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reconstructed palaeo-ENSO (around 1600, the early 1700s 
and 1900) and modelled series (around the major volcanic 
eruptions of 1258 and 1452). While the recent increase in 
spectral power might be in response to enhanced green-
house gas levels, the increase lies within the range of vari-
ability across the suite of ENSO reconstructions and simu-
lations examined here. This study demonstrates that the 
analysis of a suite of ENSO reconstructions and model 
simulations can build a broader understanding of the time-
varying nature of ENSO spectra, and how the nature of the 
past spectra of ENSO is to some extent dependant on the 
climate model or palaeo-ENSO reconstruction chosen.

Keywords El Niño–Southern Oscillation · ENSO · SOI · 
Nino3.4 · Last Millennium · Climate model simulations · 
Spectra · CMIP5 · PMIP · Decadal variability

1 Introduction

The El Niño–Southern Oscillation (ENSO) is the major 
coupled ocean–atmospheric phenomenon driving global 
climate variability on interannual timescales (Bjerk-
nes 1966, 1969; Allan et al. 1996). ENSO variability can 
be measured with a range of indices, such as the South-
ern Oscillation Index (SOI), which captures the atmos-
pheric variability, or various indices that describe the 
oceanic component, such as the sea-surface temperature 
(SST)-based Nino3.4, or combined indices such as those 
described by Gergis and Fowler (2005). ENSO and its 
regional teleconnections are known to vary on interan-
nual, interdecadal, and centennial time-scales (Power et al. 
1999a; Diaz et al. 2001; Ault et al. 2013; Brown et al. 2015; 
Lewis and LeGrande 2015). Over the past 150 years there 
have been decades with a greater dominance of La Niña 
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spectrum to varying degrees. We note that no single model 
or ENSO reconstruction completely reproduces the instru-
mental spectral characteristics. The spectral power across 
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and 8–25 years (decadal) periodicity bands was calculated 
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ity in the spectra. There was strong temporal variability 
in the spectral power of each periodicity band in observed 
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or El Niño events (Power et al. 1999a; Gergis and Fowler 
2009), the presence of multi-year persistent events (Allan 
and D’Arrigo 1999; Cole et al. 2002), and quiescent peri-
ods of limited ENSO activity (Kestin et al. 1998).

A good measure of ENSO variability is the power spec-
trum. The power spectrum of the observed ENSO record 
has traditionally had the maximum power spectral density 
(PSD) in the 2–7 years band (Allan et al. 1996). The relative 
PSD in this band has however varied through the observed 
record, as measured by the SOI (Kestin et al. 1998). They 
show that there was greater power in the 1875–1920 C.E. 
(Common Era, omitted hereafter) time interval, a weaken-
ing from 1920 to 1950, and strengthening since 1975 to the 
end of their record (1995). The dominance of one ENSO 
phase (El Niño or La Niña) on decadal timescales can cre-
ate major adaptation challenges (Glantz 2001; Kiem et al. 
2003). This time-scale of variability is closely associated 
with variations in the Interdecadal Pacific Oscillation (IPO) 
(e.g. Power and Colman 2006). Such variability would be 
expressed with power in the decadal-to-multidecadal period 
band of the spectrum.

While the observed record is sufficient to examine 
ENSO variability on shorter timescales, the record is still 
less than the estimated 300–500 years needed to capture 
the full range of unforced ENSO variability (Wittenberg 
2009; Bellenger et al. 2014). To gain a better appreciation 
of any shifts in the spectra of ENSO through time, a range 
of ENSO series can be used. Firstly, a number of palaeocli-
mate reconstructions have been developed to help charac-
terise the long-term behaviour of ENSO (Table 1). Further, 
a range of climate model simulations, which include pal-
aeoclimate simulations of the last 1000 years (850–1850, 
termed the Last Millennium experiment), have now also 
become available, run as part of the Coupled Modelling 
Intercomparison Project Phase 5 (CMIP5) and Palaeocli-
mate Modelling Intercomparison Project Phase 3 (PMIP3) 
initiatives (Table 2; Taylor et al. 2012).

Unlike previous studies that characterise past changes 
in ENSO behaviour solely using climate models (e.g. Ault 
et al. 2013; Bellenger et al. 2014; Lewis and LeGrande 
2015) or palaeoclimate data (e.g. Wilson et al. 2010; 
McGregor et al. 2013), here we take advantage of avail-
able palaeo-ENSO reconstructions and CMIP5–PMIP3 
simulations to compare the time-varying nature of ENSO 
spectra over the Last Millennium from both data sets for 
the first time. Common changes in the spectral charac-
teristics of ENSO across the models suggest a consistent 
response to external forcing, while consistent changes 
across the palaeo-ENSO reconstructions are likely to 
be the result of external forcing and/or shifts in internal 
variability.

ENSO variability arises from internal interactions within 
the climate system, but also includes external forcing from 

varying greenhouse gases, solar irradiance, and sporadic 
volcanic eruptions, which all influence the mean state of 
the global climate (Christensen et al. 2013; Fernández-
Donado et al. 2013) and central Pacific (Phipps et al. 2013). 
Ault et al. (2013) suggest that the variability in the volcanic 
forcing led to long-term shifts in ENSO behaviour over the 
Last Millennium; the variability in solar and greenhouse 
gas forcing was small, and thus was less likely to have 
played a role in altering the spectra of ENSO.

It should be noted that the different palaeo-ENSO 
reconstructions and model simulations are not necessarily 
directly comparable from record to record, but should be 
internally consistent so that their representation of ENSO 
in the historical period can be compared with earlier cen-
turies. To estimate the bounds of natural ENSO variabil-
ity over the Last Millennium we consider the three data 
sources, each with inherent limitations:

1. Instrumental observations with relatively short record 
lengths that provide only limited information about 
low frequency ENSO behaviour, concurrent with non-
stationary and uncertain responses to anthropogenic 
influences;

2. CMIP5–PMIP3 climate model simulations that are 
imperfect representations of the climate system, are 
developed using different dynamical parameterisations 
and have varying estimates of the pre-industrial and 
anthropogenic transient forcing, and;

3. Palaeoclimate reconstructions that use different ENSO 
proxies sourced from a range of geographical regions 
calibrated to a variety of different predictand indi-
ces (e.g. SOI, Nino3.4), and with shifts in their vari-
ability introduced from data availability and statistical 
method.

