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Abstract El Niño–Southern Oscillation (ENSO) is the leadingmode of tropical Pacific climate variability, with
global impacts. Understanding how the statistics of ENSO events may be changing in response to global
warming is of great interest and importance for society. A clear detection of such signals in observations has,
however, been obscured by large event-to-event differences and apparent “regime shifts” such as that of the
late 1970s. In particular, despite extensive research, it is not clear to what extent the observed long-term
changes are systemic or random. Here we show using a multicomponent linear inverse modeling technique
that statistically significant systemic changes have indeed occurred in ENSO dynamics since the late 1970s and
have affected the evolution of El Niño and La Niña events from their embryonic to fully mature stages.

1. Introduction

The behavior of El Niño apparently changed in the late 1970s. There were larger year-to-year swings of sea
surface temperature (SST) in the eastern equatorial Pacific in the two decades following 1977 than in the
two preceding decades (Figure 1), including two especially strong El Niño events in 1982–1983 and
1997–1998 (Figure 2a) and also a hint of a shift toward lower frequencies (Figures 2d and 2e). Such changes
led climate scientists to wonder in the early 2000s if the basic character of El Niño was changing [Fedorov and
Philander, 2000], perhaps as a result of changes in the mean climate associated with global warming. Almost
two decades later, the nature of the observed changes in the diversity of El Niño events and regime shifts is
still being debated [Aiken et al., 2013; Aiken et al., 2015; Capotondi et al., 2015; An and Bong, 2016].

El Niño is a coupled tropical ocean-atmosphere phenomenon involving variations in the upper oceanic heat
content, SST, surface winds, and heat fluxes [McPhaden et al., 2006]. The depth and evolution of the thermo-
cline—the interface between the warmer active surface ocean layer and the colder ocean below it—plays a
critical role in the development of El Niño events. A deeper than usual thermocline in the eastern Pacific, for
instance, is associated with anomalously warm SSTs in that area and a reduced basin-wide east-west SST
gradient, which weakens the easterly trade winds. This relaxation of the winds leads to further deepening
of the thermocline and additional SST warming, a positive feedback known as the Bjerknes feedback
[Bjerknes, 1969].

Changes in the background mean state (e.g., mean SST, thermocline depth, and surface winds) can influence
the efficiency and timing of such feedbacks, thereby altering the amplitude and frequency of El Niño events
[Fedorov and Philander, 2000; Fedorov and Philander, 2001; An andWang, 2000; An and Jin, 2000;Wang and An,
2001]. On the other hand, even in a statistically stationary climate, the amplitude, frequency, and triggering of
El Niño events are strongly influenced by the amplitude and spatial patterns of the stochastic components of
atmospheric forcing. For example, westerly wind bursts over the western and central Pacific can excite east-
ward propagating oceanic Kelvin waves along the equator that deepen the thermocline in the eastern Pacific
and initiate the Bjerknes feedback [McPhaden, 1999; Fedorov, 2002]. The stochastic atmospheric forcing can
also generate lower frequency variations in the ocean due to its larger thermal inertia and hence random dec-
adal modulations in El Niño properties and apparent “regime shifts” [Wunsch, 1999; Wittenberg et al., 2014].
And lastly, extratropical influences, in the form of Pacific Meridional Modes [Chiang and Vimont, 2004;
Zhang et al., 2014] that are themselves excited by higher latitude wind forcing, can also energize both inter-
annual and longer term variations in the equatorial Pacific Ocean [Di Lorenzo et al., 2015]. Understanding the
relative importance of these mechanisms of decadal variations in El Niño statistics, whether “systemic” (i.e.,
due to systematic changes in system dynamics and/or in the patterns and amplitudes of the stochastic for-
cing) or random, is key to the detection and attribution of significant changes in El Niño behavior due to
global warming.
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In this paper, we exploit the fact that the evolution of the tropical Pacific Ocean on time scales ranging
from a few months to decades can be well described in terms of linearly damped and stochastically
forced dynamics [Penland and Sardeshmukh, 1995; Newman et al., 2009; Newman et al., 2011], as encapsu-
lated in linear inverse models (LIMs). Informed by the lag-covariances of the observed data, LIMs are able
to reproduce El Niño–Southern Oscillation (ENSO) statistics often more successfully than fully coupled
climate models [Newman et al., 2009] and can provide us with null hypotheses to assess changes in
ENSO characteristics.

2. Data and Methods

The Simple Ocean Data Assimilation (SODA) version 2.0.2 fields, covering the period 1958–2007, were used
for this study. The SODA assimilation system uses the Parallel Ocean Program as the ocean model and an
optimal interpolation scheme to assimilate all available data from hydrographic stations and expendable
bathythermographs [Carton and Giese, 2008]. We used the sea surface temperature (SST) and subsurface tem-
perature fields, which, by construction, are dynamically consistent, and chose the depth of the 15°C isotherm
(Z15) as a proxy for thermocline depth. To focus on larger scale structures, the SST and Z15 fields were inter-
polated to 2° latitude × 5° longitude grids.

