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ABSTRACT
Observations and climate simulations exhibit epochs of extreme El Ni~
no–Southern Oscillation (ENSO)
behavior that can persist for decades. Previous studies have revealed a wide range of ENSO responses to
forcings from greenhouse gases, aerosols, and orbital variations, but they have also shown that interdecadal
modulation of ENSO can arise even without such forcings. The present study examines the predictability of
this intrinsically generated component of ENSO modulation, using a 4000-yr unforced control run from
a global coupled GCM [GFDL Climate Model, version 2.1 (CM2.1)] with a fairly realistic representation of
ENSO. Extreme ENSO epochs from the unforced simulation are reforecast using the same (‘‘perfect’’) model
but slightly perturbed initial conditions. These 40-member reforecast ensembles display potential predictability of the ENSO trajectory, extending up to several years ahead. However, no decadal-scale predictability
of ENSO behavior is found. This indicates that multidecadal epochs of extreme ENSO behavior can arise not
only intrinsically but also delicately and entirely at random. Previous work had shown that CM2.1 generates
strong, reasonably realistic, decadally predictable high-latitude climate signals, as well as tropical and extratropical decadal signals that interact with ENSO. However, those slow variations appear not to lend significant
decadal predictability to this model’s ENSO behavior, at least in the absence of external forcings. While the
potential implications of these results are sobering for decadal predictability, they also offer an expedited
approach to model evaluation and development, in which large ensembles of short runs are executed in
parallel, to quickly and robustly evaluate simulations of ENSO. Further implications are discussed for decadal
prediction, attribution of past and future ENSO variations, and societal vulnerability.

1. Introduction
The El Ni~
no–Southern Oscillation (ENSO) phenomenon is a primary player in global climate, driving remote
teleconnections that affect weather, ecosystems, and economies worldwide (Clarke 2008; Sarachik and Cane 2010).
Historical observations, paleo proxy records, and numerical simulations indicate that ENSO behavior is modulated
from decade to decade (Wittenberg 2009; Vecchi and
Wittenberg 2010; Li et al. 2011, 2013; Emile-Geay et al.
2013a,b; McGregor et al. 2013). Going forward, an important question is whether the coming decades will bring
a barrage of strong ENSO events or none at all.
ENSO modulation may be partly intrinsic, arising from
chaotic and/or stochastically driven tropical Pacific dynamics (Kleeman and Power 1994; Blanke et al. 1997;
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Timmermann et al. 2003; Jochum and Murtugudde 2004;
Fl€
ugel et al. 2004; Yeh et al. 2004; Power and Colman
2006; Vecchi et al. 2006b; Gebbie et al. 2007; ZavalaGaray et al. 2008; Kleeman 2008; Wittenberg 2009;
Newman et al. 2011a,b). ENSO may also be modulated
by slow changes in background climate, arising from
ENSO nonlinearities, non-ENSO climate modes, or natural and anthropogenic radiative forcings (Kirtman and
Schopf 1998; Wang and An 2001, 2002; Wittenberg 2002;
Zhang and DeWitt 2006; Moon et al. 2007; An et al. 2008;
Matei et al. 2008; Anderson et al. 2009; Imada and Kimoto
2009; DiNezio et al. 2012; Ogata et al. 2013). These
mechanisms are compatible, and indeed existing observational records are not yet sufficient to rule out the possibility of a stochastically driven, chaotic ENSO perturbed by
both non-ENSO climate modes and external forcings
(Chang et al. 1996; Penland et al. 2000; Zhang et al. 2003;
Fedorov et al. 2003; Fl€
ugel et al. 2004; Kravtsov 2012).
Climate models from phases 3 (CMIP3) and 5 (CMIP5)
of the Coupled Model Intercomparison Project suggest
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ambiguous impacts of anthropogenic forcings on ENSO
sea surface temperature (SST) variability over the next
several decades (van Oldenborgh et al. 2005; Guilyardi
et al. 2009; Collins et al. 2010; Stevenson et al. 2012;
Watanabe et al. 2012; Guilyardi et al. 2012a). These projections generally show a less than 50% change in ENSO
SST anomaly (SSTA) amplitude arising from anthropogenic forcings over the next century, with ENSO SSTAs
weakening in some models and strengthening in others.
ENSO rainfall anomalies, in contrast, are projected to
strengthen over the central Pacific in response to eastern
equatorial Pacific warming (Vecchi and Wittenberg 2010;
Watanabe et al. 2012; Cai et al. 2012, 2014). In many
models, the intrinsic ENSO modulation is so large that
anthropogenic changes in ENSO cannot be reliably
detected over the next few decades, with only a single
realization. It is therefore plausible that ENSO’s behavior over the coming decades could be influenced as
much by intrinsic modulation as by changes in radiative
forcing.
The ability to accurately project ENSO behavior for
the coming decades may then hinge on how long the
ENSO system retains memory of its initial conditions.
Observational and model analyses have seen little evidence for ENSO memory beyond a few years, with warm
events occurring seemingly independent of each other
(Larkin and Harrison 2002; Kessler 2002; Choi et al.
2013), except possibly for very strong events (Yukimoto
and Kitamura 2003; Wittenberg 2009). Studies of
ENSO predictability and forecast skill—primarily using intermediate-complexity dynamical and statistical
models—suggest potential skill in predicting tropical
Pacific SSTAs at lead times exceeding 1 year and possibly more than 2 years for some events (Penland and
Sardeshmukh 1995; Knaff and Landsea 1997; Latif et al.
1998; Gr€
otzner et al. 1999; Barnston et al. 1999; Collins
and Allen 2002; Zhang et al. 2001; Mason and Mimmack
2002; Wang et al. 2002; Chen et al. 2004; Fl€
ugel et al. 2004;
Jin et al. 2008; Luo et al. 2008; Tang et al. 2008).
Past coupled GCM (CGCM) studies of ENSO’s
potential predictability have used a ‘‘perfect model’’
approach, in which a particular model trajectory is reforecast using an ensemble of perturbed runs from the
same model (Boer 2000; Collins et al. 2002; Collins 2002;
Power et al. 2006). Those CGCM studies, however, could
afford only small reforecast ensembles, the largest of
which were the five-member ensembles initialized from
twentieth-century simulations by Collins (2002). Unfortunately the small ensembles and changing radiative
forcings in those studies hampered their diagnoses of
ENSO predictability. To better probe the limits of ENSO
predictability, here we capitalize on improved computational power by running large-ensemble reforecasts of
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extreme ENSO epochs, selected from a very long control
run of a widely used CGCM with a fairly realistic ENSO
simulation.

