplementary Fig. 9b). The seasonal-scale variations in the Δδ18O 
record are even smaller than those in the modern coral record (maximum 0.08‰ (1σ) for any 13-
year interval in the fossil record compared to 0.10‰ (1σ) for the 13-year modern record (El Niño 
years excluded; Supplementary Fig. 9), and the fossil record contains no Δδ18O variations 
comparable to 1997-1998. In addition, the remarkable correlation between Sr/Ca and δ18O (R2 = 0.56 
fossil; R2 = 0.60 modern) strongly supports our conclusion of reduced ENSO variance and the 
dominance of the annual cycle 4,400-4,200 yBP (see also Supplementary Table 3). 

The influence of δ18Osw on coral δ18O is negligible in terms of our analysis of the annual cycle 
of δ18O during non-El Niño years. We quantify this using the Δδ18O. The average amplitude of Δδ18O 
(annual maxima minus minima) for the non-El Niño years in the modern coral is 0.03‰ 
(Supplementry Fig. 9a). This value represents the average contribution of seasonal changes δ18Osw to 
the amplitude of the annual cycle of coral δ18O for the present day. For the ~4.3 kyBP coral, the 
average amplitude of Δδ18O for the non-El Niño years is 0.06‰. Therefore, the contribution of 
seasonal changes in δ18Osw to the 0.06‰ increase in the amplitude of the δ18O annual cycle for the 
~4.3 kyBP Kiritimati coral is only ~0.03‰ (the difference between the average Δδ18O values for non-
El Niño years in the modern and fossil corals). The result is realistic because, in general, an increase 
in the amplitude of the annual cycle of SST in the tropical ocean-atmosphere system should be 
accompanied by a slight increase in the seasonaility of rainfall (and δ18Osw). 
 

Test of the null hypothesis that “there is no difference between the fossil and 
modern coral annual cycle amplitudes” 

We test if the amplitude of the average annual cycle in the WM_stack and the ~4.3 kyBP 
fossil corals are different. To test this, we first assume that the centred (mean-subtracted) modern 
and fossil coral time series are generated from the same process, and calculate the null probability 
distribution of the difference in the annual cycle amplitude between the two time series. In 
statistical parlance, we are bootstrapping the null hypothesis probability distribution of “no 
difference in the annual cycle amplitude of two time series”. 

This bootstrap test needs to generate two time series which have the same theoretical 
annual cycle amplitude as each other. The first step is to concatenate both the modern and fossil 
coral time series into the same time matrix, with 12 columns (corresponding to months), and with 
rows corresponding to years. Data within a particular column (month) are assumed to come from 
the same probability distribution, but different columns can have different probability density 
function (pdf; for example, the pdf of the February column may be different from the pdf of the July 
column).  Next, the data within each column are resampled (with replacement), and then the matrix 
is split back into two time series of the same length as the original modern (29 years) and fossil (175 
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years) coral series. Thus, the two bootstrapped time series are realisations of the same (assumed) 
annual cycle process and differ only in length. The amplitude of the annual cycle of both 
bootstrapped time series is calculated separately using regression with a monthly indicator matrix. 
The difference in the amplitude of the annual cycle is calculated as:  

 
Amplitude difference = Amplitude long time series – Amplitude short time series. 
 
2000 bootstrapped realisations of the annual cycle amplitude difference were generated, 

and are illustrated in Supplementary Figure 10. 
As expected, the null hypothesis probability distribution varies around zero, because if the 

null hypothesis were true the annual cycle amplitude difference between the pairs of bootstrapped 
time series should be ~zero. The pdf is also slightly skewed, because the amplitude of the 175-year 
long time series will be less varied than the amplitude of the 29-year time series, over a large 
number of bootstrapped realisations.  

A one sided statistical test was used to quantify the annual cycle amplitude difference 
between the ~4.3 kyBP and modern corals, relative to the null hypothesis. A one-sided statistical test 
is used because we are interested if the observed annual cycle difference (fossil-modern) is relatively 
large. The probability distribution function shows that the one-sided 95% confidence interval on 
annual amplitude difference is 0.034‰ (Supplementary Fig. 10). The amplitude difference between 
the ~4.3 kyBP coral and the WM_stack is 0.05‰ (0.22-0.17=0.05‰) and therefore exceeds the 95% 
confidence limit of the one-sided test, which suggests that the observed difference between the 
annual cycle amplitude in XM35 and WM_stack is unusually large. 
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Supplementary figures 
 