This study aims to determine if there have been past 
epochs when there were major shifts in the ENSO spec-
trum, with a particular focus on the decadal band. If these 
epochs align across the reconstructions and climate models 
it strongly suggests that they were externally forced.

The study is organised as follows: Sect. 2 describes the 
instrumental, climate model and palaeoclimate data used in 
the study, Sect. 3 outlines spectral methods, and the results 
are presented in Sect. 4. In Sect. 5 the results are discussed 
and in Sect. 6 conclusions are summarised.

2  Data and models

2.1  Instrumental data, index and season

Instrumental studies have shown differences in ENSO 
behaviour depending on the ENSO diagnostic selected 
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(Hanley et al. 2003; Gergis and Fowler 2005). Many of the 
proxy records considered here are related more closely to 
the SST-based indices, such as the Nino3.4 SST index (the 
SST anomaly in the region 5°N–5°S and 170°W–120°W). 
Thus, we show results for the Nino3.4 index in model sim-
ulations, and present results for both Nino3.4 and SOI in 
instrumental observations.

The SOI, a surface pressure-based index, benefits from 
a very long instrumental record (Allan et al. 1991; Allan 
and Ansell 2006). Some variability measured by the SOI 
is because of underlying trends in the regional relation-
ships in mean sea-level pressure, rather than an indication 
of ENSO variability (Ropelewski and Jones 1987; Power 
and Kociuba 2011). Forced off-equatorial trends are pro-
jected to have a greater impact on the SOI into the future 
(Kociuba and Power 2015). Thus, variability in the SOI is 
not always solely driven by ENSO. The observed monthly 
Nino3.4 index is calculated from HadISST (Rayner et al. 
2003) over the years 1876–2015. The observed monthly 
SOI values for the period 1876–2015 are from the Aus-
tralian Bureau of Meteorology, calculated using the Troup 
method (Troup 1965).

The seasonal progression of a typical El Niño or La Niña 
commences in austral spring and peaks in amplitude in aus-
tral summer (December–February) (Rasmusson and Car-
penter 1982; Rasmusson and Wallace 1983; Allan 2000). 
Thus we use the September to February mean Nino3.4 or 
SOI to represent ENSO in each year in both the observed 
and model data. Reconstructions will often also capture 
this peak signal, but individual sensors within archives of 
pre-instrumental ENSO variability may incorporate signals 
outside of their specific target season (Wilson et al. 2010).

2.2  CMIP5–PMIP3 climate model data

Details of the six CMIP5–PMIP3 coupled climate models 
used in this study are summarised in Table 2. These mod-
els all have data from the following experiments: (1) pre-
industrial Control simulations, (2) Historical simulations 
forced with natural and anthropogenic forcing over the 
1850–2005 period, and (3) Last Millennium simulations 
forced by solar and volcanic variability over the years 850–
1850 (Schmidt et al. 2011, 2012).

All of the Last Millennium simulations include vary-
ing orbital parameters, either from pre-computed tables, 
or internally calculated following the equations in Berger 
(1978). CCSM4, MPI-ESM-P and GISS-E2-R also include 
land-use change in their Last Millennium simulations (Pon-
gratz et al. 2008). The forcing in the Control is fixed as 
pre-industrial, and does not vary through time. The forcing 
imposed in the Last Millennium simulations are also given 
in Table 2. There are known differences in the implementa-
tion of solar and volcanic forcing used in models (Table 2), Ta
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and varying responses to volcanic forcing (Emile-Geay 
et al. 2008; McGregor and Timmermann 2011; Zhang et al. 
2013), however we consider all models with available His-
torical, Control and Last Millennium simulations here. As 
simulations run using the MIROC model (Watanabe et al. 
2011; Sueyoshi et al. 2013) are known to display a strong 
drift over the last 1000 years, they were excluded from fur-
ther analysis.

We note that the available model simulations were not 
necessarily continuous from their Last Millennium simu-
lations into their Historical simulations. However, as each 
model version was the same across the Control, Historical 
and Last Millennium simulations, the ENSO spectral char-
acteristics should be consistent across the three simulations. 
Nino3.4 was computed from each model’s monthly SST 
field for the three experiments, and the long-term monthly 
means from each simulation were removed (i.e. 850–1850 
for the Last Millennium and 1851–2005 for the Historical). 
September to February Nino3.4 values were then averaged.

2.3  Palaeoclimate ENSO reconstructions

There are a number of ENSO reconstructions based on pal-
aeoclimate data that extend centuries before the instrumen-
tal period. Detailed discussion of the strengths and weak-
nesses of some of these techniques is outlined in Gergis 
et al. (2006) and Wilson et al. (2010). Details of each of the 
seven published ENSO reconstructions used in this study 
are summarised in Table 1. The reconstructions are based 
on a diverse range of annually-resolved tree-ring, coral, 

ice core and sedimentary records. Note that there are dif-
ferences in the target predictand used to represent ENSO 
(e.g. SOI, Nino3.4 SSTs), seasonal window, underlying 
palaeoclimate data sources and geographical coverage, 
that all influence the history of ENSO variability inferred 
by each reconstruction (Table 1). For instance, the Nino3.4 
SST reconstruction of Li et al. (2013) only represents the 
SST component of the coupled system, while reconstruc-
tions such as Stahle et al. (1998) use palaeoclimate records 
from regions with strong ENSO teleconnections to recon-
struct the atmospheric component of ENSO represented 
by the SOI. Some lower-frequency reconstructions of past 
ENSO do not capture interannual ENSO variability so were 
not included in this analysis (Mann et al. 2009; Yan et al. 
2011).

