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Abstract Pacific low-frequency variability (timescale > 8 years) exhibits a well-known El Niño-like pattern
of basin-scale sea surface temperature, which is found in all the major modes of Pacific decadal climate.
Using a set of climate model experiments and observations, we decompose the mechanisms contributing
to the growth, peak, and decay of the Pacific low-frequency spatial variance. We find that the El Niño-like
interdecadal pattern is established through the combined actions of Pacific meridional modes (MM) and the
El Niño–Southern Oscillation (ENSO). Specifically, in the growth phase of the pattern, subtropical stochastic
excitation of the MM energizes the tropical low-frequency variance acting as a red noise process. Once in the
tropics, this low-frequency variance is amplified by ocean-atmospheric feedbacks as the pattern reaches its
peak phase. At the same time, atmospheric teleconnections distribute the variance from the tropics to the
extratropics, where the pattern ultimately decays. In this stochastic red noise model of Pacific climate, the
timescale of the extra-tropical/tropical interactions (1–2 years) permits the stochastic excitation of the
ENSO-like pattern of decadal and interdecadal variance.

1. Introduction

The observed decadal climate of the Pacific has been characterized in terms of statistical patterns of
low-frequency oceanic variability, like the Interdecadal Pacific Oscillation [Trenberth and Hurrell, 1994;
Power et al., 1999; Deser et al., 2004], the Pacific Decadal Oscillation [Mantua et al., 1997], and more recently
the North Pacific Gyre Oscillation [Di Lorenzo et al., 2008]. Although these patterns track large-scale dynamics
of the coupled ocean-atmosphere system and are useful for assessing the state of Pacific climate, the
dynamics underlying the origin of the decadal and interdecadal Pacific variance are still debated. In the
low-frequency limit (timescales > 8 years), these modes are all characterized by a spatially broad ENSO-like
pattern [Zhang et al., 1997] (Figures 1a–1d), which is derived by computing the first empirical orthogonal
function (EOF) of the 8 year low-pass sea surface temperature anomalies (SSTa) over the Pacific Ocean basin
(45°S–65°N) (Figure 1a). The emergence of this ENSO-like pattern, and its spatial symmetry from the equator,
suggests that an important fraction of this low-frequency variance originates from tropical Pacific dynamics
linked to the ENSO system.

The influence of ENSO on the modes of Pacific decadal variability is well documented by previous studies
showing how atmospheric and ocean teleconnections forced by ENSO, and its different eastern and central
Pacific expressions, imprint a signal in the extratropics on the Pacific Decadal Oscillation (PDO) and North
Pacific Gyre Oscillation (NPGO) [Alexander et al., 2002; Vimont, 2005; Di Lorenzo et al., 2010; Furtado et al.,
2012]. However, despite the many theories proposed to explain the tropical interannual variability of ENSO
[Jin, 1997; Neelin et al., 1998, and others], few observationally constrained theories exist to explain the sources
of tropical decadal variance itself [Dommenget and Latif, 2008; Clement et al., 2011]. We hypothesize that the
observed ENSO-like pattern of decadal variability arises from the combined action of ENSO and the Pacific
meridional mode [Chiang and Vimont, 2004].

2. Hypothesis for Pacific Climate Variability

On interannual timescales the ENSO system dominates the tropical variance. Perturbations in the tropical
Pacific sea surface temperature and thermocline associated with stochastic atmospheric forcing (e.g., westerly
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wind bursts) can be amplified by positive feedbacks (e.g., zonal current and thermocline feedback) that involve
coupling between the atmosphere and ocean dynamics [Bjerknes, 1969; Suarez and Schopf, 1988; Jin, 1997].
These positive feedbacks allow for the growth of dynamical modes along the equatorial zonal plane (e.g.,
zonal modes) that are collectively referred to as ENSO.