 
 

 
 
 
Supplementary Figure 1.  Map of equatorial Pacific SST anomalies showing the location of Kiritimati 
Island. SST anomalies (ERSSTv3b; Smith et al., 2008) for December 1997 at the height of the 
1997/1998 El Niño event. Kiritimati Island (white circle) is located within the NINO3.4 region (120-
170°W, 5°N-5°S; grey box) and experiences warmer SSTs during El Niño events.  Map created with 
the KNMI Climate Explorer (http://climexp.knmi.nl/). 
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Supplementary Figure 2. Thin section images of coral XM35. XM35 coral slices (a) XM35-D, (b) XM35-G, (c) 
XM35-H2, (d) XM35-K, (e) XM35-M2, (f) XM35-O1, (g) XM35-P2, (h) XM35-R2, (i) XM35-S2, and (j) XM35-
S2, as per the x-ray images in Supplementary Figure 3. All images are in cross polarised light. Images (a-f) 
and (h-i) show excellent preservation of centres of calcification and sclarodermites, with no evidence of 
void filling or alteration by calcite or secondary aragonite. Image (g) shows evidence of minor dissolution 
along centres of calcification present in the XM35-P2 thin section. Image (j) shows evidence of rare 
dissolution along centres of calcification, observed in one part of the XM35-S2 thin section (excellent 
preservation in the rest of the thin section as shown in (i)). 
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Supplementary Figure 2. continued. 
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Supplementary Figure 2. continued. 
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Supplementary Figure 3. X-radiograph of coral XM35. The letters indicate the slice label, with 
slice B2 closest to what was the living margin of XM35 (~15 cm from the former living margin). 
Slice S2 is furthest from the former living margin. The blue arrows indicate where the x-rays 
overlap and in some instances slices were x-rayed twice to facilitate ascertaining the maximum 
growth axis. Red lines indicate the sampling track along the maximum growth axis.  
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Supplementary Figure 3. continued. 
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Supplementary Figure 3. continued. 
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Supplementary Figure 3. continued. 
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Supplementary Figure 3. continued. 
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Supplementary Figure 4. Comparison of monthly δ18O records for Kiritimati Island corals and 
construction of the modern coral δ18O stack. (a) δ18O records for March 1938 to May 2007 from 
Evans et al. (light green; 1998), Woodroffe et al. (pink, tan; 2003), Nurhati et al. (blue; 2009), and 
McGregor et al. (red; 2011a). The McGregor et al. (2011a) record is the average of six individual δ18O 
transects from one coral microatoll (see McGregor et al. 2011a for further details). (b) Stack of Evans 
et al. (1998), Woodroffe et al. (2003), and McGregor et al. (2011a) Kiritimati δ18O records (black). The 
stack was created by averaging δ18O values for time-equivalent months from the published Kiritimati 
Island coral records. 0.4‰ was added to the Evans et al. (1998) record such that the mean for 
1978.042-1991.458 AD matched that of the Woodroffe et al. (2003) coral CW3 (pink line in (a)). The 
differences between the records may reflect variations in the δ18O of seawater around Kiritimati 
Island of up to 0.39‰ (McGregor et al., 2011a). 95% confidence interval (shaded) based on the 
standard deviation of the mean for time-equivalent samples. The Nurhati et al. (2009) record was 
not included due to the presence of secondary aragonite within the coral skeleton (LaVigne et al., In 
press), which introduces uncertainties in reconstructions based on coral geochemical proxies (Hendy 
et al., 2007).  (c) The number of coral δ18O analyses that were averaged to give each monthly value 
for the modern coral δ18O stack record.  (d) Stack of Woodroffe et al. (2003), and McGregor et al. 
(2011a) Kiritimati δ18O records (WM_stack; black). The WM_stack was created by averaging δ18O 
values for time-equivalent months from Woodroffe et al. (2003) and McGregor et al. (2011a) 
Kiritimati Island coral records in (a). 95% confidence interval (shaded) based on the standard 
deviation of the mean for time-equivalent samples from WM_stack.  (e) The number of coral δ18O 
analyses that were averaged to give each monthly value for the WM_stack coral δ18O record. 
Modern coral stack, WM_stack data are in the Appendix. 
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Supplementary Figure 5. Spectral analysis of Kiritimati SST and coral δ18O records. Power spectra for 
(a) Kiritimati SST, (b) Kiritimati modern coral δ18O stack, (c) WM_stack Kiritimati modern coral δ18O, 
and (d) XM35 δ18O. (e-h) Trend (green), Annual (blue), and Residual (interannual; red) components 
of the power spectra in (a-d). The Data series were initially scaled by their standard deviation. The 
component Trend, Annual and Residual series were scaled by the standard deviation of the Data 
series. Power spectra were then calculated using the multitaper method (see Methods for statistical 
calculations) and scaled by multiplying by frequency (which allows clearer comparison of the spectra 
of the different time series components). The spectral plots show that the Trend, Annual and 
Residual components occupy distinct frequency bands for each of the records used in this study. The 
Residual time series are dominated by variance in the interannual (2-8 year) band. Note that in the 
Residual time series of the modern coral δ18O stack (1939-2007) the annual mean cycle is removed 
(as for all of the Residual time series) so the annual harmonics are due to the presence of irregular 
‘spawning spikes’ from the Evans et al. (1998) record (compare plots (b) and (f) with (a) and (e), and 