It should be noted that all ENSO reconstructions contain 
inherent biases due to differences in underlying palaeocli-
mate records, data processing and reconstruction methods 
that impose analytical constraints on the interpretation of 
our results. For example, all reconstructions based on tree 
ring measurements suffer from a loss of records back in 
time, which may influence the reconstructed ENSO vari-
ance. Nevertheless, it is common practice in dendrochro-
nology to ensure that a high enough Expressed Popula-
tion Signal (EPS) and sample replication is present in 
final ‘master chronologies’ used for the development of 
climate reconstructions (Briffa and Jones 1990). In the 
Nino3.4 SST reconstruction of Emile-Geay et al. (2013a), 
the reported reduction in variance in the pre-1300 sec-
tion of the reconstruction is influenced by factors such as 

Table 2  Details of the CMIP5–PMIP3 climate models considered in this study and the forcing applied in their Last Millennium simulations

Climate model References Atmospheric  
resolution

Ocean resolution Institute Solar forcing Volcanic forcing

BCC-CSM1-1 Xin et al. (2013) 128 × 64 × L26 360 × 232 × L40 BCC Vieira and Solanki 
(2009) spliced to 
Wang et al. (2005)

Gao et al. (2008)

CCSM4 Landrum et al. 
(2013)

288 × 192 × L26 320 × 384 × L60 NCAR Vieira and Solanki 
(2009) spliced to 
Wang et al. (2005)

Gao et al. (2008)

CSIRO-Mk3L-1-2 Phipps et al. (2012) 64 × 56 × L18 128 × 112 × L21 UNSW Vieira and Solanki 
(2009) spliced to 
Wang et al. (2005)

Crowley and 
Unterman (2013)

GISS-E2-R Schmidt et al. (2006) 144 × 90 × L40 288 × 180 × L32 NASA GISS Vieira and Solanki 
(2009) spliced to 
Wang et al. (2005)

Crowley and 
Unterman (2013)

IPSL-CM5A-LR Hourdin et al. (2013) 182 × 149 × L31 96 × 95 × L39 IPSL Vieira and Solanki 
(2009) spliced to 
Wang et al. (2005)

Ammann et al. 
(2007)

MIROC-ESM Watanabe et al. 
(2011)

128 × 64 × L80 256 × 192 × L44 MIROC Lean et al. (2005) Sato et al. (1993)

MPI-ESM-P Jungclaus et al. 
(2012)

196 × 98 × L47 256 × 220 × L40 MPI Vieira and Solanki 
(2009) spliced to 
Wang et al. (2005)

Crowley and 
Unterman (2013)
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the decreasing availability of predictors back in time, and 
a lack of coherence at internal timescales due to possible 
dating errors in the palaeoclimate records. Calibrating pal-
aeoclimate records to observed ENSO variability typically 
involves many statistical processes including data detrend-
ing and variance-adjustments such as pre-whitening (Stahle 
et al. 1998). These caveats have the potential to influence 
the time-varying spectra of the series.

Finally, we acknowledge that some of the ENSO recon-
structions listed in Table 1 use similar predictors, and thus 
they are not entirely independent. Accordingly they are not 
treated as such here. Following the approach of McGregor 
et al. (2010), we simply make use of all available ENSO 
reconstructions initially without a priori exclusions, but 
note that each reconstruction may not be statistically inde-
pendent of one another.

Many of these studies describe the spectrum of their 
reconstruction (e.g. Stahle et al. 1998; Braganza et al. 
2009). In addition, Braganza et al. (2009) also describe how 
the ENSO spectrum has varied through time, and aspects of 
their method are followed here.

3  Methods

3.1  Power spectral density (PSD) and average PSD 
in frequency bands

This study examines the frequency-domain behaviour of 
Nino3.4 or palaeo-ENSO reconstructions in: i) power spec-
tral density (PSD) distributions and ii) time-varying band 
power in the 2–3, 3–8 and 8–25 years frequency bands. 
Power spectral density (PSD) is computed using the Multi-
Taper Method (MTM; Thomson 1982; Percival and Walden 
1993; Mann and Lees 1996) with 95% confidence limits 
computed from a Chi squared distribution. Each power 
spectrum is compared to that of a lag-one autoregressive 
(AR1) model with equivalent parameters, with lag-one 
autocorrelation ρ1 = max(0, r1), where r1 is the sample 
autocorrelation.

Band power in the frequency ranges of 2–3, 3–8, 
8–25 years is computed by integrating PSD estimates with 
the rectangle method in 50-year intervals using a 49-year 
overlap. The total band power is also given. The band 
power estimate for each window is shown on the central 
year of the 50-year time window. The Z-scores are calcu-
lated to provide an estimate of which peaks are unusually 
large. The shortest timeseries in this study is 136 years long 
(the observed ENSO indices), and even with the reduction 
in the degrees of freedom due to the overlap in the underly-
ing data from one 50 years window to the next, the series 
are long enough to consider peaks with a Z score >2 to be 
significant.

Welch’s method (Welch 1967) and wavelet analysis are 
also performed, and the results are similar to those pro-
duced using the MTM method described above. As such, 
only the MTM method has been shown here to facilitate 
comparison with other studies (e.g. Emile-Geay et al. 
2013b).

4  Results

4.1  ENSO statistics from observations, reconstructions 
and models

The timeseries of the observed September to February 
Nino3.4 and the annually-resolved ENSO reconstructions 
are presented in Fig. 1. The climate models’ September to 
February Nino3.4 timeseries are displayed in Fig. 2, with 
the results from the Historical simulation concatenated to 
those from the Last Millennium simulations. The palaeo-
ENSO reconstructions in Fig. 1 all display interannual vari-
ability of a magnitude that might be considered to represent 
observed ENSO variability.

Although climate models would not be expected to cap-
ture the exact timing of ENSO events, we would expect 
that they represent the statistical characteristics of the 
observed record during the historical period. The timeseries 
of simulated Nino3.4 are shown in Fig. 2, and comparison 
can be made between the models. The BCC-CSM-1 model 
displays higher frequency Nino3.4 variations than mod-
els such as CSIRO-Mk3L-1-2 and MPI-ESM-P. Higher 
Nino3.4 amplitude is present in the CCSM4, MPI-ESM-
P and BCC-CSM1.1 simulations than in the CSIRO-
Mk3L-1-2 and GISS-E2-R models.