Although the dynamics of zonal modes are important in supporting and driving the ENSO system at the
equator, several studies show that extratropical stochastic atmospheric forcing can also energize ENSO variance
through thermodynamic and dynamic feedbacks [Vimont et al., 2003; Chiang and Vimont, 2004; Anderson and
Perez, 2015]. Most importantly, for this study, it has been shown that the high-frequency variability of the
North Pacific Oscillation (NPO) [Rogers, 1981; Linkin and Nigam, 2008] can generate winds and SSTa in the
subtropics that amplify and propagate into the tropical Pacific through the wind-evaporation-SST (WES)
feedback [Xie, 1999]. These sets of dynamical modes operate primarily along the north-south meridional
plane and are referred to as meridional modes (MM). The imprint of meridional mode dynamics is evident
in the SSTa and sea level pressure anomalies (SLPa) patterns of the ENSO extratropical precursors with
a lead of 6–12 months, both for eastern and central Pacific El Niño events (Figure 2) [see also Penland
and Sardeshmukh, 1995; Vimont et al., 2003; Anderson, 2003; Zhang et al., 2014]. These and other findings

Figure 1. ENSO-like pattern of Pacific low-frequency variability. Correlation maps between monthly NOAA ERSST.v3 SSTa
and (a) Pacific decadal variability (PDV) index defined as the PC1 of 8 year low-pass SSTa over Pacific basin (45°S–65°N),
(b) 8 year low-pass Pacific Decadal Oscillation (PDO) index, (c) 8 year low-pass negative North Pacific Gyre Oscillation
(NPGO) index, and (d) Interdecadal Pacific Oscillation (IPO) index. Regression coefficients are shown as black contours in
units of °C. The time series of the indices are shown in Figure 1e and compared against a Tropical Pacific Decadal Variability
(TPDV) index defined as PC1 of 8 year low-pass SST over the equatorial Pacific (12°S–12°N).
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[Chiang and Vimont, 2004; Chang et al., 2007; Alexander et al., 2010] show that extratropical stochastic forcing
(e.g., NPO) energize the interannual variance in the tropical Pacific through meridional mode dynamics
(although not exclusively [Anderson et al., 2013]). Given that the dynamics of the meridional mode are consis-
tent with a red noise process without any preferential timescales [Larson and Kirtman, 2013], it is plausible that
meridional modes also play an important role in energizing the decadal andmultidecadal energy of the tropical
Pacific. As initial support for this hypothesis, we note that in the Atlantic basin where ENSO feedbacks are very
weak, the dominantmode of tropical variability is controlled bymeridional mode dynamics and is characterized
by energy on the decadal and longer timescales [Chiang and Vimont, 2004; Xie and Carton, 2013].

Building on these previous findings, we develop a red noise null hypothesis for Pacific decadal and multide-
cadal variability (Figure 3) whereby the NPO stochastic forcing in the extratropics excites meridional modes in
the subtropics, which inject decadal-scale variance into the tropical system through the propagation of SSTa
along the north-south plane (Figure 3, step 1). In the tropics, these SSTa are amplified by zonal mode
dynamics (e.g., ENSO) and excite teleconnections that project the decadal-scale variance back into the
extratropics (Figure 3, step 2). The extratropical projection of the decadal variance impacts both PDO and
NPGO depending on the interannual state of ENSO. For example, while eastern Pacific ENSO teleconnections
preferentially energize the PDO pattern [e.g., Alexander et al., 2002; Newman et al., 2003; Deser et al., 2004],
central Pacific ENSO events project onto the NPGO [e.g.,Di Lorenzo et al., 2010; Furtado et al., 2012]. This hypoth-
esis, which we will refer to as the Pacific climate null hypothesis, is essentially a red noise process [Frankignoul
and Hasselmann, 1977], where the forcing is given by the atmospheric stochastic variability that energizes
the MM (e.g., NPO) and the damping timescale arises from spatial/temporal evolution of the coupled system
response to the MM perturbation. For example, following the diagram in Figure 3, the winter time NPO-type
variability in a given year energizes ENSO-like variability along the equator that peaks in the following winter

Figure 2. Precursor patterns to ENSO. Correlation map between winter (January–March (JFM)) Niño34 index and (a) SLPa
in the prior winter, (b) SSTa in the prior winter, and (c) with concurrent SSTa. (e–g) The same analysis done with the
CPW index is shown.
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(~12 months) [Anderson, 2003; Vimont et al., 2003]. In turn, the ENSO teleconnections drive changes in the
extratropical atmosphere, which drive ocean anomalies in the extratropics (e.g., SSTa) that decay over a
period of 6–12months [Schneider and Cornuelle, 2005]. The timescale resulting from this progression is ~18–
24months, which we interpret as the characteristic damping timescale in the red noise model. If we also account
for the existence of feedbacks between ENSO and the MM (e.g., Central Pacific ENSO projecting onto NPO) [Di
Lorenzo et al., 2010; Furtado et al., 2012], the low-frequency variance is further enhanced because the NPO spec-
trum is redden (e.g., driving an autoregressive model of order 1 with red noise provides a strong low-
frequency filter).