2. Methods
a. Coupled general circulation model
The model used for this study is the Geophysical
Fluid Dynamics Laboratory (GFDL) Climate Model,
version 2.1 (CM2.1), a global ocean–atmosphere–land–
ice CGCM whose formulation and simulation characteristics have been extensively described (Delworth
et al. 2006; Anderson et al. 2004; Griffies et al. 2005;
Gnanadesikan et al. 2006; Wittenberg et al. 2006). The
global, tropical, and ENSO simulations of CM2.1 all rank
highly among CMIP3-class models (van Oldenborgh et al.
2005; Guilyardi 2006; Capotondi et al. 2006; Merryfield
2006; Joseph and Nigam 2006; Reichler and Kim 2008).
CM2.1 simulates a broad diversity of ENSO ‘‘flavors’’
(Kug et al. 2010; Takahashi et al. 2011; Capotondi and
Wittenberg 2013), including extreme El Ni~
nos and their
distinct life cycle involving precursor westerly wind events
(WWEs), development of an equatorial intertropical
convergence zone (ITCZ), elimination of equatorial
upwelling, and delayed event termination (Vecchi and
Harrison 2006; Vecchi 2006; Lengaigne and Vecchi 2010).
CM2.1 is used routinely for seasonal-to-interannual
forecasts and decadal-to-centennial climate projections
(Stouffer et al. 2006; Zhang et al. 2007; Song et al. 2008;
Wang et al. 2008; Xie et al. 2010; Knutson et al. 2013a,b;
Yang et al. 2013; Vecchi et al. 2013; Msadek et al. 2013,
manuscript submitted to J. Climate), so understanding the
model’s predictability may shed light on its performance
in those contexts. While CM2.1 does have a fairly strong
ENSO, among the CMIP3 and CMIP5 CGCMs it is not an
outlier in terms of either its present-day ENSO amplitude
or its change in tropical Pacific climate/ENSO induced
by twenty-first-century anthropogenic forcings [see, e.g.,
Fig. 10.16 of Meehl et al. (2007)]. CM2.1 is also the parent
of several new models recently developed by GFDL: the
Climate Model version 2 with the Modular Ocean Model
version 4p1 at coarse resolution (CM2Mc) (Galbraith
et al. 2011), an Earth System Model with the Modular
Ocean Model (ESM2M), an Earth System Model with
the Generalized Ocean Layer Dynamics ocean model
(ESM2G) (Dunne et al. 2012, 2013), CM3 (Donner et al.
2011; Griffies et al. 2011), CM2.5 and CM2.6 (Delworth
et al. 2012), and the Forecast-Oriented Low Ocean Resolution (FLOR) version of CM2.5 (G. A. Vecchi et al.
2014, unpublished manuscript). Thus, insights gained
from the present experiments could help illuminate the
behavior of those other models as well.
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CM2.1 captures many of the observed decadal-scale
patterns of extratropical Pacific variability and their
teleconnections to and from the tropics (Zhang et al.
2011; Furtado et al. 2011; Li and Lau 2012). CM2.1 also
produces multidecadal oscillations of the Atlantic meridional overturning circulation (AMOC) and North
Atlantic SSTs, which are decadally predictable to some
extent (Msadek et al. 2010; Branstator et al. 2012; Yang
et al. 2013), so it is worth exploring whether those decadal fluctuations lend any decadal predictability to the
model’s ENSO behavior.
Ogata et al. (2013) examined the relationship between
tropical Pacific decadal variability and the decadal modulation of ENSO amplitude in CM2.1. Simulated strong
ENSO epochs were found to be associated with a decadal-mean warming of eastern equatorial Pacific SST,
cooling of western equatorial Pacific SST, and vertical
expansion of the equatorial thermocline. These decadal
effects were found to be largely associated with ENSOinduced temporal ‘‘blurring’’ of the tropical Pacific thermal structure (Schopf and Burgman 2006), rather than
systematic changes in the instantaneous ocean thermal
gradients, suggesting that the ENSO modulation caused
the decadal-scale changes and not vice versa. Ogata et al.
(2013) then hypothesized a coupled feedback mechanism, whereby residual effects of ENSO modulation
could rectify onto the decadal-mean state, altering ENSO
stability and contributing to persistent epochs of extreme
ENSO behavior. The present study tests whether such
a feedback mechanism, if it exists, imparts any decadal
predictability to CM2.1’s unforced ENSO behavior.