The variability and structure of each ENSO time-
series post-1850 is assessed using basic statistical metrics 
(Tables 3, 4). The observed Nino3.4 has a standard devia-
tion of 1.14 °C and a slightly skewed probability density 
function (PDF), with a positive skewness of 0.36. The kur-
tosis measure is as expected from a normal distribution, 
close to three (2.89). There is an insignificant lag-one auto-
correlation (−0.03) and a negative autocorrelation at the 
two-year lag (−0.23). Statistics of the Historical modelled 
Nino3.4 series (1850–2005) are shown in Table 3. The 
standard deviation of Nino3.4 in the CCSM4 model (1.28) 
is slightly greater than observed; all other models have 
lower variance (the standard deviation range is 0.65–0.80). 
The likelihood of extremes (e.g. strong La Niña or El Niño 
events) through the historical period can be characterised 
by the skewness and kurtosis; all the models except MPI-
ESM-P have a kurtosis similar to observed, suggesting a 
near-normal distribution. The higher value for MPI-ESM-P 
means its distribution is peaked relative to a normal distri-
bution, with a stronger tendency for values near the mean 
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(Fig. 2), fewer moderate deviations and a higher chance of 
extremes well beyond the mean.

The statistical metrics for each ENSO reconstruction 
over the post-1850 period are summarised in Table 4. The 
standard deviation is in the units of the reconstructed ENSO 
index and thus reconstructions of Nino3.4 can be directly 
compared with the observed value in Table 3. The Stahle 
et al. (1998) reconstruction is comparable to the SOI, for 
which the observed series has a standard deviation of 8.22. 
For those series that can be compared with observations, the 
variability of the reconstructions is lower than observed.

Note that reconstructions that reflect surface tempera-
ture will also include a contribution from global warming 
in recent decades. This is less evident in the reconstructions 

that use the leading principal component of palaeoclimate 
data variability as an uncalibrated ‘ENSO index’ (e.g. Bra-
ganza et al. 2009; McGregor et al. 2010). The Stahle et al. 
(1998), Li et al. (2013) and Emile-Geay et al. (2013a, b) 
series exhibit a weak negative autocorrelation at lag-two, 
similar to observed Nino3.4. The Wilson et al. (2010) 
record shows relatively strong positive autocorrelation 
at lag one, possibly due to tree ring standardisation tech-
niques designed to retain low frequency variations. Over-
all, the ENSO reconstructions broadly reflect features of 
the observed series, particularly with respect to the nega-
tive autocorrelations at a lag of two years. With regards to 
autocorrelation at lags one and two, the reconstructions of 
Stahle et al. (1998) (0.01, −0.29) and Emile-Geay et al. 

Fig. 1  Time series of annual (red) and 31-year smoothed (blue) Nino3.4 in instrumental data (panel 1) and ENSO palaeoclimate reconstructions 
(panels 2–8) in chronological order of publication. Grey vertical line at 1850 delineates pre-industrial from the historical period
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Fig. 2  Time series of CMIP5–PMIP3 modelled September–February 
Nino3.4 over the Last Millennium (850–1850, dark blue) and His-
torical (1851–2005, light blue) simulations. The long-term monthly 

means were removed from each Nino3.4 series before the calculation 
of the September–February average

Table 3  Key statistics of September–February Nino3.4 in observations (1870–2005) and CMIP5–PMIP3 models Historical (1850–2005) exper-
iments (°C)

Observed BCC-CSM1-1 CCSM4 CSIRO-Mk3L-1-2 GISS-E2-R IPSL-CM5A-LR MPI-ESM-P

Mean 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Stdev 1.14 0.80 1.28 0.65 0.68 0.66 0.78

Skewness 0.36 −0.04 0.37 0.35 0.25 0.26 −0.17

Kurtosis 2.89 2.69 2.84 2.77 2.45 2.49 4.66

Lag-one autocorrelation −0.03 −0.53 −0.07 0.41 −0.25 −0.02 0.12

Lag-two autocorrelation −0.23 0.24 −0.48 0.03 −0.16 −0.07 −0.19
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(2013a, b) (0.03, −0.17) agree best with the observed 
Nino3.4 values (−0.03, −0.23).

Quantile–quantile plots of modelled and observed 
Nino3.4 (Supp. Figure S1) provide further information 
about the behaviour of the tails of the distributions, and 
show that the intensity of El Niño or La Niña are weaker 
compared to the observed record in every model except 
CCSM4, where extreme ENSO events tend to be simu-
lated with higher amplitude than in observed data. How-
ever overall, the CCSM4 simulated Nino3.4 distribution 
matches the observed record better than the other models.

Most of the models have autocorrelation structures that 
do not match particularly well with the observed Nino3.4. 
For example, BCC-CSM-1 has a strong negative lag-one 
autocorrelation (−0.53), followed by a strong positive lag-
two autocorrelation (0.24) indicating a tendency to switch 
ENSO phase from year to year (a strong biennial cycle) and 
CSIRO-Mk3L-1-2 has high interannual persistence, with a 
strong positive correlation at lag one (0.41).

The climate models vary in their representation of the 
time-variation and magnitude of Nino3.4 under Historical 
forcing compared to the observed, with different strengths 
and weaknesses. Aspects such as the strong biennial nature 
of BCC-CSM-1, the high kurtosis of MPI-ESM-P, and the 
lower amplitude of modelled Nino3.4 relative to observed 
in all models except CCSM4, all contribute to the signa-
ture of each models’ Nino3.4 frequency spectrum. With this 
in mind, we next examine the full power spectrum of Sep-
tember to February Nino3.4 from these models and assess 
whether their spectra are different under external forcing 
by comparing the Last Millennium simulations to the pre-
industrial Control simulations.

4.2  Power spectra of ENSO indices

The power spectra of the instrumental Nino3.4 (Fig. 3) has 
the well documented ENSO peaks in the 2–7 years fre-
quency band (e.g. Allan et al. 1996). The SOI spectrum is 

also shown for comparison in Fig. 3, and exhibits similar 
peaks.

