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Abstract Attribution of cause of climate change is hindered by our ability to separate internal
low-frequency variability from the forced response in the climate system. We characterize the
spatiotemporal characteristics of internal variability by comparing ensemble averages of in-band fractional
variances in Coupled Model Intercomparison Project Phase 5 (CMIP5) preindustrial control simulations to
estimates from observations and reanalyses. For sea surface temperature and sea level height anomalies
both models and observations show that variability on time scales less than 5 years is predominantly in
the tropics and has the spatial signature of El Niño–Southern Oscillation. On progressively longer time
scales the variance moves to the extratropics and from middle to higher latitudes while displaying spatially
coherent features. The CMIP5 models show good agreement in the spatial and temporal apportioning of
in-band variance when the variances are normalized.

1. Introduction

The climate system is variable on a wide spectrum of temporal and spatial scales. That variability is manifest
in the atmosphere, ocean, and cryosphere. In comparison to the ocean, the atmosphere has limited mass
and therefore heat capacity such that its intrinsic dynamical processes and teleconnections typically occur
on time scales much shorter than those of the ocean. For processes involving heat and momentum storage,
the dynamic processes of the climate system, as characterized by variance on longer time scales, are largely
contained in the ocean and cryosphere. Here we use model simulations to identify the spatiotemporal
scales of ocean internal variability and characterize regions where the climate system memory resides. Such
knowledge is crucial to understand the regions and time periods where it might or might not be possible to
readily separate the forced climate response from internal variability using the standard statistical methods
of detection and attribution.

We employ data from long (≈500 years) preindustrial control Coupled Model Intercomparison Project
Phase 5 (CMIP5) simulations to characterize the variability inherent in the climate system in the absence of
any imposed external forcing, which we refer to as internal variability. These experiments have only clima-
tological radiative forcing and therefore no imposed externally forced (natural or anthropogenic) agents.
We focus on sea level and sea surface temperature anomalies (SLA and SSTA), as the former represents a
full depth integrated measure of the internal ocean variability, while the latter indicates regions where the
ocean-atmosphere coupling is strongest. Such knowledge may in turn illuminate processes communicating
variability between the oceans and atmosphere and between different latitude zones.

We begin by briefly describing the mechanisms by which low-frequency variability can occur in the
atmosphere, ocean, and climate system. We define what is meant when we refer to internal and forced
variability, then outline the major drivers of low-frequency variability in the ocean before describing the
data sets, analysis methods, results, and conclusions.

2. Background

On time scales beyond interannual, the fast synoptic scale atmosphere can amplify variability in the oceans
via coherence resonance effects [Quattrocchi et al., 2012; T. O’Kane et al., 2013]. Dynamically, this slow
low-frequency response of the ocean to fast stochastic forcing of the atmosphere is referred to as intrinsic.
In the climate system such variability is often characterized by regions where the internal ocean dynamics
couples, often nonlinearly, to the atmosphere via anomalous sea surface temperature and wind forcing.
Internal climate variability is typically estimated by long control simulations with climatological radiative,
mass, and momentum fluxes using prescribed (preindustrial climatological) SST for atmospheric simulations
[Bretherton and Battisti, 2000; Deza et al., 2014] and prescribed nominal year winds for ocean simulations
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[Penduff et al., 2011; T. O’Kane et al., 2013; O’Kane et al., 2014b], respectively. While temperature advection
and/or stochastic forcing can induce intrinsic variability in a dynamically linear ocean on decadal and longer
time scales [Cessi, 2000; Frankignoul et al., 1997], nonlinearity and coherence resonance effects are known to
be equally important [Quattrocchi et al., 2012].

It is well recognized that interannual variability is strongly influenced by the coupling of the winds to the
tropical ocean thermocline. In the subtropical and midlatitude oceans, variability manifests on longer time
scales and is closely associated with Rossby wave propagation. Broadly speaking, the ocean variability in the
tropics to subtropics is in part dependent on the depth of the thermocline. We next motivate the discussion
of our results by briefly reviewing the major drivers of internal ocean variability progressing from the tropics
to the higher latitudes.