(c) and (g); see also Supplementary Fig. 4). Note that the power spectra in Supplementary Figure 5 
use the full record to demonstrate that the annual, interannual, and trend fall into distinct frequency 
‘bins’, whereas the power spectra in Figure 1d are on the Residual (interannual) time series (i.e. 
detrended and deseasonalised) to highlight differences between the modern and fossil interannual 
power. In addition, the y-axis Supplementary Figure 5 is scaled by frequency, whereas the y-axis in 
Figure 1d is not. 
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Supplementary Figure 6. Percentage of variance explained by the interannual and annual bands for 
Kiritimati SST and coral δ18O and Sr/Ca records. Percentage of variance explained by the annual 
bands (dark coloured, left hand side column of each category pair) and interannual bands (light 
coloured, right hand side column of each category pair) are from Supplementary Table 3. The SST 
data are from ERSSTv3b (Smith et al., 2008) for the 2°x2° grid square centered on 158°W, 2°N, which 
includes Kiritimati Island, and the SST variance is calculated for intervals matched to the modern 
coral δ18O and Sr/Ca, in addition to the full record. The δ18O ‘1939-2007’ category is for the modern 
coral stack data (Fig. 1 and Supplementary Fig. 4b), δ18O ‘1978-2007’ is for the WM_stack data 
(Supplementary Fig. 4d), and the δ18O and Sr/Ca ‘1994-2007’ category is for the XM22 modern coral 
(Supplementary Fig. 9a). For the ~4.3 kyBP fossil coral (XM35) the δ18O ‘175 years’ category is for the 
full ~175-year long record (Fig. 1), and the ’30 years’ is for the 30 years of XM35 analysed for both 
δ18O and Sr/Ca (Supplementary Fig. 9). Note the δ18O ‘1939-2007’ interannual variability is reduced 
compared to the other two modern coral δ18O categories and the SST ‘1939-2007’ category due to 
the multi-decadal variability and long term trend in δ18O over this period (Supplementary Fig. 4a; 
Supplementary Fig. 5b and f). Overall, both the ~4.3 kyBP coral δ18O and Sr/Ca records have a 
greater proportion of annual-scale variance relative to interannual variance than the modern coral 
records. 
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Supplementary Figure 7. Histogram of the distribution of standard deviations (of 175-year-long 
windows) generated using the stochastic model equation 3 (black) compared to the standard 
deviation of the Kiritimati coral δ18O stack (green), and the standard deviation of the ~4.3 kyBP coral 
δ18O record (orange).  
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Supplementary figure 8. Probability density function for the standard deviation of 175-year windows 
of unforced pre-industrial climate system model control simulations of NINO3.4 ENSO variability 
compared to ENSO variance in the ~4.3 kyBP coral δ18O time series. (a) ENSO variability in the GFDL 
CM2.1 model (Wittenberg, 2009) compared to the ~4.3 kyBP δ18O. (b) ENSO variability in the CSIRO 
Mk3L model version 1.2 (Phipps and Brown, 2010; Phipps et al., 2011, 2012) compared to the ~4.3 
kyBP δ18O. In (a) and (b) grey bars are the probability density function of model NIÑO3.4 relative to 
the model mean, the grey line is the 99% confidence level for the model ENSO variability, and the 
red line is the ENSO variability in the ~4.3 kyBP coral δ18O (lower y-axis). The upper x-axis is the ~4.3 
kyBP coral ENSO variability relative to ENSO for the 1968-1998 CE interval. The upper x-axis does not 
imply that the ENSO variability from a modern coral (i.e. at 100%) is outside the model probably 
density function confidence limits. The upper axis modern coral baseline is based on a 30-year 
window (1968-1998) and is not directly comparable to the model results, which are calculated on 
175-year windows.   
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Supplementary Figure 9. Comparison of Kiritimati microatoll δ18O, Sr/Ca-derived SST, and δ18O 
residuals (Δδ18O). (a) Modern microatoll δ18O (pink), Sr/Ca-SST (blue), ERSSTv3b SSTs (Smith et al. 
2008) for 158°W, 2°N (includes Kiritimati Island; black), and the calculated Δδ18O (dark green).  (b) 
~4.3 kyBP microatoll δ18O (red), Sr/Ca-SST (light blue), and the calculated Δδ18O (light green). Sr/Ca-
SST was calculated using the calibration equation Sr/Ca-SST = -12.056*Sr/Ca + 138.2681 derived 
from reduced major axis regression of modern microatoll XM22 Sr/Ca and ERSSTv3b SSTs for 158°W, 
2°N over the period 1994 to 2007. The Sr/Ca and ERSSTv3b show excellent correspondence (R2 = 
0.64). Δδ18O was calculated using the centering method (Cahyarini et al., 2008) with a δ18O-SST slope 
of 0.15‰ per °C (McGregor et al., 2011a) and the Sr/Ca-SST slope above.  
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Supplementary figure 10.  The difference in annual cycle amplitude of 2000 bootstrapped 
realisations of two time series with the same annual cycle process. The blue line is the observed 
annual cycle amplitude difference (fossil-modern coral). The red line is the 95% confidence limit for 
the one-sided test. 
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Supplementary figure 11. Comparison of insolation between 4,300 years ago and present. (a) 
Insolation for 4.3 kyBP (red dashed line) and present (blue line) at 10°N. (b) Insolation for 4.3 kyBP 
(red dashed line) and present (blue line) at the equator. (c) Difference in insolation between 4.3 ka 
and present for all latitudes. Orange shading in (a) and (b) highlights boreal late summer and early 
autumn when insolation at 4.3 kyBP is higher than present. Insolation data are from Berger (1978) 
and Berger and Loutre (1991). Data for (a) and (b) were accessed via Huybers (2006) 
http://www.ncdc.noaa.gov/paleo/pubs/huybers2006b/huybers2006b.html . 
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Supplementary tables 
 