The power spectra for each palaeo-ENSO reconstruction 
is shown in Fig. 4. To allow for comparison with obser-
vational and model data, the reconstructions are analysed 
separately for the pre and post-1850 period. The post-1850 
power spectra of Stahle et al. (1998), Wilson et al. (2010), 
Li et al. (2011) have significant power above the red-noise 
line in the same range as the observed spectrum. The Li 
et al. (2013) and Emile-Geay et al. (2013a, b) reconstruc-
tions also have similar spectra to that of the observed, but 
with weaker power density in the 2–3 years period band. 
The spectra of the Braganza et al. (2009) and McGregor 
et al. (2010), and to some extent the Wilson et al. (2010) 
reconstructions, are close to the red noise line. At longer 
periods, the power density is significant at about 10 years 
in the Braganza et al. (2009) spectrum. Others either follow 
the red-noise curve, or power diminishes at a rate similar to 
in the observations, except for the spectrum of the Li et al. 
(2011) reconstruction of variance, which appears to have 
little power at longer periods.

The spectra based on the pre-1850 reconstructions 
(Fig. 4) have more frequency detail than the post-1850 
spectra due to the longer data records prior to 1850. All 
have similar features to their post-1850 counterparts, for 
instance, Li et al. (2011) has the same strong power around 
3–8 years that then attenuates quickly at longer periods, 
and both the pre- and post-1850 spectra of Braganza et al. 
(2009) have a peak at around 10 years. The spectra from 
the pre-1850 section of the Wilson et al. (2010) reconstruc-
tion has a strong peak at 10–18 years that is not evident in 
the post-1850 spectra, suggesting strong decadal variability 
through the early part of the record, as noted by McGregor 
et al. (2013). However, there are a various aspects of the 
development of the reconstructions that could influence 
lower frequency variability further back in time, including 
the nature of the data, statistical methods and dating uncer-
tainties (Bradley 1996).

Table 4  Key statistics of post 1850 characteristics of the palaeo-ENSO reconstructions listed in Table 1

Stahle et al. 
(1998) (SOI)’

Braganza et al. 
(2009) (ENSO)’

McGregor et al. 
(2010) (UEP)’

Wilson 
et al. (2010) 
(Nino3.4)’

Li et al. (2011) 
(ENSO)’

Li et al. (2013) 
(Nino3.4)’

Emile-Geay 
et al. (2013a, b) 
(Nino3.4)’

Mean −0.93 −0.08 −0.04 −0.04 0.00 −0.27 −0.22

Stdev 5.52 1.35 1.24 0.39 1.11 1.11 0.93

Skewness −0.20 −0.30 0.12 −0.03 −0.16 0.25 0.50

Kurtosis 2.50 2.70 2.63 2.85 2.22 3.13 2.93

Lag-one auto-
correlation

0.01 0.15 0.11 0.40 −0.18 0.16 0.03

Lag-two auto-
correlation

−0.29 0.03 −0.09 −0.08 −0.29 −0.19 −0.17
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Figure 5 shows the power spectra of Nino3.4 from the 
Historical (1850–2005) simulations from six CMIP5–
PMIP3 models. We expect models to represent the statisti-
cal nature of the observations, but not the observed timing, 
unless the model is responding to external forcing common 
to both observations and the forcing applied in the model 
simulations. There are substantial differences between 
the models. For example, the BCC-CSM-1-1 spectrum 
is dominated by biennial periodicity, whereas the MPI-
ESM-P, CCSM4 and CSIRO-Mk3L-1-2 models show little 

periodic behaviour above red noise on timescales shorter 
than 3 years.

Of the models analysed here, CCSM4 displays spec-
tral peaks most closely aligned with the 2–7 years peaks 
present in the instrumental Nino3.4 (Fig. 3). Three of the 
models (BCC-CSM-1-1, GISS-E2-R, and CCSM4) have 
little power at periodicities greater than 10 years, while 
the observed series have evidence of lower frequencies at 
decadal to interdecadal timescales. Conversely, the CSIRO-
Mk3L-1-2 and MPI-ESM-P models have strong broad 

Fig. 3  Observed power spec-
trum of instrumental data for 
September–February Nino3.4 
(top panel) and SOI (lower 
panel) indices. The solid orange 
line denotes the red noise level, 
with 95% confidence intervals 
dotted
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Fig. 4  Power spectral density over pre-1850 (left column) and post-1850 (right column) years for each paleoclimate ENSO reconstructions. The 
solid orange line denotes the red noise level, with 95% confidence intervals dotted
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Fig. 5  Power spectral density 
for CMIP5–PMIP3 Historical 
simulations (1851–2005). The 
solid orange line denotes the 
red noise level, with 95% confi-
dence intervals dotted
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peaks at decadal-scale periods (7–10 years). These differ-
ences in spectra highlight strong intrinsic differences in 
the model representations of the frequency behaviour of 
ENSO. The Nino3.4 spectra of the GISS-ER-2, CCSM4 
and IPSL-CM5A-LR models better represent the spectrum 
of the observed Nino3.4 than the other models considered 
in this study.

The spectral characteristics of Nino3.4 from the Last 
Millennium experiments over the 850–1850 period and the 
pre-industrial Control simulations are shown in Fig. 6. The 
Control and Last Millennium spectra have similar charac-
teristics to their Historical spectra, although with higher 
frequency detail. The spectra of the MPI-ESM-P simula-
tions have greater power at longer periods than in that mod-
el’s Historical simulation. The significant peak is broader in 
the Last Millennium Nino3.4 spectrum from CCSM4 than 
in the Historical, and both are broader than the narrow band 
in the Control, suggesting that different forcing in the Last 
Millennium and Historical simulations generate a wider 
range of ENSO behaviour in the frequency domain. For the 
other models analysed here, there is no strong indication 
of a consistent broadening of the peaks in the Last Millen-
nium spectrum compared to the Control.

4.3  Temporal shifts in ENSO power spectra over the 
Last Millennium

To evaluate changes in the nature of ENSO spectra over 
time, and any changes in the dominance of high and low 
frequency characteristics, we examine the spectral power in 
the 2–3 years (near biennial), 3–8 years (classical ENSO) 
and 8–25 years (decadal) periodicity bands using a 50-year 
moving window for the instrumental and modelled Nino3.4 
and the palaeo-ENSO reconstructions.