The Pacific climate null hypothesis is consistent with previous theories and modeling work on stochastic
Pacific climate variability [Newman et al., 2011] and global-scale Hyper Modes [Dommenget and Latif,
2008], which highlight the important interaction between the stochastic development of SSTa in the tropics
(e.g., red noise process) and tropical atmospheric teleconnections in generating global multidecadal SSTa.

3. Observations and Models

Observations used for testing the Pacific climate null hypothesis (Figure 3) originate from two keys sources.
SST data and anomalies are derived from the National Oceanic and Atmospheric Administration (NOAA)
Extended Reconstruction SST, version 3 (ERSST.v3) product [Smith and Reynolds, 2004]. Monthly mean
fields are available on a 2° × 2° horizontal grid globally, with data available from 1854 to the present.
For our work, we restrict the period of record to 1950–2012 to match the other data sets. Monthly mean
SLP data and anomalies are taken from the National Centers for Environmental Prediction-National
Center for Atmospheric Research reanalysis product [Kalnay et al., 1996] and exist on a 2.5° × 2.5° horizontal
grid globally. For both observational products, we restrict our analysis primarily to the Pacific basin (i.e.,
100°E–60°W, 45°S–65°N).

To diagnose the role of meridional modes, two sets of coupled ocean-atmosphere modeling experiments are
conducted using the International Center for Theoretical Physics (ICTP) atmosphere general circulation model
(AGCM) coupled to a 100m slab ocean. This AGCM, also known as SPEEDY, uses eight vertical layers and T30
horizontal resolution (3.758 3 3.758 on a longitude-latitude grid). Climatological heat fluxes corrected through

Figure 3. Diagram of the null hypothesis for Pacific climate variability. In this red noise model the stochastic variability of
the North Pacific Oscillation (NPO) acts as the forcing, while the evolution of the ocean-atmosphere coupled system
from extratropics to tropics and back to extratropics (1–2 years) provides the damping timescale. This progression and
timescale provide the key memory for integrating the stochastic forcing of the atmosphere (e.g., NPO) into decadal-scale
variance over the entire Pacific basin, beyond the generation region of the MM (see text for a detailed discussion).
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observations are prescribed to account
for ocean heat transport. The physical
parameterizations of the model are
described in Molteni [2003], and prior
applications of this configuration can
be found in Bracco et al. [2004]. The
experimental designs are as follows.

3.1. The Zonal Mode Experiment

This experiment isolates the fraction of
Pacific decadal variance that is deter-
ministically forced within the equator-
ial Pacific and filters out any stochastic
contributions from the MM. SSTa from
1950 to 2012 are prescribed in a
narrow region in the equatorial Pacific
(12°S–12°N) as a surface boundary con-
dition to drive a 45-member ensemble
of the ICTP AGCM with the slab ocean.
Away from this tropical region, interac-
tive fluxes between the AGCM and the
slab ocean are implemented to deter-
mine the SSTa field. By examining
the ensemble mean SSTa from the
45 members, we effectively remove all
contributions of stochastic forcing from
the extratropics and therefore identify
the SSTa variance that is driven by the
equatorial Pacific.