b. 4000-yr reference control run
We begin with a long preindustrial control simulation of
CM2.1, which is an extension of the 2000-yr run described
in Wittenberg (2009). This control run was initialized from
twentieth-century conditions as in Delworth et al. (2006)
and then run without flux adjustments for 4220 years, with
fixed 1860 estimates of solar irradiance, land cover, and
atmospheric composition. The spinup over the first 220
years is discarded, and only the subsequent 4000 years
(denoted as years 0001–4000) are analyzed.
The control run produces a stable surface climatology,
with very little climate drift of the tropical Pacific upper
ocean and atmosphere. SSTs averaged over the Ni~
no-3
region (58S–58N, 1508–908W) warm by only 0.128C from
the first millennium to the second and by 0.058C from
the second millennium to the third. This small drift is
isolated by smoothing the monthly-mean time series Ttot
with a 2125-month triangle that transmits 25%, 50%, and
75% of the amplitude at periods of 147, 200, and 304 years.
The resulting low-pass-filtered time series is then subtracted from Ttot to yield a high-pass-filtered, detrended

temperature time series T. A 12-month climatology is
then removed from T, resulting in the monthly-mean
SSTAs T 0 to be analyzed.

c. Extreme ENSO epochs
The control simulation spontaneously produces
epochs of extreme ENSO behavior, which can last for
decades or even centuries. Figure 1 shows three such
epochs in the 4000-yr control run, labeled as M7, M2,
and M5, as in Wittenberg (2009). Epoch M7 loosely
resembles the observed behavior of ENSO in the 1980s
and late 1990s, with strong, warm-skewed events 5 or
more years apart, strong phase locking of the warm
peaks to the end of the calendar year, strong zonal displacement between the SSTA patterns of cold and warm
events, and clear eastward-propagating features during
the transitions from warm to cold events (Lengaigne and
Vecchi 2010; Takahashi et al. 2011). Epoch M2 exhibits
moderate-amplitude, frequent, regularly spaced ENSO
events and more warm/cold symmetry than in M7, resembling the observed behavior during the 1960s and
1970s (Wang 1995; Wang and An 2002). Epoch M5 exhibits mainly weak, biennial variability near the dateline,
much like the early 1990s and 2000s (Yeh et al. 2009).
We have selected these three epochs because of their
unusual amplitude, frequency, skewness, and/or regularity in terms of Ni~
no-3 SSTA, an index that is strongly
linked (though often nonlinearly) to other important
ENSO indices, including various tropical Pacific SSTA
patterns (Takahashi et al. 2011), equatorial Pacific
rainfall (Lengaigne and Vecchi 2010; Watanabe and
Wittenberg 2012; Watanabe et al. 2012; Cai et al. 2014),
the Southern Oscillation index (SOI) based on sea level
pressure gradients (Chiodi and Harrison 2013), and
numerous other impacts around the globe. We defer
exploration of those other indices and their epochal
predictability for a future study.