Figure 7 shows the three bands for the instrumental 
Nino3.4 and SOI. Power in the 3–8 years band is gener-
ally higher than the other bands, with a greater contribution 
from the 2–3 and 8–25 years bands early in the record (Fig-
ure S2) and the 2–3 years band in most recent years of the 
Nino3.4 record. For the SOI, the 3–8 years band dominates 
(Figure S2), until the most recent years, when the PSD in 
the 2–3 years band is greater, and the 8–25 years band PSD 
also increases, while the variability on a 3–8 years time-
scale reduces.

There is a trend towards higher total PSD in the second 
half of the 20th century in both Nino3.4 and SOI (see also 
Figure S2). The increase in PSD in the 2–3 and 8–25 years 
bands rises significantly for the SOI, while for Nino3.4 the 
rise is driven by variance in the 2–3 and 3–8 years bands. 
Together, this is reflected in the last 50 years having the 
highest variability in the record (e.g. Borlace et al. 2013).

Similar to features seen in the observational Nino3.4 
and SOI records, a number of the climate models simulate 

the relative dominance of the 3–8 years frequency band in 
the moving Nino3.4 spectra from the Historical simula-
tions (CCSM4, CSIRO-Mk3L-1-2, IPSL-CM5A-LR and 
MPI-SM-P, Fig. 8). The CCSM4 model simulates a balance 
between Nino3.4 frequency bands that is most similar to the 
observations pre-1950, although the total PSD is stronger. 
The relative rise in PSD in the 2–3 years band in recent 
years is only present in the GISS-E2-R and BCC-CSM1-1 
simulations, and only the CSIRO-Mk3L-1-2 spectrum has 
greater dominance in the decadal band over the 3–8 years 
band in recent years. Although the change is small, the 
power in the 8–25 years band of the Nino3.4 spectrum of 
CCSM4 rises significantly in recent years compared to pre-
vious power in this band in this model (Figure S3).

Three of the models (CCSM4, GISS-E2-R and BCC-
CSM1-1) have significant peaks in PSD in at least one 
period band at the end of the record. Given the wide range 
of characteristics in ENSO spectra shown by the individual 
models and uncertainties in the ENSO response to increas-
ing greenhouse gas forcing (Vecchi and Wittenberg 2010), 
the model responses to greenhouse gas forcing might dif-
fer (Flato et al. 2013). However, the agreement across these 
three models suggest some consistent response to external 
forcing in recent decades.

Figure 9 presents the time-varying PSD in 50 years mov-
ing windows for the pre-industrial Control simulations with 
constant forcing spanning between 450 and 1100 years 
length of simulation. The power in the three period bands 
reflects the dominant peaks in the full spectra shown in 
Fig. 6. The power in the 3–8 years band dominates in the 
CCSM4, CSIRO-Mk3L-1-2, IPSL-CM5A-LR and MPI-
SM-P models’ Nino3.4 spectra. The biennial band is most 
dominant in BCC-CSM1-1 Nino3.4, and the decadal band 
is dominant in CSIRO-Mk3L-1-2. There are epochs when 
the greatest PSD shifts from the 3–8 years band to another 
timescale in CSIRO-Mk3L-1-2 and GISS-E2-R Control 
simulations, in a similar manner to the observed shift at the 
end of the twentieth century (for SOI). This supports the 
idea that observed shifts in the spectral balance are within 
the range of internal variability as simulated by models. In 
the CCSM4 model spectrum the 3–8 years band is always 
dominant, while the decadal band has little power relative 
to the 3–8 years band, possibly due to the known weak-
ness of the link between the tropics and extratropics in the 
Pacific in this model (Deser et al. 2011).

The forced Last Millennium simulations show similar 
time-varying PSD behaviour to the Control runs across 
all models (Fig. 10). The 3–8 years band dominates in 
CCSM4, CSIRO-Mk3L-1-2, IPSL-CM5A-LR and MPI-
ESM-P, with small multicentennial fluctuations in the rela-
tive strengths of the bands. The major volcanic eruptions 
around 1258, 1452 and 1815 are marked in Fig. 10 and 
there is a suggestion of changes to the relative balance of 
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Fig. 6  As Fig. 5, but the power spectral density for Control CMIP5–PMIP3 modelled Nino3.4 (left column) and Last Millennium simulations 
(850–1850) (right column)
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the power spectra around these times, however this is not 
consistent across models. There is a statistically significant 
increase in power in the 8–25 years band around the time 
of the 1258 and 1452 volcanoes in CCSM4, BCC-CSM1-1, 
GISS-E2-R and MPI-ESM-P (Figure S4). In all models 
there are other epochs with similarly increased total PSD. 
A shift might have been expected around the times of vol-
canic eruptions as there is an extended downward swing 
in Nino3.4 after these events and evidence of changes in 
total ENSO variance following these events, seen in the 
smoothed Nino3.4 series of Brown et al. (2015) and Lewis 
and LeGrande (2015). The 30-year running variance of all 
the models except CSIRO-Mk3L-1-2 increased at around 
the time of the 1815 Tambora volcano (Brown et al. 2015). 
There is generally a local upturn in 50-year windowed 
total PSD at that time, but aside from GISS-E2-R, these 
increases in PSD are not outside the fluctuations seen ear-
lier in the simulation.

The spectral densities in three bins in moving 50-year 
timeslices for the palaeo-ENSO reconstructions are shown 

in Fig. 11. The palaeo-ENSO reconstruction timeseries pre-
sented in Fig. 1, together with the results in Fig. 11, indi-
cate epochs of significantly higher and lower ENSO vari-
ability. For example, the Wilson et al. (2010) record has 
higher variability early and late in the record, with less 
variance in 1700–1850, reflected by increased total PSD 
at the beginning and end of the record. Another example 
is the increasing variance evident in the McGregor et al. 
(2010) reconstruction (Fig. 1), seen as increasing total PSD 
through time in Fig. 11.