In the tropics, the El Niño–Southern Oscillation (ENSO) is recognized as the dominant coupled instability on
seasonal to interannual time scales. Branstator and Teng [2010] showed that as one moves away from the
surface waters in the equatorial Indo-Pacific Ocean, the time-scales of internal variability generally increase
with depth and latitude. Power and Coleman [2006] found that the relative importance of decadal variability
is enhanced in off-equatorial wings in the subtropical eastern Pacific exhibiting an ENSO-like decadal
pattern referred to as the Interdecadal Pacific Oscillation (IPO). The related Pacific Decadal Oscillation (PDO)
emphasizes the North Pacific variability on decadal time scales [Mantua and Hare, 2002]. The IPO/PDO and
ENSO are known to be closely linked. For example, in the late 1970s, coincident with a shift in the phase of
the IPO, the climate moved to a regime favoring strong El Niño events [O’Kane et al., 2014b]. Climate
variability in the tropics, while dominated by the thermal coupling of the ocean to the atmosphere, can then
be communicated to the higher latitudes via atmospheric Rossby wave teleconnections such as the Pacific
North American and Pacific South American patterns [Frederiksen and Webster, 1988; Mo and Higgins, 1998;
Ding et al., 2012].

In general, the mechanisms by which oceanic internal variability is communicated between the subtropics
and tropics are not well understood [Liu, 2012]. Gill et al. [1974] and more directly Williams et al. [2007] point
out the similarities between the eddying regions of the midlatitude oceans (Gulf Stream, Kuroshio, Antarctic
Circumpolar Current, etc) and the storm tracks of the atmosphere. O’Kane et al. [2014a, and references
therein] note that large mean potential density gradients extending from the midlatitudes to the subtropical
and tropical oceans might act as waveguides allowing baroclinic Rossby waves to communicate information
from the extratropics to the tropics on time scales up to decades. Located in regions where the subtropical
mode waters form, these ocean equivalents of atmospheric storm tracks are particularly extensive in the
Southern Hemisphere.

Variations in SST are a major driver of internal atmospheric variability. De Viron et al. [2013] examined the
link between large-scale variations in observed SST and the leading modes of the major climate indices
derived from their variance-covariance matrix. They found that these indices are significantly correlated
on interannual time scales and that their leading orthogonal modes are associated with variations in SST.
At middle and high latitudes, internal atmospheric variability associated with the annular modes has been
found to be the dominant source of uncertainty in the simulated climate response in CMIP3 models [Deser
et al., 2012]. Due to limited observational data, the natural vacillation cycles of the annular modes are poorly
characterized, but it is recognized that they can undergo systematic changes in response to anthropogenic
forcing as illustrated for example by the trend to a positive phase of the Southern Annular Mode over recent
decades [T. J. O’Kane et al., 2013].

Kravtsov et al. [2007] discuss how the subtropical and midlatitude regions of the oceans are dominated
by intrinsic recirculation which adjusts nonlinearly to high- and low-latitude atmospheric forcing. They
showed that intrinsic climate variability in the coupled system renders the atmosphere nonlinearly sensitive
to SSTA and consequently to long term changes in heat fluxes, which feedback via the ocean to induce
low-frequency atmospheric variations. Such regime transitions are the dominant source of the internal
decadal variability in the climate system. These studies motivate us to examine the spatiotemporal
distribution of SST variance as an indicator of the time scales of the ocean-atmosphere coupling.