d. Ensemble reforecasts
The extreme ENSO epochs of Fig. 1 are then reforecast using the same model executable and computing
platform that generated the original control run, which
we shall refer to as the ‘‘reference run.’’ Arrows in Fig. 1
highlight the nine initialization times. At 1 January of
years 1721, 1731, and 1741 (epoch M7); 541, 551, and 561
(epoch M2); and 1151, 1161, and 1171 (epoch M5), the
simulated climate state is copied exactly from the reference run, except that a tiny perturbation dk is added to
the temperature at one ocean grid cell. For each ensemble member k 5 1, . . . , N,

dk 5 0:00018C 3

(k 1 1)/2: for odd k
.
2k/2: for even k

(1)
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FIG. 1. Lon–time plot of SSTAs (8C) simulated in the CM2.1
control run, averaged 58S–58N over the Pacific for (a) a strong
ENSO epoch, (b) a moderate and fairly steady ENSO epoch, and
(c) a weak ENSO epoch. These correspond to epochs M7, M2, and
M5 of Wittenberg (2009). The contour interval is 18C, with shading
incremented every half contour, and the zero contour is omitted.
SSTAs are computed as running annual-mean SST departures from
a multidecadal background state, where the latter is obtained via
a 20-yr triangle smoother that transmits 25%, 50%, and 75% amplitude at periods of 17, 23, and 34 years. Dotted vertical lines
enclose the Ni~
no-3 region (1508–908W), and red horizontal lines
and arrows highlight the reforecast start/end times.
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The N-member ensemble is then integrated forward in
time for 10 years. As an initial check, we confirmed experimentally that a run with d 5 0 duplicated the reference run, bitwise.
To help resolve the extremes of the forecast probability density function (PDF), an ensemble size of N 5
40 is chosen so that at any given time, two members will
lie above the 0.95 quantile of the forecast ensemble PDF
and two members will lie below the 0.05 quantile. The dk
are applied to the single ocean grid cell at 0.1678N,
179.58E and 5-m depth. This cell spans 0.338 of latitude,
18 of longitude, and 10-m depth, representing a seawater
volume of 4.1 3 1010 m3. Assuming a seawater density of
1023 kg m23 and a specific heat capacity of 4.0 kJ (kg
K)21, a d1 of magnitude 0.00018C corresponds to an
energy input of 17 TJ. This is a trivial energy increment
for the climate system; a typical hurricane releases that
much latent heat in 0.2 s (Emanuel 1999).
The initial perturbations are deliberately chosen to be
infinitesimal as far as the model is concerned, near the
level of rounding errors. This gives the reforecasts their
best chance of reproducing the extreme ENSO epochs
seen in the reference run, and permits assessment of the
outer limits of the model’s intrinsic predictability. Given
a finite computer, these are the best conceivable forecasts of this model’s climate system.
Over the first several hours of the reforecast, the
GCM discretizations rapidly spread rounding errors to
neighboring grid cells with each successive time step, so
that tiny errors permeate the entire global CGCM state
vector after just 1 day. This effectively removes any
sensitivity to the precise structure of the initial perturbation, and allows subsequent error growth to arise organically out of the model dynamics. We find that
amplifying the perturbation 10-fold, or instead applying
it to a cell in the North Atlantic or at the bottom of the
ocean, has no discernible effect on the statistics of global
or local error growth beyond the first few days.
For SSTAs, the strongest growth of root-mean-square
(RMS) ensemble spread is in midlatitude regions affected
by strong local instabilities (e.g., in the vicinity of the atmospheric storm tracks, and near western boundary currents like the Kuroshio and Gulf Stream). The RMS spread
of Ni~
no-3 SSTA grows rapidly at first, approaching 0.18C by
month 4 of the forecast, with slower growth in subsequent
months [see Fig. 5 of Karamperidou et al. (2013)]. Thus, for
the purpose of assessing decadal predictability in this
model, there is apparently no long-term difference between
perturbing with errors at the level of rounding, versus at the
level of real-world observations; that difference is effectively overcome after just a few months of integration.
Before analyzing the resulting reforecast SSTAs, the
slowly evolving control-run trend (from section 2b) and
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FIG. 2. CM2.1-simulated time series of smoothed SST anomalies (Ts0 ; 8C) averaged over the
Ni~
no-3 region (58S–58N, 1508–908W) during epochs (a) M7, (b) M2, and (c) M5. The reference
control run (black) and its 40-member perfect-model reforecasts (blue) are shown. Gray vertical lines and left/right edges of plot indicate the reforecast start/end times.

the reference climatology are removed from all of the
reforecasts. All time series T 0 are then smoothed with
a 3-month triangle, which transmits 25%, 50%, and 75%
amplitude at periods of 3.3, 4.5, and 6.9 months, resulting in a smoothed anomaly time series Ts0 .

3. Results
a. Predictability of Ni~
no-3 SSTA trajectories
Figure 2 shows the evolution of Ni~
no-3 SSTAs in
the CM2.1 reference run and reforecasts, for the three
extreme ENSO epochs of Fig. 1. The 40-member reforecasts, at first tightly packed around the reference
trajectory, gradually diverge over the next few years.
Some reforecasts track the reference run for the entire
decade, while others soon differ substantially from the
reference. There is no apparent relationship (20.06 correlation) between the magnitude of the initial dk, and
a reforecast’s subsequent Ni~
no-3 SSTA RMS (across all
120 months) difference from the reference trajectory.
That even infinitesimal perturbations disrupt the control run’s extreme ENSO epochs shows that these epochs
were simply statistical flukes. In the unforced CM2.1,
a flap of the butterfly’s wings can extinguish a 30-yr epoch