 
Supplementary Table 1.  Summary of XRD analysis results for fossil coral microatoll XM35. 
Sample Aragonite (%) Calcite (%) Chi squared 
XM35-D 99.9 0.1 1.85 
XM35-G 100 0 1.85 
XM35-H 99.8 0.2 1.73 
XM35-H-2 100 0 1.78 
XM35-K 100 0 1.86 
XM35-M 99.8 0.2 1.69 
XM35-M-2 99.9 0.1 1.93 
XM35-O1 100 0 1.87 
XM35-P2 99.8 0.2 1.97 
XM35-R2 99.8 0.2 1.89 
XM35-S2 99.9 0.1 2.49 
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Supplementary Table 2. Results from U-series dating of XM35 coral piece XM35-H1.  

Sample 
wt.(g) 

U 
(ppm) ±2s 

232Th 
(ppb) ±2s 

(230Th/ 
232Th) ±2s 

(230Th/ 
238U) ±2s 

(234U/ 
238U) ±2s 

Uncorr. 
Age 
(ka) ±2s 

corr. 
Age 
(ka) ±2s 

corr. 
Initial 
(234U/ 
238U) ±2s 

Calendar 
age (cal 
yBP) 

0.16916 3.2368 0.0020 0.48 0.002 913.01 4.28 0.0444 0.0001 1.1428 0.0010 4.321 0.010 4.317 0.010 1.1445 0.0010 4,256 
0.16916 3.2543 0.0021 0.47 0.001 921.24 4.40 0.0441 0.0002 1.1430 0.0013 4.295 0.017 4.291 0.018 1.1447 0.0013 4,230 

                                      Weighted mean calendar age ± 2SE (cal yBP) 4,243 ± 9 
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Supplementary Table 3. Interannual band variance and percentage of total variance explained by 
the 2-8 year Butterworth band pass filter interannual and 11-13 month annual bands for Kiritimati 
Island SST and coral δ18O and Sr/Ca records. See Supplementary Methods for calculations. 
 