Penduff et al. [2011], using an ocean general circulation model forced with nominal year atmospheric winds,
found intrinsic ocean variability accounted for ≈ 40% of the total interannual sea level anomaly variance,
and up to as much as 80% in regions such as the Southern Ocean and western boundary current extensions.
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The relative importance of intrinsic ocean low-frequency variability versus the forced climate response to
changes in the radiative forcing, in particular, CO2 and stratospheric O3, in driving regime transitions on
decadal time scales is an important but largely unanswered question.

More generally, Deser et al. [2012] estimated that internal climate variability accounted for at least half of
the intermodel spread in projected climate trends during 2005–2060 in the CMIP3 multimodel ensemble.
Beyond assumptions of linearity, the frequency and persistence of intrinsic modes of variability can also be
modified by the external forcing thereby making detection and attribution of climate change, particularly
on decadal time scales, an exceedingly difficult problem.

In order to identify the geographic regions and temporal bands where the internal ocean variances are
large and where thermal coupling occurs on time scales from interannual to multidecadal, we examine
multimodel averages of in-band variances of sea surface dynamic height (SLA) and SST from CMIP5 control
simulations calculated using Singular Spectral Analysis (SSA) methods. These results are compared to similar
ensemble averages of the available observational and reanalysis products. The relatively short observational
periods do not allow one to determine unequivocally the statistics of the variability for periods longer than
≈10 years for SLA (altimeter) and about 50 years for SSTA, but they do allow one to test the reliability of
CMIP5 models on time scales from interannual to decadal.

In contrast to the atmosphere, it is the oceans that have the thermal mass to support variability on time
scales of relevance to climate. Therefore, we characterize “climate memory" as the dynamically important
regions of the oceans in terms of large variance. Our motivation here is to identify where the climate
memory resides in the subsurface ocean, where thermal coupling occurs outside of the tropics, and where
one might expect to find potentially predictable decadal variations in the climate system.

3. Data Sets and Analysis Methodology

The analysis here focuses on SLA and SSTA because they reflect different elements of the memory of the
climate system. At first order, SLA provides a depth-integrated measure of sea water density anomalies,
combining temperature (thermosteric component, approximately proportional to heat content) and
salinity (halosteric component) changes. Hence, the temporal characteristics of SLA variance should provide
a good measure of the memory in the ocean. Further, SLA variance identifies the dynamically active regions
of the ocean, where significant mixing of heat in the mixed layer above the thermocline occurs. SSTA is a
surface measure that indicates changes in near-surface ocean heat and the coupling to the atmosphere.
SSTA is thus less indicative of the overall memory of the ocean but does give an indication of regions where
ocean-atmosphere heat fluxes are anomalously large.

As we are interested in internal climate variability at interannual to multidecadal time scales, yearly averaged
preindustrial control runs (piControl–r1i1p1) from CMIP5 simulations [Taylor et al., 2012] for SSTA (tos
variable in 23 models) and for SLA (zos variable in 43 models) are used (see Table S1 in the supporting
information). To reduce the likelihood of model drift contaminating the signal, a cubic is fitted over the
entire control period (typically about 500 years or longer) and removed [Sen Gupta et al., 2012, 2013]. The
model output data are further remapped (bicubic interpolation) to a common 1◦×1◦ Cartesian grid to
generate model ensemble aggregates.