of strong ENSO events, disrupt a monotonous ENSO
epoch, or create intense ENSO events where there would
have been none before.
To quantify the predictability of Ni~
no-3 SSTAs, the
PDF of each reforecast ensemble must be compared
against the climatological PDF of the full 4000-yr reference run. To summarize the reforecast PDFs from Fig. 2,
we use their 0.05, 0.50, and 0.95 quantiles, indicated with
blue lines in Fig. 3. At any given forecast lead, there is
potential predictability when these reforecast quantiles
are statistically distinct from the climatological quantiles.
Specifically, for a finite forecast ensemble (here 40 members), the question is whether the reforecast quantiles
exceed the range (induced by sampling variability) of
the climatological quantiles for an ensemble of that size.
We use the reference run to estimate that sampling range,
for each of the three quantiles (gray bands in Fig. 3). For
example, the bottom gray band for the 0.05 quantile in
each panel of Fig. 3 is computed as follows:
(i) 40 decades are selected at random from the 4000-yr
reference run, mimicking a 40-member forecast
ensemble with no memory of its initial conditions;
(ii) the 0.05 quantile (5th percentile) is computed from
this 40-member ensemble;
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FIG. 3. As in Fig. 2, but with the reforecasts summarized by their 0.05, 0.50, and 0.95 quantiles
(bottom, middle, and top blue lines). Gray bands indicate the range of sampling variability for
those quantiles, based on similarly sized ensembles with no knowledge of the actual initial
conditions for the forecast. For example, the bottom gray band in each panel indicates the
central 95% sampling range for the distribution of 0.05 quantiles, computed from 5000 sets of 40
randomly selected decades (each starting with a January) from the 4000-yr reference run.

(iii) steps (i) and (ii) are repeated 5000 times; and
(iv) for the resulting distribution of 0.05 quantiles, the
95% range (2.5%–97.5%) is plotted as the bottom
gray band.
The gray bands of sampling variability expand and
contract seasonally, because of the seasonal synchronization of ENSO SSTA variance in CM2.1 [see, e.g.,
Fig. 22 of Wittenberg et al. (2006)]. For an ensemble
with no memory of its initial conditions, one would expect only about 5% (binomially distributed) of its reforecast quantiles to fall outside the gray climatological
bands. If exceedances occurred significantly more often
than that, it would suggest that some initial-condition
memory had been retained and that the Ni~
no-3 SSTA
trajectory might be potentially predictable.
Figure 3 shows that, 3–4 years after perturbation,
the ensemble quantiles generally settle into their climatological ranges—indicating little predictability of
the Ni~
no-3 SSTA trajectory beyond interannual scales,
even for the particularly extreme ENSO epochs selected
here. A possible exception is the case initialized in year

1171, which shows an enhanced risk of warm events
peaking near the ends of years 1172 and 1177. However,
while both of those temporal peaks in the reforecast 0.95
quantile are somewhat significant at the two-sided 5%
level, they are also ironic—the corresponding referencerun epoch (which was intentionally selected for its inactivity) showed no warming in either year 1172 or 1177
or indeed in any ENSO events at all during years 1171–
80.

b. Predictability of ENSO’s decadal amplitude
We now turn to the predictability of ENSO’s decadal
statistics. In particular we examine ENSO amplitude,
defined here as jTs0 j, a multiyear running mean of the
absolute value of smoothed SSTAs. We are interested in
whether the ENSO amplitude from the reference-run
epochs is captured by the perturbed reforecasts, beyond
the horizon of ‘‘trajectory predictability’’ seen in Fig. 3.
Figure 4 at first seems to offer some limited evidence
for extended predictability of ENSO amplitude, over
leads of 1–10 years (i.e., omitting only the first year of
the forecast). Under a null hypothesis H0 of zero
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FIG. 4. CM2.1 distributions of ENSO amplitude (jTs0 j) over forecast leads of 1–10 years.
Ordinate gives the amplitude, and abscissa gives the rank (quantile) of that amplitude either
within the 40-member reforecasts (colored curves) or within the set of all 9-yr chunks from the
4000-yr reference run (black curve). Each reforecast curve is color coded by epoch (M7 is red,
M2 is green, and M5 is blue). For each case, the target amplitude from the reference run is
indicated with a year-range label, plus a horizontal dotted line that intersects the rank of that
amplitude within the reforecast ensemble (cross) and within the reference run (circle). The gray
‘‘band of zero predictability’’ indicates the 95% range for quantiles from 40-member ensembles
selected at random from the reference run (as in Fig. 3), which are entirely ignorant of the
correct initial conditions for any forecast.