3.2. The Meridional
Mode Experiment

This experiment removes zonal mode
dynamics and only retains thermody-
namic coupling representative of MM
dynamics. For this experiment, we per-
form a 2000 year integration of the
AGCM with the interactive slab ocean
over the entire global ocean. The
absence of a dynamical ocean in the
AGCM slab ocean model effectively
removes the positive feedbacks of
zonal modes (e.g., ENSO) along the
equatorial plane while preserving the
MM dynamics that rely on thermody-
namic coupling (e.g., the WES feed-

back). To verify that tropical decadal variability in this experiment is driven by MMs we analyze the
relationship between the dominant modes of SSTa variability in the subtropical North Pacific (12°N–30°N)
and the tropical Pacific (12°S–12°N). In the subtropics, the leading empirical orthogonal function (EOF) of
monthly SSTa exhibits the characteristic pattern of MMs (Figure 4a), while the leading EOF of monthly
SSTa in the tropics exhibits maximum loading in the central tropical Pacific (i.e., around 180°W) consistent
with the observed pattern of SSTa decadal variance (Figure 4b). The principal component (PC) time series
of the modes exhibit strong low-frequency variability (Figure 4c), which is consistent with a red noise spec-
trum. The cross correlation between the leading subtropical and tropical PCs reaches a maximum correlation

Figure 4. Tropical decadal variability of the meridional model experiment.
(a) Correlation maps between monthly 2000 year long model SSTa and
North Pacific meridional mode monthly index defined as PC1 of subtropi-
cal SSTa between (12°N–30°N). (b) Correlation maps between monthly
model SSTa and monthly PC1 of tropical SSTa between 12°S and 12°N.
Regression coefficients are shown as black contours in units of °C. The size
of the maximum SSTa is reported in the bottom left of the panels. (c) Six
month lead correlation between model meridional mode index (red line)
and tropical PC1 (blue line) (shown only for the first 200 years).
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of R= 0.7 when the subtropical PC leads the tropical PC by 6months (Figure 4c). This 6month lead timescale
agrees with the characteristic timescale of growth and propagation of the North Pacific MM into the equator-
ial Pacific [e.g., Penland and Sardeshmukh, 1995; Vimont et al., 2003; Vimont, 2010; Alexander et al., 2008].

This analysis confirms that the largest fraction of tropical low-frequency variability in this experiment is the
results of meridional mode dynamics and that the MM can generate significant decadal variance. For this
reason, we refer to this run as the MM experiment, although the MM is not the only active dynamics.

4. Testing the Pacific Decadal Null Hypothesis

To test the tropical Pacific climate null hypothesis, we first characterize the observed spatial and temporal
evolution of the tropical decadal variance associated with ENSO-like decadal pattern (Figure 1). After
applying an 8 year low-pass filter to the observed SSTa, we perform a principal component analysis in the
tropical Pacific (12°S–12°N) to extract the decadal-scale variability in the tropics. The first EOF explains about
50% of the total low-frequency variance, and its eigenvalue is well separated from subsequent eigenvalues. A
correlation of the leading PC time series (PC1) with the monthly SSTa over the entire Pacific basin reveals the
characteristic pattern of ENSO-like decadal variability in the Pacific (Figure 5b, compare with Figure 1).
Furthermore, PC1 is correlated with the low-frequency component (8 year low pass) of other indices of
Pacific decadal variability including the Interdecadal Pacific Oscillation (IPO) (R= 0.68), the PDO (R=0.71),
and the NPGO (R= 0.68) and shares a similar spatial structure especially in the tropics where all these modes
significantly overlap (Figure 1). To characterize the growth and decay of this ENSO-like pattern, we compute
1.5 year lead and lag correlation maps of PC1 with Pacific monthly SSTa (Figures 5a and 5c). The 1.5 year
timescale is chosen as it is the approximate e-folding timescale of the PC1 autocorrelation function
(~1.67 years). Inspecting the lead and lag correlationmaps (Figures 5a and 5c) reveals that the spatial patterns
of the growing and decaying phases are not identical, indicating that the spatial expression of the autocorrelation
function is not symmetric in space. The growing phase pattern (i.e., Figure 5a) exhibits a stronger loading pattern
in the North Pacific resembling the pattern associated with the Pacific MM (compare Figure 5a with Figures 2c
and 2e). By contrast, the decaying phase (Figure 5c) exhibits a more equatorially symmetric SSTa correlation
pattern representative of the well-known ENSO teleconnection patterns.

Using the model experiments, our goal is to show that the meridional mode dynamics controls the growing
phase of the ENSO-like decadal pattern, while zonal mode dynamics (e.g., ENSO) controls the decaying phase
pattern. To do so, we examine the zonal mode and meridional mode AGCM experiments, which selectively
exclude/include the contributions of the meridional mode dynamics.