We consider two SLA observational products, namely, the CSIRO gridded Topex-Poseidon-Jason 1/2 (TPJ)
altimeter product (January 1993 to December 2013) [Church and White, 2011] and the National Centers
for Environmental Prediction-Climate Forecast System Reanalysis (NCEP-CFSR) reanalyzed SLA (𝜂) (January
1979 to December 2010) [Saha et al., 2010]. For SSTA, we consider three products, namely, HAD4KRIG-CW
(January 1850 to March 2014) [Cowtan and Way, 2014], NOAA-ERSST-V3b (January 1854 to June 2014) [Smith
and Reynolds, 2003, 2004], and COBE2 (January 1850 to December 2013) [Hirahara et al., 2014]. All observa-
tions have been locally linearly detrended to approximately remove the climate change signal contributions
to the variance. The global mean climate change signal over the relatively short SLA observational record is
close to linear [Masters et al., 2012] and shown in Figure S1, where we calculate the global and spatial trend
over the altimeter period. However, we recognize that removing a linear trend from the longer SSTA record
is an approximation to the possibly nonlinear climate response to anthropogenic (e.g., greenhouse gases
and aerosols) and natural radiative forcing (e.g., volcanic and solar).
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For all dedrifted preindustrial control and globally detrended observational time series, the variance in
selected time bands is computed at each grid point. Singular spectral analysis (SSA) [Elsner and Tsonis,
1996; Ghil et al., 2002; Golyandina and Zhigljavsky, 2013] is used to derive the in-band variance. SSA is
nonparametric and data adaptive. The method decomposes a time series x(t) of length L as the sum of
reconstructed components derived from the covariance matrix C(x,M) built on lagged versions of x(t+ j−1)
with j = 1, ...,M ≤ (L∕2) up to a maximum lag M called the embedding dimension. The sum of all M eigen-
values 𝜆k of C(x,M) with k = 1, ...,M equals the total variance of x(t). The original time series is recovered as
the sum of reconstructed components

x(t) =
M∑

k=1

rk(t), t = 1, ..., L (1)

with

rk(t) =
1
M

M∑

j=1

Ak(t + j − 1)ek(j) (2)

where Ak(t) are the reconstructed components

Ak(t) =
M∑

i=1

x(t + i − 1)ek(i) (3)

and ek are the eigenvectors of C(x,M) such as

C(x,M)ek = 𝜆kek, k = 1, ...,M (4)

The variance-explained 𝜆M by the reconstructed components rM(t) are computed for the following
embedding dimensions M= 2, 5, 10, 25, 50, 75, 100, 150, and 200 in years. In-band variances are then
approximated by the variance differences 𝜆Mi

− 𝜆Mi+1
at each location. The time bands considered here span

1–2, 2–5, 5–10, 10–25, 25–50, 50–75, 75–100, 100–150, and 150–200 years. The model ensemble in-band
variance mean is then constructed for both CMIP5 and observational products. The in-band fractional
variance (fraction of the total) maps for both SLA and SSTA for each individual CMIP5 model are included in
the supporting information (Figures S5–S71).

In order to estimate confidence in the fractional variances in the band spanning Mi to Mi+1 years, we have
calculated the model ensemble signal-to-noise ratios (SNRs), here defined as

SNR =
𝜇Mi

− 𝜇Mi+1√
𝜈Mi

+ 𝜈Mi+1

(5)

where 𝜈Mi
and 𝜇Mi

are the model ensemble variance and average of the fractional variances explained
by the low-pass signal for the embedding dimension Mi , 𝜆Mi

, taken over all model preindustrial control

experiments. Note that for the first band (1–2 years), the SNR reduces to (1 − 𝜇M1
)∕𝜈1∕2

M1
as there is no loss

of variance for M= 1 (the sampling frequency as we are using yearly averaged data and the fraction of
variance explained is 𝜆M=1 = 1 for all models).