 

Interannual 
band 

variance 

Interannual 
band (% of 

total 
variance) 

Annual 
band (% 
of total 

variance) 

Ratio of 
interannual 
to annual 

bands 

This study:         

SSTa (1939-2007) 0.499 °C2 58.3 12 4.9 

Modern coral stack δ18O (1939-2007) 0.0169 ‰2 34.5 6.22 5.54 

SSTa (1978-2007) 0.504 °C2 61.3 10.9 5.61 

WM_stack δ18O (1978-2007) 0.0214 ‰2 54.8 4.96 11.1 

SSTa (1994-2007) 0.457 °C2 57.1 13.2 4.33 

XM22 δ18O (1994-2007) 0.0247 ‰2 69.3 3.1 22.3 

XM22 Sr/Ca (1994-2007) 
0.00362 

(mmol/mol)2 50.5 3.49 14.5 

SSTa (1920-1950) 0.242 °C2 44.8 16.1 2.78 

SSTa (1877-2007) 0.46 °C2 56.1 11.3 4.97 

~4.3 kyBP coral δ18O (175 yrs) 0.0035 ‰2 30.1 30.8 1 

~4.3 kyBP coral δ18O (30 yrs) 0.00239 ‰2 22.7 39.8 0.57 

~4.3 kyBP coral Sr/Ca (30 yrs) 0.000591 
(mmol/mol)2 26 28.6 0.909 

 
a ERSSTv3b (Smith et al., 2008) for the 2°x2° grid square centered on 158°W, 2°N, which includes 
Kiritimati Island. 
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Supplementary Table 4. Comparison of cluster analysis of NINO3.4 (ERSSTv3b) with five ENSO 
indices. For each ENSO event measure red shading indicates an El Niño event, white indicates no 
event, and dark grey shading indicate no data. Light pink indicates a lower level of certainty for 
events in the Meyers et al. (2007) classification. 
 

 ENSO Indices    

Year 
Meyers et 
al. 2007a BOM-SOIb 

Trenberth 
1997c IRId 

NOAA CDC 
ONIe 

NINO3.4 
Cluster 
analysis 

(this study) 

% of ENSO 
Indices 

recording an 
event 

Cluster NINO3.4 
false positive/ 

negative 

1877            100   
1884            0 False positive 
1885            0 False positive 
1888            100   
1896            100   
1899            100   
1902             100   
1904             0 False positive 
1905             100   
1911             100   
1913             50   
1914             100   
1918             50   
1919             50   
1923             50   
1925             100   
1929             0 False positive 
1930             50   
1939             0 False positive 
1940             100   
1941             100   
1946             50   
1951             80 False negative 
1953             60 False negative 
1957             100   
1958             20   
1963             100   
1965             100   
1968             50   
1969             80   
1972             100   
1976             60   
1977             80   
1979             20   
1982             100   
1986             80   
1987             100   
1990             20   
1991             100   
1993             60 False negative 
1994             100   
1997             100   
2002             100   
2004             50   
2006             100   

a Meyers et al. (2007) define an ENSO event as a year in which their ENSO index “was outside ±1s for at least two consecutive months 
during the period from June to February”, where their ENSO index was calculated by an EOF analysis of 6 different ocean/atmosphere 
time series.  
b Australian Government Bureau of Meteorology Southern Oscillation Index where “sustained positive values of the SOI above +8 may 
indicate a La Niña event, while sustained negative values below −8 may indicate an El Niño event”. Data available from 
http://www.bom.gov.au/climate/enso/enlist/ and http://www.bom.gov.au/climate/enso/lnlist/  
c Trenberth (1997) deems an event to occur “if 5-month running means of sea surface temperature (SST) anomalies in the Niño 3.4 region 
(5°N–5°S, 120°–170°W) exceed 0.4°C for 6 months or more”, using NINO3.4 data from NOAA and a base period from 1950-1979. 
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d International Research Institute for Climate and Society (IRI) defines an El Niño or La Niña event “if the 5-month running-average of the 
NINO 3.4 Index exceeds +0.4 oC (for El Niño; -0.4 oC for La Niña) for at least 6 consecutive months” as applied to Kaplan SST data with a 
base period of 1951-1980. Available from http://iri.columbia.edu/climate/ENSO/background/pastevent.html#list  
e NOAA Climate Prediction Center Oceanic Niño Index (NOAA CPC ONI) threshold of “ +/- 0.5oC for the Oceanic Niño Index (ONI) [3 month 
running mean of ERSSTv3b SST anomalies in the Niño 3.4 region (5oN-5oS, 120o-170oW)], based on centered 30-year base periods updated 
every 5 years”. Events “are defined when the threshold is met for a minimum of 5 consecutive over-lapping seasons”. Data available from  
http://www.cpc.ncep.noaa.gov/products/analysis_monitoring/ensostuff/ensoyears.shtml  
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Supplementary Table 5. Comparison of cluster analysis of NINO3.4 (ERSSTv3b) with five ENSO 
indices. For each ENSO event measure blue shading indicates a La Niña event, white indicates no 
event, and dark grey shading indicate no data. Light blue indicates a lower level of certainty for 
events in the Meyers et al. (2007) classification. 
 