The ENSO reconstructions display a relative domi-
nance of spectral power in the 3–8 years band. The Bra-
ganza et al. (2009), McGregor et al. (2010) and Li et al. 
(2013) reconstructions all show a peak in relative power 
in the 8–25 years band in the early 1700s (see also Fig-
ure S5). Further back in time, the Braganza et al. (2009) 
and Li et al. (2013) reconstructions also show a peak in 
the decadal band around 1600, suggesting that the recon-
structions are capturing a period of ENSO frequency 
change.

Fig. 7  Timeseries of band-
power in several frequency 
bands in 50-year moving 
windows from the observed 
Nino3.4 (top panel) and SOI 
(lower panel). The 2–3 (yellow), 
3–8 (red) and 8–25 (blue) year 
bands are shown, with the total 
spectral power in purple
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The PSD in all bands increases strongly from the mid-
nineteenth century in the Braganza et al. (2009), Emile-
Geay et al. (2013a, b), Li et al. (2013), McGregor et al. 
(2010) and Stahle et al. (1998) reconstructions (Figs. 11 
and S5). The moving spectra from the climate model 

Historical simulations (Fig. 8) show a similar period of 
high PSD through this same time period in one of the more 
reliable climate models CCSM4, and significant peaks in 
the 2–3 years band in the Nino3.4 spectra from the IPSL-
CM5A-LR and MPI-ESM-P models (Figure S2).

Fig. 8  As Fig. 7, but for 
Nino3.4 from the CMIP5–
PMIP3 Historical experiments
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5  Discussion

The spectra of the CMIP5 climate models have been found 
to vary from model to model. Bellenger et al. (2014) pro-
vide an analysis of the representation of ENSO spectra in 
pre-industrial Control simulations across a large number 

of CMIP3 and CMIP5 models. The ENSO spectra are not 
consistent across the range of models. They assessed the 
ratio of the power in the 1–3 and 3–8 years bands from 
the ENSO spectra of these models and observations (Had-
ISST1.1). The observations have power in both bands, 
with slightly more variance in the 3–8 years band. Earlier 

Fig. 9  As Fig. 7, but for 
Nino3.4 from the CMIP5–
PMIP3 pre-industrial Control 
experiments. The forcing is 
fixed, and the timescale reflects 
the length of the simulations
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work (Wittenberg et al. 2006) found that the BCC-CSM1 
model simulates ENSO with too short a period, although 
other models (e.g. CCSM4) exhibit characteristics similar 
to instrumental observations. The more recent CMIP5 ver-
sions of models tend to have more power at longer periods 

than earlier (CMIP3) versions that often had little power at 
periods greater than three years (Wittenberg et al. 2006).

The climate models assessed here also display consid-
erable inter-model differences in ENSO characteristics 
such as frequency and variance. However, the spectral 

Fig. 10  As Fig. 7, but for 
Nino3.4 from the CMIP5–
PMIP3 Last Millennium 
(850–1850) experiments. Verti-
cal lines indicate the timing of 
major volcanic eruptions
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characteristics of ENSO across the Historical, Last Mil-
lennium and pre-industrial Control simulations from each 
individual model are largely consistent, confirming that 
internal variability is the major driver of ENSO variability 
rather than external forcing.

Earlier studies have shown that external forcing in 
climate models (for instance, volcanoes in the Last 

Millennium, as well as changes to atmospheric compo-
sition in the Historical period) result in a wider range of 
frequency behaviour compared to the pre-industrial Con-
trol (Ault et al. 2013; Emile-Geay et al. 2013a, b; Landrum 
et al. 2013). In this study we find that this is the case for 
CCSM4, the model used by Landrum et al. (2013) and 
Emile-Geay et al. (2013a, b). This increased power at 

Fig. 11  As Fig. 7, but for the 
palaeo-ENSO reconstructions. 
Vertical lines indicate the timing 
of major volcanic eruptions
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lower frequency in the Last Millennium simulations, how-
ever, is evident in only one model. Thus, for the other four 
CMIP5–PMIP3 models considered here, ENSO represents 
an inherent mode of internal climate variability with spec-
tral characteristics that are not strongly influenced by exter-
nal forcing in the Last Millennium. However, despite this, 
models show a consistent multi-decadal response after the 
major volcanoes over the Last Millennium (Brown et al. 
2015; Lewis and LeGrande 2015). This study provides evi-
dence for an increase in spectral power in four models, par-
ticularly in the decadal band, around the time of the major 
1258 and 1452 volcanic eruptions.

Many studies have explored the influence of volcanic 
eruptions on the behaviour of ENSO (Nicholls 1988; 
Adams et al. 2003; Emile-Geay et al. 2008; McGregor and 
Timmermann 2011; Zhang et al. 2013; Stevenson et al. 
2016). Using a range of palaeoclimate records, Adams 
et al. (2003) suggest the predominance of El Niño-like 
conditions after major volcanic events. The work of Emile-
Geay et al. (2008) supports this finding for very large 
volcanic eruptions, noting that the eruption does not cre-
ate the event, but enhances the likelihood of an El Niño. 
These findings are also supported by studies with the cou-
pled climate model MIROC5i (Ohba et al. 2013), where 
it is believed the widespread tropical cooling acts to cool 
the western Pacific more than the east, enhancing El Niño-
like conditions. Stevenson et al. (2016) found the ENSO 
response to volcanic eruptions varied with the hemisphere 
of eruption in the CESM Last Millennium ensemble. How-
ever, in the CCSM3 model, the immediate ENSO response 
after a major volcanic eruption was reported by McGregor 
and Timmermann (2011) to be more La Niña-like.

The longer-term response was found by Brown et al. 
(2015) and Lewis and LeGrande (2015) to be La Nina-like, 
shown with multi-decadal running-mean values of Nino3.4 
in the years following the 1258 eruption across the models 
examined here. Although some studies have found a dec-
adal-scale response in the high latitudes to major volcanic 
eruptions (Timmreck 2012; Zanchettin et al. 2012), it is not 
clear how the ENSO power spectrum from a 50-year time-
slice during which a major volcanic eruption occurs would 
alter compared to the long-term power spectra. Brown et al. 
(2015) found an increase in variance following the major 
volcanic eruption of 1258 in four of the six models shown 
in this study. There are, however, no consistent peaks in the 
spectral bands around the times of the three major volcanic 
eruptions in the moving spectra of the palaeo-ENSO recon-
structions in Fig. 11.