In Figures S2–S4, we display SNRs (log scale) for both the observed and CMIP5 model simulations of SSTA
(S2 obs and S3 model) and SLA (S4 model), where the black, grey, and light grey contours correspond to
in-band variance SNRs equal to 6, 2, and 1, respectively. Here we assume no covariance across time bands.
These results show that SNRs are above 1 out to the 150–200 year band for both SLA and SSTA. The range of
SNR values of the fractional variances are given in the top left-hand side of Figures S2–S4. That SNR largely
exceeds 1 for all embedding dimensions is not unexpected as, (1) for any given time series we only consider
time bands less than the Nyquist-Shannon sampling frequency, thereby, avoiding aliasing and (2) we have
maximized the signal by normalizing the variances for each ensemble member prior to calculating the
fractional in-band variances and then finally averaging these variances. The normalization step is required in
order to aggregate the various model simulations. The SNR remains high across all temporal bands for SSTA,
whereas for SLA the SNR decreases gradually (but still largely exceeds 1) as the period of the band increases.
This may reflect differences in the physics across models of very low frequency variance modes in the ocean.
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To reiterate, the fractional in-band variance is calculated for each model and then averaged across models.
That we use data from long CMIP5 preindustrial control simulations with climatological radiative forcings,
means that there is no external forced variability and that only internal variability is present. Of course the
observational products examined here include both internal and external sources of variability. Fractional
variances are preferred here because the disparate set of models can and do have quite different total
variances in any given time band. By taking fractional variances relative to the total for each model (prior
to averaging), we normalize each model, making the ensemble average of the individual model fractional
in-band variances meaningful.

The SSA approach is selected here in preference to empirical orthogonal function (EOF) analysis. Based on
singular value decomposition of the covariances, EOF/principal component analyses identify modes of
variability from the largest to the smallest spatiotemporal variance and are orthonormal by construction.
EOFs also maximize variance; however, it is well recognized that it is often difficult to form physical interpre-
tations of higher-order EOF modes [Hannachi et al., 2007]. SSA works on the temporal dimension alone, with
the spatial maps determined by the dynamic processes in the regions of high temporal variance within a
given band.

4. Sea Level Anomaly
4.1. Observations
The SLA altimeter data only exists for the satellite altimeter period 1993 to present, and so, estimates of
the variance are only reliable up to the 5–10 year time band. For the CSIRO gridded altimeter product
(TPJ: Figure 1a) the largest variance occurs on interannual time scales of 1–2 years (up to 85% of the total
variance) highly localized within the tropical Pacific with a pattern indicative of ENSO and also in a band
generally associated with the South Pacific Convergence Zone (SPCZ). In the tropical Indian Ocean the
signal is characteristic of the Indian Ocean Dipole (IOD) [Saji et al., 1999]. Outside of the tropics the major
signal in the 1–2 year band is located in the Gulf Stream.

On time scales of 2–5 years the ENSO signal, while still evident, is somewhat reduced but still largely
located in the eastern equatorial Pacific. There is also an enhanced signal in the subtropical regions of the
eastern Pacific. At 5–10 years the Kuroshio and its extension as well as the Alaska current dominate the
variance of the North Pacific. The South Pacific sector of the Southern Ocean between 40◦S–60◦S extending
from 150◦W–60◦W shows high intrinsic variability on the decadal scale [thought to arise as a response to
stochastic wind forcing, T. O’Kane et al., 2013].

The NCEP-CFSR reanalysis over the historical period 1979–2010 (Figure 1b), while broadly in agreement with
the CSIRO TPJ product, contains more detail. In the tropical and South Pacific, the signal in the 1–2 year band
again corresponds to ENSO and the SPCZ. The North Pacific shows variance in the subtropical band broadly
along the trajectory of the North Pacific Current. The IOD again is evident in the tropical Indian Ocean in
the 1–2 year band; however, the variance extends into the subtropics toward the western coast of Australia
where the South equatorial and Western Australian currents meet. High variance is also noted in the
Southern Ocean at and poleward of the edge of the sea ice maximum extent. At 2–5 years the variance again
extends into the subtropics where the currents of the South Atlantic gyre emerge. Another region of high
variance is seen near the Gulf of Mexico. At 5–10 years the Kuroshio extension, high-latitude South Atlantic
gyre currents and the SPCZ are dominant.