We first examine the evolution of the ensemble mean SSTa from the zonal mode experiments which are forced
with prescribed tropical SSTa forcing between 1950 and 2012. By construction, the ensemble mean SSTa
removes all the variance contributions associated with extratropical stochastic forcing and meridional modes,
and in the tropical forcing region (12°S–12°N) the evolution of the SSTa is identical to the observed. We compute
the lead/lag correlation maps between the observed low-frequency PC1 of SSTa and the model monthly SSTa.
We find that at lag 0 years (Figure 5e) and at lag 1.5 year (the decaying phase, Figure 5f) the model reproduces
the observed structure of the ENSO-like decadal variability in the extratropics with anomaly correlation patterns
(ACPs) ranging between ACP=0.6 and 0.8, in the decaying and peak phase, respectively. However, at lead
1.5 year (Figure 5d) the model is unable to capture the North Pacific growing structure of the decadal pattern
(ACPNP=0). This absence suggests that tropical forcing (e.g., ENSO) alone cannot explain the growing phase
of the ENSO-like decadal variability. Although the North Pacific signal is missing in the growing phase, in the
South Pacific we find a signature of the ENSO-like decadal variability (ACPSP= 0.62), implying that a fraction
of the precursor pattern in the South Pacific is forced by tropical dynamics (Figure 5d).

We now examine the meridional mode experiment using the 2000 year long integration of the AGCM slab
coupledmodel. We have already verified that the dominant fraction of tropical variability in this model is con-
tributed by the North Pacific meridional mode (e.g., Figure 4). An examination of the growing and decaying
phases of the decadal pattern associated with the model tropical low-pass SSTa PC1 reveals that the inclusion
of meridional mode dynamics allows us to recover the growing phase of the ENSO-like decadal pattern
(Figure 5g; ACPNP = 0.68). However, the decaying phase (Figure 5e) does not resemble the observations
(ACPNP = 0) and most of the decay occurs along the equatorial Pacific with little signs of robust symmetric
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teleconnections from the tropics into the extratropics, which are visible in the observations. To understand
the nature of this local decay in the tropics, we compute the average size of the SSTa in the high loading
regions of the growing and decaying phases. In the growing phase we find that both observations and the
meridional mode experiment have an amplitude of ~0.3 C (compare Figure 5a with Figure 5g). However, at
lag 0, while the SSTa of observations in the tropics continues to grow reaching ~0.5 C, in themeridional mode
experiment the lack of zonal mode feedbacks (e.g., ENSO) prevents this anomaly from growing and instead
negative feedbacks (e.g., damping) reduce the SSTa to ~0.1 C (compare Figure 5b with Figure 5h). In the
meridional mode experiment, the lack of ENSO positive feedbacks and the decay of the SSTa prevent the
system from exciting ENSO teleconnections, which are important in spreading the signal back to the extratropics
as seen in the observations. Therefore, in the meridional mode experiment the tropical SSTa continues to decay
locally in the tropics and at lag 1.5 year (Figure 5e, the decaying phase) its amplitude is further reduced to
~0.01C. It is interesting to note that this local decay in the tropics is not evident in the observations, which show
zero anomalies. Indeed, previous studies have reported how ocean waves dynamics related to the ENSO cycle are
effective in terminating the SSTa along the equator [e.g., Neelin et al., 1998].

Before concluding, we also note that the growing phase of the MM experiment exhibits correlations along
the entire equatorial strip, while observations show correlation only in the central tropical Pacific region.
This difference is related to the dominant low-frequency character of the MM and tropical variability in
the MM experiment (see time series Figure 4c). This implies that correlations computed with the low-pass
PC1 of SSTa capture this low-frequency signal. This is not true using the monthly data where we find no
correlation in the tropics at lead 6months (Figure 4). In the observations, ENSO interannual dynamics and