All of the palaeo-ENSO reconstructions (except Li et al. 
2011), a variance reconstruction, show a peak in total spec-
tral power in the late nineteenth century and early twentieth 
century. Given the wide range of palaeoclimate data used 
to develop these reconstructions, albeit with some overlap, 

this provides confidence that there was a change in the 
ENSO signature at that time. Kestin et al. (1998) reported 
an increase in variability and spectral power during this 
period in the observed SOI (see Fig. 7). Stahle et al. (1998) 
found that there was a statistically significant increase in 
the interannual variability of SOI in their reconstruction at 
this time, along with a stronger sea level pressure gradient 
across the equatorial Pacific. Braganza et al. (2009) also 
show that there was high variability early in the twentieth 
century in both the observed SOI and their reconstructed 
ENSO series with a number of multi-year El Niño and La 
Niña events. It is unclear if any external forcing drove these 
changes. The summary of forcing shown in Neukom et al. 
(2014) suggests the increasing greenhouse gases, increas-
ing solar input after the Maunder and Dalton minima (Lean 
et al. 2005; Krivova et al. 2010) and the influence of a num-
ber of volcanic eruptions including Krakatoa, Indonesia, in 
1883 were important.

Previous studies suggested there was reduced ENSO 
variability from the early fifteenth to middle seventeenth 
centuries (e.g. Hereid et al. 2012), although it has also been 
found that it was actually the strength of the teleconnection 
between ENSO and the ENSO proxy that weakened during 
that period (Fowler et al. 2012). In this study, rather than 
a total reduction in the ENSO variance during this period, 
we observe increased power in the decadal spectral band 
in the Braganza et al. (2009) and Li et al. (2013) recon-
structions around 1600. There is a further peak following 
this period in the early 1700s in the Braganza et al. (2009), 
McGregor et al. (2010) and Li et al. (2013) reconstructions. 
These peaks do not correspond to a consistent signal with 
the same timing across the climate models, suggesting that 
they arose from internal variability, or shifts in the telecon-
nections between ENSO and the climate proxy indicators 
on which these reconstructions are based.

There is a range of mechanisms that could have driven 
the changes in spectra seen in this study. Using climate 
models, the thermocline feedback mechanism and vary-
ing zonal wind strength have been found to be major fac-
tors influencing ENSO variability (Borlace et al. 2013). 
Mechanisms to explain the origin of decadal-interdecadal 
variability in the tropical Pacific include ocean–atmosphere 
interactions in the North Pacific (e.g. Latif and Barnett 
1996), or the combined extratropical-tropical Pacific (e.g. 
Gu and Philander 1997; Mc Phaden and Zhang 2002; Far-
neti et al. 2014), and variability within the tropical Pacific 
domain, including the asymmetry of spatial patterns during 
El Niño and La Niña (e.g. Yu and Kim 2011 and references 
therein). All of these mechanisms can contribute to decadal 
variability in ENSO and its teleconnections (e.g. Power 
et al. 1999b; An and Wang 2000; Rodgers et al. 2004; New-
man et al. 2016). It is quite plausible that changes in these 
aspects of the climate system arise simply from stochastic 
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internal variability (e.g. Collins et al. 2010), however, as 
the ability of climate models to simulate ENSO improves, 
and they continue to be compared with palaeo-ENSO 
reconstructions, the response of ENSO to external forcing 
will become clearer.

6  Summary and conclusions

The recent increases in total spectral power in the last 
several decades of the observed Nino3.4 and SOI are the 
highest in the instrumental period. Examining the time-
varying spectra of a range of modelled and reconstructed 
ENSO indices through time, there are epochs when the 
spectral power has also been significantly high. Thus, the 
recent increases in power are within the range of modelled 
or reconstructed variability. However, the observed ongo-
ing increase in atmospheric greenhouse gas levels (Dlugo-
kencky and Tans 2016) provide forcing extending 10 years 
beyond the end of the Historical simulations, and it is plau-
sible that forcing has led to some of the recent observed 
increased variance. The observed increased variability 
maps onto spectral power in the 2–3 years band in both the 
SOI and Nino3.4 series, but there is only increased power 
in the decadal band in the SOI, highlighting that ENSO 
variability can differ depending on the measure used.

Other significant peaks that have occurred throughout 
the last few centuries include a relative peak in power in 
the 8–25 years PSD in the early 1700s in the Braganza 
et al. (2009), McGregor et al. (2010) and Li et al. (2013) 
palaeo-ENSO reconstructions. The Braganza et al. (2009) 
and Li et al. (2013) reconstructions also show a peak in the 
decadal band around 1600. These peaks are not consist-
ent across the results from climate models suggesting that 
this decadal signature arose from internal variability of the 
climate system, or shifts in the teleconnections driving the 
climate indicator on which the reconstructions were based.

The PSD in all bands also increases strongly in the mid-
nineteenth century to the early twentieth century in the Bra-
ganza et al. (2009), Emile-Geay et al. (2013a, b), Li et al. 
(2013), McGregor et al. (2010) and Stahle et al. (1998) 
ENSO reconstructions and the observed Nino3.4 and SOI. 
The power spectrum from the CCSM4 model also has high 
relative PSD at the turn of the twentieth century.

The power in the decadal band of the spectra of Nino3.4 
from four climate models significantly increased around 
the time of the major volcanic eruptions of 1258 and 1452, 
suggesting a forced response in those models. The response 
in spectra from the palaeo-ENSO reconstructions around 
the time of the volcanic eruptions was within the range of 
reconstructed variability. Thus it is unclear if a future major 
tropical volcanic eruption would drive an increase in power 

in the decadal band and an epoch when ENSO is more per-
sistently in one phase.

As the ability of climate models to simulate ENSO 
improves, an increased suite of simulations of the Last Mil-
lennium will greatly help in interpreting the results seen 
across the proxy reconstructions, and extend our under-
standing of the time-varying characteristics of ENSO 
variability.
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