4.2. CMIP5 Ensemble
As expected, the CMIP5 preindustrial control multimodel mean of the SLA variances calculated for individual
models (Figure 1c) are smoother than observations across latitude bands due to ensemble averaging. As
most experiments extend to 500 years and longer, we can, after normalizing, reliably describe model agree-
ment in terms of in-band variances of up to 200 years. Consistent with TPJ and NCEP-CFSR, the largest
variances at 1–2 years are located in the tropical Pacific and Indian Oceans with spatial patterns represen-
tative of the canonical ENSO and IOD. At 2–5 years the variance extends to the subtropics with a noticeable
hot spot off the western Australian coast and Indian Ocean through-flow region.

At 5–10 years the variance in the tropics reduces significantly and is largely evident in the subtropical
band in the subtropical gyre zones. In the 10–25 year band, regions of the Kuroshio and its extension,
the Alaska current, and North Atlantic and its gyre currents dominate the Northern Hemisphere variance,
whereas the variance is broadly contained between latitudes higher than 30◦S in the Southern Hemisphere.
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Figure 1. (a) SLA variances calculated from the detrended CSIRO gridded altimeter product (TPJ) over the period January 1993 to December 2013, (b) detrended
NCEP-CFSR reanalyzed SLA (𝜂) over the period January 1979 to December 2010, and (c) ensemble average of the fractional in-band variances from dedrifted
preindustrial control CMIP5 simulations. Time scale bands (bold font) are in years and relative explained variance range (normal font) as a fraction of the total
variance are given on the Eurasian continent. Shading is scaled to the variance range in each subplot such that red indicates the maximum relative explained
variance and blue the minimum. For Figures 1a and 1b the combined variance in each band sums to 1 − 𝜆M=10, whereas for Figure 1c the combined variance in
each band sums to 1 − 𝜆M=200.
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At 25–50 years the midlatitude Pacific (particularly the South Pacific Intrinsic Mode (SPIM) region, [T. O’Kane
et al., 2013]) and Atlantic sectors of the Southern Ocean are most variable. For bands longer than 50 years
there is variance at the high latitudes of the Southern Ocean in the regions where sea ice forms. For the
Northern Hemisphere the 50–100 year band shows largest variance in the North Atlantic characteristic of
the Atlantic Meridional Ocean Circulation (AMOC).

The multimodel mean in-band SLA variance maxima locations in Figure 1c are broadly consistent with
Figure 2 of Branstator and Teng [2010], where a Fourier spectrum is used to calculate the variance-weighted
mean period map of depth-averaged upper 300 m ocean temperature for the Climate System Model version
3 control experiment. The upper 300 m temperature diagnostic reflects similar features to the SLA over the
1–2, 2–5, and 5–10 year bands.

5. Sea Surface Temperature
5.1. Observations
The SST observational record extends from 1850 to present; therefore, we examine time bands up to half
that period (75 years). Ensemble-averaged SSTA observations in the 1–2 year time band (Figure 2a) reveal
a strong ENSO pattern. Interestingly, the IOD pattern is poorly represented, though the baroclinic pathway
from Western Australia to Madagascar is evident [see Palastanga et al., 2007; O’Kane et al., 2014a].
At 2–5 years, the ENSO pattern broadens but is still localized within the tropics and dominates the variance.
Consistent with altimeter SLA, at 5–10 years the South Pacific Intrinsic Mode of the Southern Ocean
(40◦S–60◦S, 150◦W–60◦W) is a region of large variance [T. O’Kane et al., 2013]. The North Atlantic is the other
region of significance in this band. At 10–25 years, the ENSO signal disappears whereas the SPCZ and ITCZ
emerge. While regions of localized variance appear in the midlatitudes of the Southern Hemisphere, the
high latitudes of the North Atlantic dominate.

At 25–50 years, variance in the Pacific Ocean is highlighted in the South Pacific Convergence Zone (SPCZ).
The North Atlantic SSTA variance in the 25–50 year band corresponds to patterns associated with the
surface ocean response to the North Atlantic Oscillation atmospheric teleconnection [Fan and Schneider,
2012]. At 50–75 years, high variance is found near the lower western coast of Chile; however, we are unaware
of possible mechanisms for this variance and are at the limits of our temporal resolution in this band.