predictability of ENSO amplitude, about 5% (binomially
distributed) of the colored reforecast curves would be
expected to exceed the vertical span of the gray ‘‘band
of zero predictability,’’ which attends the climatological
distribution of 9-yr ENSO amplitudes (black line) from
the 4000-yr reference run. Several of the reforecast
quantiles significantly (but not strongly) exceed that
amplitude range. For two of the reforecasts of the active
M7 epoch (red lines for years 1722–30 and 1742–50, extending above the gray band), the weakest-amplitude
members of the ensemble are not quite as weak as would
have been expected from H0. For one of the reforecasts
of the quiet M5 epoch (blue line for years 1162–70, extending below the gray band) the weakest-amplitude
members are somewhat weaker than would have been

expected from H0. Ironically though, the reforecast for
the quietest M5 epoch (blue line for years 1172–80, extending above the gray band) shows significantly stronger
than expected amplitudes for its strongest-amplitude
members, suggesting that the quietness of the reference
run during these years was a statistical fluke. In Fig. 4, the
circle and cross confirm that the reference run’s behavior
for years 1172–80 was a very rare event—not just with
respect to the 4000-yr control, but even with respect to
perfect-model reforecasts with nearly perfect initial
conditions. For the fairly strong and monotonous M2
epoch, the amplitude reforecasts are not statistically distinct from H0 at any quantile, apart from years 562–70,
which have slightly weaker low-end quantiles than would
have been expected from H0. Interestingly, in every case
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FIG. 5. As in Fig. 4, but for forecast ENSO amplitudes over leads of 3–10 years.

examined here, the rank of the reference run within the
reforecast PDF (cross) is within 0.15 of its rank within the
climatological PDF (circle). Furthermore, in only five of
the nine cases is the reference run’s rank within the reforecast PDF less extreme than within the climatological
PDF. This suggests that, for predicting the model’s mean
ENSO amplitude over lead times of 1–10 years, ‘‘initialcondition ignorant’’ climatological statistics would have
been a good proxy for the initialized ensemble reforecasts.
To emphasize this point, we next omit the first 3 years
of each forecast before computing the multiyear ENSO
amplitude. Figure 5 shows that, consistent with H0 at
these longer leads, essentially none of the reforecast
distributions of ENSO amplitude are statistically distinct from the climatological distribution at any quantile.
The weak epoch (blue) reforecast curves as a group are
not statistically distinct from the strong epoch (red and
green) curves. The one exception (red curve extending
slightly below the gray band) is again ironic: during years
1724–30 the reforecasts showed a somewhat weaker
than average ENSO, with reduced probability of a highamplitude epoch, but during that time the reference-run
ENSO was particularly strong, at the extreme end of

both the reforecast and climatological distributions. Indeed for the cases examined here, all of the reference
run’s strong ENSO decades (circles to the right of the 0.8
quantile) and weak ENSO decades (circles to the left of
the 0.2 quantile) were on the extreme ends of both their
reforecast PDFs and the climatological PDF, and in only
four of the nine cases was the reference’s quantile within
the reforecast PDF less extreme than within the climatological PDF. It thus appears that the limited predictability
of amplitude seen at leads of 1–10 years (Fig. 4) arose
from just the first 2–3 years of the forecasts.
For the model and epochs examined here, it is clear that
even a very tiny perturbation can randomize ENSO’s
decadal amplitude after just a few years. In the absence of
external forcings, no evidence is found for decadal predictability of this model’s ENSO statistics, beyond the
information contained in its climatological PDF.