 ENSO Indices    

Year 
Meyers et 
al. 2007a BOM-SOIb 

Trenberth 
1997c IRId 

NOAA CDC 
ONIe 

NINO3.4 
Cluster 
analysis 

(this study) 

% of ENSO 
Indices 

recording an 
event 

Cluster NINO3.4 
false positive/ 

negative 

1878             100 False negative 
1879             100   
1886             100   
1889             100   
1890             100 False negative 
1892             100   
1893             100   
1897             100 False negative 
1903             100   
1906             100 False negative 
1908             0 False positive 
1909             100   
1910             100   
1916             100   
1917             100   
1922             50   
1924             100   
1928             100 False negative 
1929             50   
1933             50   
1938             100   
1942             100   
1944             0 False positive 
1949             100   
1950             100   
1954             100   
1955             100   
1956             50   
1964             100   
1967             20 False positive 
1970             100   
1971             100   
1973             100   
1974             80   
1975             100   
1978             20   
1981             20   
1983             20   
1984             80   
1988             100   
1995             100   
1996             20   
1998             100   
1999             100   
2000             100   
2005             50   

a Meyers et al. (2007) define an ENSO event as a year in which their ENSO index “was outside ±1s for at least two consecutive months 
during the period from June to February”, where their ENSO index was calculated by an EOF analysis of 6 different ocean/atmosphere 
time series.  
b Australian Government Bureau of Meteorology Southern Oscillation Index where “sustained positive values of the SOI above +8 may 
indicate a La Niña event, while sustained negative values below −8 may indicate an El Niño event”. Data available from 
http://www.bom.gov.au/climate/enso/enlist/ and http://www.bom.gov.au/climate/enso/lnlist/  
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c Trenberth (1997) deems an event to occur “if 5-month running means of sea surface temperature (SST) anomalies in the Niño 3.4 region 
(5°N–5°S, 120°–170°W) exceed 0.4°C for 6 months or more”, using NINO3.4 data from NOAA and a base period from 1950-1979. 
d International Research Institute for Climate and Society (IRI) defines an El Niño or La Niña event “if the 5-month running-average of the 
NINO 3.4 Index exceeds +0.4 oC (for El Niño; -0.4 oC for La Niña) for at least 6 consecutive months” as applied to Kaplan SST data with a 
base period of 1951-1980. Available from http://iri.columbia.edu/climate/ENSO/background/pastevent.html#list  
e NOAA Climate Prediction Center Oceanic Niño Index (NOAA CPC ONI) threshold of “ +/- 0.5oC for the Oceanic Niño Index (ONI) [3 month 
running mean of ERSST.v3b SST anomalies in the Niño 3.4 region (5oN-5oS, 120o-170oW)], based on centered 30-year base periods updated 
every 5 years”. Events “are defined when the threshold is met for a minimum of 5 consecutive over-lapping seasons”. Data available from  
http://www.cpc.ncep.noaa.gov/products/analysis_monitoring/ensostuff/ensoyears.shtml  
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Supplementary Table 6. Multiple linear regression diagnostics for equation (3) (Supplementary 
Discussion). 
 
Coefficient  Estimate Std. Error t value Pr(>|t|)     
a 0.005055    0.050898  0.099    0.921     
b -0.183225    0.010364 -17.679   <2e-16 *** 
*** p <0.001  
Multiple R2 = 0.83, F-statistic: 156.6 on 2 and 66 DF, p-value: < 2.2e-16 
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