5.2. CMIP5 Ensemble
At 1–2 years, the CMIP5 ensemble average SSTA variance (Figure 2b) is again characteristic of ENSO in the
tropical central Pacific. The Indonesian Through Flow and tropical Indian Oceans also display high variance,
with the Javanese coast and the central tropical South Indian Ocean showing some IOD-like spatial coher-
ence. At 2–5 years, the ENSO pattern broadens and variance in the Indian Ocean contracts to the Somalian
coast and to the pathway from western Australia to Madagascar described earlier. In general, the 5–10 year
variances display close correspondence to the observations (Figure 2a) apart from the South Pacific
Southern Ocean where the observed high variance is much weaker in the CMIP5 ensemble average. Some
of the individual models do show high variance in this region and band.

Noticeably, the regions of high variance in the tropics, evident in the 1–2 year band variance, are completely
absent in the 5–10 year pattern. The 10–25 year band is also generally consistent with a smoothed version of
the observations with good agreement between observations and CMIP5 ensemble average in the middle
to high latitudes of the Northern Hemisphere.

The most noticeable differences between the observations and CMIP5 SSTA variances occurs in the
Southern Ocean for 10–25, 25–50, and 50–75 year time bands. In the model ensemble significant variance
occurs in the South Atlantic-Indian Ocean sectors and is most significant in the 25–50 time bands. This
region of variance is only weakly reflected in the observational ensemble. It is unclear what dynamical
processes would produce this variance; however, we speculate that they may be related to ocean-sea ice
and atmosphere interactions effective at multidecadal time scales. There is some evidence for this proposi-
tion based on the studies of Turner et al. [2013], Polvani and Smith [2013], and Uotila et al. [2014], showing
that the majority of CMIP5 preindustrial control experiments not only display nonnegligible secular trends
(model drift), but also a large multidecadal variability, in both sea ice extent and concentration, indicative of
coupled ocean-ice-atmosphere mode of variability at the longer time scales indicated in our SST variances.

MONSELESAN ET AL. ©2015. American Geophysical Union. All Rights Reserved. 1238



Geophysical Research Letters 10.1002/2014GL062765

Figure 2. (a) As in Figure 1 but for SST variances calculated from the ensemble mean of the detrended HAD4KRIG-CW (January 1850 to March 2014),
NOAA-ERSL-V3 (January 1854 to June 2014), and COBE2 (January 1850 to December 2013) data. The combined variance in each band sums to 1 − 𝜆M=75. (b) SST
fractional in-band variances calculated from an ensemble average of the dedrifted preindustrial control CMIP5 simulations. The combined variance in each band
sums to 1 − 𝜆M=200.
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Figure 3. SLA and SSTA zonal mean variances calculated from the ensemble average of the dedrifted preindustrial
control CMIP5 simulations. Time scale bands in the legend are in years.

For the 75–100 year band, variability is largely confined to the Indian and West Pacific sectors of the
Southern Ocean and the North Atlantic. In the 100–150 and 150–200 year bands, large variability is noted in
the South Pacific and North Atlantic, indicating the role of the AMOC and South Pacific intrinsic modes. For
periods beyond 75 years, there is no overlap between the CMIP5 ensemble and observational data sets.

To illustrate how the in-band variance changes with latitude, we show the zonal mean in-band variance
for the CMIP5 model ensemble mean for SLA and SSTA in Figure 3. The zonal means confirm the maxima
of explained variance in the tropics for only the 1–2 and 2–5 year bands. For bands of longer periods, the
variance is maximum in the extratropics, migrating further to high latitudes as the period increases. In the
2–5 year band the SSTA zonal mean variance is relatively constant across latitude, whereas the SLA variance
in this band drops off sharply in the Southern Hemisphere extratropics. This may reflect the manner in which
atmospheric teleconnections communicate variability from the tropics to extratropics and can influence
surface fields (and therefore SSTA) more readily than a depth-integrated quantity like SLA in this band.