4. Discussion
a. Implications
Wittenberg (2009) posed a null hypothesis (H0) that,
in the absence of external forcings, the decadal statistics
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of ENSO’s modulation are consistent with those of a
memoryless (Poisson) process with an interannual time
scale. Just as flipping a fair coin can sometimes produce
a long run of heads, a random interannual process can
occasionally generate extreme multidecadal epochs.
Analyzing the wait times between moderate to strong
ENSO events, Wittenberg (2009) was unable to rule out
H0 for the CM2.1 control run on decadal scales. The
present study lends even more support to H0, by demonstrating that the decadal statistics of CM2.1’s most
extreme ENSO epochs are essentially unpredictable. If
ENSO’s real-world behavior over the next few decades
is likewise indistinguishable from nature’s climatological PDF, then assessing societal vulnerability in the near
term will rely on accurately characterizing that climatological PDF—using instrumental records, paleo proxies,
and simulations from a diverse set of models.
The predictability of ENSO modulation bears not
only on prospects for decadal forecasts of ENSO but
also on decadal predictability of other phenomena—
ENSO modulation is known to rectify into decadal and
longer time scales (Fl€
ugel and Chang 1999; Newman
et al. 2003; Rodgers et al. 2004; An 2004; Yeh and Kirtman
2005; Cibot et al. 2005; Schopf and Burgman 2006; Watanabe and Wittenberg 2012; Watanabe et al. 2012; Ogata
et al. 2013). This is a pressing issue, because the climate
community has invested heavily in initialized decadal
climate projections, in hopes that these might be more
skillful than uninitialized projections (Taylor et al. 2012).
If intrinsic ENSO modulation were indeed unpredictable,
then it would act as stochastic forcing for slower climate
modes, potentially limiting their predictability as well.
‘‘ENSO noise’’ must therefore be considered in investigations of decadal variability and predictability, including attributions of past variations and assessments of
future anthropogenic influence (e.g., Vecchi et al. 2006a;
Power and Colman 2006; McPhaden et al. 2011; Solomon
and Newman 2011; Newman 2013; Kosaka and Xie 2013).
As mentioned in section 2a, CM2.1 exhibits robust and
predictable decadal climate variations in the extratropics,
as well as decadal climate signals in the tropics that are
linked with ENSO. Previous studies have suggested
that the Atlantic multidecadal oscillation (AMO) may
be decadally predictable (Smith et al. 2007; Keenlyside
et al. 2008; Msadek et al. 2010; Yang et al. 2013; Vecchi
et al. 2013; Msadek et al. 2013, manuscript submitted to
J. Climate) and could influence the tropical Pacific climatology and thereby ENSO (Zhang and Delworth 2005;
Dong et al. 2006; Dong and Sutton 2007; Timmermann
et al. 2007). The AMO is thought to fluctuate with a
characteristic time scale of approximately 40–100 years,
although observational and paleo records are not yet
sufficient to fully characterize the real-world AMO
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spectrum, and the drivers of recent Atlantic SST fluctuations are being actively debated (Frankcombe et al. 2010;
Booth et al. 2012; Zhang et al. 2013; Cheng et al. 2013).
CM2.1 reproduces the broad spatial pattern of the observed AMO, but it has a shorter dominant time scale of
around 20 years, and like many CGCMs its associated
SSTA variability is weaker than observed in the tropical
Atlantic and stronger than observed in the North Atlantic
subpolar gyre (Msadek et al. 2010; Ting et al. 2011; Zhang
and Wang 2013; Msadek et al. 2013, manuscript submitted to J. Climate). CM2.1’s AMO is predictable at lead
times of up to a decade, although its amplitude, regularity,
and predictability are modulated with time (Msadek et al.
2010; Branstator et al. 2012; Yang et al. 2013).
Zhang and Delworth (2005) showed that, when Atlantic SST changes are imposed in CM2.1—through an
imposed North Atlantic freshwater forcing—those Atlantic changes could in turn cause decadal meridional
shifts in the tropical Pacific ITCZ, via an atmospheric
bridge over Central America. Subsequent model studies
also found Atlantic-induced changes in the Pacific ITCZ
(Dong et al. 2006; Dong and Sutton 2007; Timmermann
et al. 2007), but the impacts on ENSO depended on the
model formulation and the form of the imposed Atlantic
forcing (Timmermann et al. 2007; Rashid et al. 2010;
Svendsen et al. 2013). In the fully coupled system,
decadal variations in Atlantic SSTs could themselves
be driven partly by Pacific variability (e.g., ENSO), and
a number of interbasin feedback loops have been suggested. Whatever the nature of these decadal interactions, the present study suggests (at least in the unforced
CM2.1) that any such mechanisms are too weak and/or
too unpredictable to impart robust decadal predictability to the statistics of ENSO.
Several studies have proposed interdecadal feedback
loops, whereby ENSO modulation alters the decadal
background climate, which then alters the dynamics of
ENSO—leading to prolonged epochs of extreme ENSO
behavior (Sun and Zhang 2006; Dewitte et al. 2007; Choi
et al. 2009; Ogata et al. 2013). The present study indicates that, in CM2.1 at least, any such intrinsic decadal
feedbacks are too weak to lend decadal predictability to
ENSO, or to explain ENSO’s interdecadal modulation.
Note that decadal feedback loops (or forcings from decadal modes) are not actually necessary to produce decadal modulation of ENSO, which can arise even from
a purely memoryless process with an interannual time
scale (Wittenberg 2009). Of course, the real-world
ENSO could also be affected by external (e.g., anthropogenic, volcanic, or solar) forcings, and our results in
no way dismiss those effects. However, strong and decadally unpredictable ENSO modulation could pose
challenges for detecting those forced effects, in the face
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of short observational records influenced by changing
observing systems.