Figure 5. Spatial structure and temporal evolution of ENSO-like pattern of decadal variance in observations and models. Correlation between the observed tropical
PC1 of 8 year low-pass SSTa defined between 12°S and 12°N and monthly mean SSTa at (a) lead 1.5 year the growing phase, (b) lag 0 the peak, and (c) lag 1.5 year
the decaying phase. Same analysis done for the zonal mode experiments (d) growing, (e) peak, and (f) decaying phases. The white shadowing in Figures 5d–5f
denotes the region where prescribed SSTa forcing was used in the zonal mode experiments. Same analysis done for the meridional mode experiment (g) growing,
(h) peak, and (i) decaying phases. The average size of the SSTa in the regions of maximum correlation loading is indicated for the observations and meridional mode
experiments in bottom left corner of each panel.
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the cold tongue upwelling region variability act as source for noise in the eastern tropical Pacific reducing the
signal-to-noise ratio between the low-frequency expression of the MM in the extratropics at lead 1.5 years
and the tropics at lag 0 year. Also, in the peak phase of the MM experiment, the amplitude of the SSTa in
the tropics is smaller (~0.1 C) than at lead 1.5 year (~0.3 C), confirming that the dominant tropical mode is
the manifestation of the decay of the Pacific meridional mode, which has originated in the subtropics earlier
(see Figure 4, regression contours).

5. Summary and Discussion

Through analyses of the decadal variance of Pacific-wide SSTa in both observations and coupled ocean-
atmosphere simulations, we offer significant evidence that the ENSO-like pattern of Pacific decadal variability
arises from the interaction of meridional modes (e.g., MM) and the zonal modes (e.g., ENSO). While more
sophisticated coupled model experiments are needed to separate the fraction of decadal variability that is
driven by ENSO versus MMs, the main conclusion of our work is that the structure and evolution of the
ENSO-like Pacific decadal variability (e.g., the growing and decaying phases) cannot be explained by the
zonal mode (e.g., ENSO) or the MM in isolation. Although both modes can generate low-frequency variance
in isolation, the interaction between both modes is required to explain the observations. In the growing
phase, the MM supplies an important source of low-frequency variance through integration of extratropical
stochastic atmospheric forcing (e.g., red spectrum), while the zonal mode dynamics (i.e., ENSO) amplify and
distribute that low-frequency energy in the peak and decaying phases through global teleconnections. We
refer to this mechanism as the Pacific climate null hypothesis (as summarized in Figure 3) because the
temporal dynamics energizing this evolution are consistent with a red noise process. However, the spatial
progression of this ENSO-like decadal variance relies on specific patterns associated with the tropical coupled
ocean/atmosphere response to the atmospheric stochastic forcing (e.g., MM and ENSO), and its teleconnected
imprints in the extratropics (e.g., PDO, NPGO, and IPO). This red noise hypothesis is consistent with previous
studies exploring Pacific decadal variance in a hierarchy of models, from linear inverse models [Newman et al.,
2011] to AGCMs coupled to oceanmixed layers [Dommenget and Latif, 2008; Clement et al., 2011] and fully coupled
climate models [Yeh and Kirtman, 2004].

Interestingly, the growth rates associated with the thermodynamic feedback of the MMs depend on the mean
SST in subtropical and tropical regions [Vimont, 2010]. Hence, anticipated warming of global surface SSTs may
amplify the SSTa associated with the growth of the MM. Using our new framework as a guide, this amplification
would energize both the interannual and decadal variance of the entire Pacific basin (Figure 3). Consistent with
this hypothesis, recent studies have suggested that the link between the North Pacific ENSO precursor pattern
(e.g., NPO) and ENSO increases under enhanced greenhouse warming [e.g., Wang et al., 2013, 2014]. Actual
quantification of this amplification and of the effects on ENSO and MM are aims for future studies.

These results provide an alternative set of dynamics that initiate and energize the Pacific decadal variability
independently of ENSO and of other subsurface or wave dynamics [e.g., Pierce et al., 2000; Solomon et al.,
2008]. The mechanism and forcing controlling these dynamics and their interaction with the ENSO system
may prove useful as a framework for examining climate change projections for Pacific decadal variability in
climate models, which may not reproduce the correct spatial patterns of the observed decadal dynamics,
yet may capture the underlying dynamics of interaction between zonal and meridional modes, along with
the atmospheric forcing patterns that energize their variance.
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