6. Conclusions

Despite the significant recent advances in the development of a global ocean-observing system based on
the Argo program and satellite height and temperature, ocean observations only allow estimates of SLA
variance in temporal bands out to periods of about a decade or so and to perhaps half a century for SSTA.
The CMIP5 500 year long preindustrial control ensembles, perhaps for the first time, allow a robust estima-
tion of variance in temporal bands out to periods of order a century. However, some care must be taken in
their interpretation as the magnitude and mechanisms by which the variability is produced can be different
from model to model. Our approach has been to use SSA and normalize the model variance in order to see
where the models agree with each other. When the model variances are normalized in each temporal band,
they show consistent agreement from model to model in the spatial regions of highest in-band variance. For
frequency bands that can be reliably examined in both observations and model estimates of variance, the
ensemble mean of in-band variances estimated from models and observations are in reasonable agreement,
with the exception for the longest periods (25–75 years) being the Southern Ocean. Here we have very
few observations and the observational products are largely reflecting the particulars of the interpolation
scheme (SSTA and SLA) or the underlying dynamical models used in the reanalysis (NCEP-CFSR SLA).
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For both SLA and SSTA, the largest fraction of the variance occurs for the 1–2 and 2–5 year bands and are
largely confined to the tropics. The tropical variance signatures match ENSO in the tropical Pacific and the
IOD in the tropical Indian Ocean. For periods between 5 and 10 years the variance is maximized in the
subtropical gyres of the major ocean basins, particularly along pathways corresponding to significant
Rossby wave-eddy variability observed in altimetry [Maharaj et al., 2009; Chelton and Schlax, 1996] and
satellite SST [Hill et al., 2000]. There are many open questions as to the exact nature of westward
propagating features in the subtropics—planetary Rossby waves or eddies [Chelton et al., 2011]. O’Kane
et al. [2014a] posit that they are large-scale nonlinearly modified baroclinic disturbances propagating along
waveguides defined by regions of significant horizontal potential density gradients, proposing that these
pathways may provide a means to communicate variability from the subtropics back to the tropics on these
longer time scales.

For longer time periods (beyond 5 years) there is little variance evident in the tropics. As the period of
the temporal band increases the variance maxima move to progressively higher latitudes and generally
correspond to identifiable dynamical processes in the Southern Ocean and North Atlantic ocean. For periods
beyond 10 years, the variance maxima in SLA reflect the well-known midlatitude ocean storm tracks in the
Southern Ocean and the dominant currents in the North Pacific and North Atlantic [Williams et al., 2007].
For SST, periods between 10 and 50 years reflect the IPO/PDO [Power and Coleman, 2006; Mantua and Hare,
2002] in the Pacific and the AMOC in the Atlantic [Huang et al., 2012].

Consistent with the recent study of the modeling study of Branstator and Teng [2010] we find distinct zones
and bands in the ocean with distinct characteristic time scales. However, unlike that recent study, our study
finds in the Southern Hemisphere oceans that there are coherent variance maxima on time scales from
interannual up to 10 years in the subtropical zones that generally correspond to pathways for baroclinically
unstable waves, allowing information to be communicated across temporal scales and zones from the
midlatitudes to the tropics [Palastanga et al., 2007; Maharaj et al., 2009; O’Kane et al., 2014a]. These pathways
are particularly evident in the in-band fractional variances from SLA observations. Where there is memory
in the ocean on longer time scales and where this memory is related to identifiable dynamical processes,
it is highly likely that the internal modes might respond nonlinearly to the external forcing signal. In
such regions there is also potential for longer-term predictability in the climate system such that causal
relationships, in the sense of Granger [Granger, 1988] (causality in terms of predictability and not
correlation), between the respective ocean-atmosphere climate modes, might be inferred.
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