b. Caveats
While a lack of decadal predictability for intrinsic
ENSO modulation (as suggested by these experiments)
could be viewed as disappointing, it is somewhat encouraging that ENSO behavior might sometimes be
predictable several years in advance. Realizing that
potential predictability in actual forecasts, however, will
likely remain a challenge—because of imperfections in
observations, models, and data assimilation systems,
which lead to systematic biases and other forecast errors
(Wittenberg 2004; Zhang et al. 2005, 2007; Sun et al.
2007; Guilyardi et al. 2012b; Goddard et al. 2013). In
addition, the predictability of ENSO’s various impacts
(e.g., on rainfall over the United States) will no doubt be
less than for Ni~
no-3 SSTA, owing to interference from
non-ENSO climate modes and weather noise.
Our experiments indicate that the prospects for decadal predictability of tropical Pacific variability, arising
from initialization of the ‘‘internal variability’’ component of climate, may be limited. However, changes in
radiative forcing—arising in part from increasing greenhouse gases—may provide a source of multidecadal
predictability for ENSO statistics. It has been suggested
that increasing greenhouse gases may favor a westward
shift in the longitude of peak SSTAs during El Ni~
no
events (Yeh et al. 2009) and may increase the severity of
ENSO-induced tropical precipitation anomalies (Boer
2009; Vecchi and Wittenberg 2010; Watanabe et al.
2012; Cai et al. 2012, 2014). Nevertheless, our results
suggest that expectations should be set low for additional decadal refinement through initialization of multidecadal projections of future ENSO statistics.
CM2.1’s intrinsic ENSO predictability could certainly
differ from that of the real world. If the model underestimates intrinsic decadal modes of variability (e.g.,
in the North Pacific, North Atlantic, or Southern Ocean)
and/or their effects on ENSO, then the predictability of
its intrinsic ENSO modulation could be too low.
CM2.1’s ENSO is stronger than observed, which could
either enhance its predictability (by helping its ENSO
signals to stand out against background noise) or reduce it
(if the overly strong ENSO is too nonlinear and chaotic).
Karamperidou et al. (2013) suggest that, at least for
4-month lead times, trajectories of Ni~
no-3 SSTA nearneighbor analogs tend to diverge more rapidly in CM2.1
than observations, so it is conceivable that multiyear
ENSO predictability could be similarly underestimated
by CM2.1. Our reforecast experiments should thus be
repeated with other models, to evaluate the robustness
of these results.
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There may be epochs of the CM2.1 control run with
longer or shorter windows of predictability than the
three extreme ENSO epochs analyzed here. In particular, it is conceivable that predictability could be extended following an extreme El Ni~
no (Goddard and
Dilley 2005), as its aftermath reverberates through the
climate system—for example, via climate signals induced in off-equatorial ocean heat content. On the other
hand, the analysis of Karamperidou et al. (2013) suggests that CM2.1’s Ni~
no-3 SSTA error-growth rates, estimated from the divergence of nearest-neighbor analogs
at 4-month leads, vary decadally by only 10%–20%.

c. A silver lining: Accelerated model evaluation
If it can be confirmed (at least in models) that ENSO’s
intrinsic memory is indeed limited to interannual scales,
then there may be a silver lining: accelerated model evaluation and development. When comparing a model
against observations or other models, several centuries of
simulation may be required to characterize certain ENSO
statistics (Wittenberg 2009; Stevenson et al. 2012; Deser
et al. 2012; Borlace et al. 2013). However, a 100-yr simulation with a next-generation CGCM can take a month or
longer—posing a major hindrance to model development,
where sequences of many such evaluations are required.
If ENSO’s memory is short, then an alternative could
be to initialize an ensemble of model realizations from
slightly perturbed initial conditions, as done here. For
a model with no ENSO memory beyond 5 years, running
40 realizations for 40 years each (discarding the first
5 years) would produce a 1400-yr sample of ENSO behavior—35 times faster than a long serial run, with only
14% greater computational cost. If these ensemble runs
were additionally driven with the time-evolving radiative
forcings from a well-observed historical epoch (e.g., the
40 years span 1974–2013), it would be more straightforward to compare the simulation against the real-world
ENSO—avoiding the pitfalls of basing these comparisons
on preindustrial control simulations (where the forcings
and observational targets are poorly known) or presentday control simulations (where the forcings are held fixed,
leading to unrealistic rates of warming). In addition, the
dispersion of the model ensemble during the ensemblespinup period would help to illuminate the predictability
of ENSO and other climate phenomena.

5. Summary
This study examined a 4000-yr preindustrial control
simulation from a fairly realistic global coupled GCM,
which exhibits intrinsically generated modulation of its
ENSO behavior—producing epochs of extreme intensity,
frequency, spatiotemporal patterns, and (ir)regularity
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that last for decades. Ensemble reforecasts of this simulation’s most extreme ENSO epochs, using a perfect
model and near-perfect initial conditions, suggest occasional potential predictability of the control run’s ENSO
trajectory several years ahead. However, in the absence
of external forcings, the reforecasts offer no evidence for
predictability of decadal-scale ENSO statistics, beyond
the information contained in the climatological PDF. While
the potential implications of these results are sobering for
decadal predictability, they also suggest an expedited approach to model evaluation and development, in which
large ensembles of short runs are executed in parallel, to
quickly and robustly assess a model’s ENSO behavior.
The CM2.1 control run and its reforecasts represent
a substantial computational investment: nearly 8000
years of simulation. We intend to use this unique dataset
to further investigate the fundamental predictability of
ENSO, as well as other climate phenomena.
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