We represent tropical fields by an anomalous state vector x with SST and thermocline depth (Z15) anomaly
components, whose time evolution is governed by a deterministic system feedback matrix L and a stochastic
forcing matrix S such that the change Δx over a small time interval Δt is Δx = L x Δt + S Δw (please see
supporting information for additional details). The matrix S represents the spatially varying amplitude and
coherence structure of the stochastic forcing, and the Δw term represents its random nature as a vector
random walk (a Wiener process) over time Δt [Garcia et al., 1987]. Linear inverse modeling involves

Figure 1. Changes in SST variance. Variance of monthly SST anomalies (°C) in (a) P1 (1958–1977), (b) P2 (1978–1997), and
(c) their difference (P2 minus P1). The dotted (hatched) areas indicate P1 variance below (above) the 10th (90th) percentile
of the sampling distribution of LIM2 variances centered on the P2 variance (Figure 1a). Similarly, the dotted (hatched)
regions indicate P2 variance below (above) the 10th (90th) percentile of the sampling distribution of LIM1 variances
centered on the P1 variance (Figure 1b). Both dotted and hatched areas indicate statistically significant differences. The
boxes in the top and middle panels show the Niño3 region. Figures S1 and S2 detail how the dotted and hatched areas in
Figures 1a and 1b have been determined.
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estimating L and S from a time series of x [Penland and Sardeshmukh, 1995; Penland, 1996; Newman et al.,
2009; Newman et al., 2011].

We considered two periods, covering the two decades before and after the apparent shift in El Niño beha-
vior in the late 1970s: 1958–1977 (period P1) and 1978–1997 (period P2) and constructed LIMs separately for
P1 (LIM1) and P2 (LIM2). To capture the full range of El Niño expressions consistent with the system

Figure 2. Changes in the statistics of the Niño3 index. (a) Time series of the Niño3 SST index (area averaged monthly
SST anomaly in 5°S–5°N, 150°W–90°W, indicated by the box in Figure 1) over 1958–1997. Periods P1 and P2 are
highlighted in blue and red, respectively. The dotted blue and red lines indicate the mean value of the Niño3 index over
P1 and P2, respectively, while the blue and red shadings indicate the spread in the mean values of the Niño3 index
from LIM1 and LIM2. The spread has been computed as twice the standard deviation of the mean values of the
index over the 2400 twenty year segments of each LIM simulation. (b) Probability distribution function of the Niño3
variances during P1 from LIM1. (c) Same as Figure 2b, but for P2. The P2 variance (v2 = 0.91) is larger than the 90%
percentile of the variance distribution for P1, while the P1 variance (v1 = 0.59) is smaller than the 10% percentile of the
variance distribution for P2. (d) Spectra of the Niño3 index over P1 (blue) and P2 (red). The thin gray lines are the
spectra of the Niño3 index for each 20 year segment of the LIM1 output. The blue dotted lines indicate the 10th and
90th percentiles of each spectral estimate based on LIM1. (e) Same as Figure 2d, but the thin gray lines are the spectra
of the Niño3 index for each 20 year segment of the LIM2 output, and the red dotted lines indicate the 10th and
90th percentiles of each spectral estimate based on LIM2.
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dynamics and stochastic forcing observed during P1 and P2, we then ran LIM1 and LIM2 for 48,000 years
each, following the procedure outlined in Penland and Matrosova [1994], and divided the output into
2400 20 year segments like P1 and P2. All quantities computed for P1 and P2 were then also computed
for each of these 2400 20 year segments to estimate their sampling uncertainties associated purely with
internal natural variability, that is, with random realizations of Δw. We then asked whether the observed
El Niño behavior in P2 was consistent with LIM1 and its associated sampling distribution. Rejecting this null
hypothesis would allow us to conclude that the El Niño dynamics in P2 was significantly different from that
in P1. Conversely, we also asked whether the observed El Niño behavior in P1 was consistent with LIM2 and
its associated sampling distribution. Rejecting this second null hypothesis would allow us to conclude that El
Niño dynamics in P1 was also significantly different from that in P2. We considered it important to address
both of these questions because rejection of the null hypothesis in one case would not necessarily imply
that in the other, especially if the observed variability in the two periods was different. We were thus inter-
ested in ascertaining not only to what extent the observed statistics in P2 were inconsistent with the
dynamics in P1 but also vice versa.

To assess whether the spatial patterns of the SST and Z15 variances during P1 were significantly different
from those in P2, we compared the variance at each location during P1 with the sampling distribution of
the variance at the same location obtained from LIM2. Values in the lower and upper 10% percentiles were
considered significant. Vice versa, variances during P2 were considered significantly different from those in
P1 at those locations where they fell in the lower and upper 10% tails of the LIM1 sampling distribution.
This procedure is illustrated in detail in Figures S1 and S2.

3. Results
3.1. Did El Niño Change in the Late 1970s?

The observed variability of monthly SST anomalies was different in P1 and P2 over much of the tropical Pacific
domain (Figure 1). The variance at many locations in P2 (Figure 1b) was above the 90th percentile, and at
some others below the 10th percentile, of the sampling distribution of variance values estimated from the
2400 20 year segments of the LIM1 run. Such values were considered significantly different from those in
P1. Conversely, areas where the variance values in P1 (Figure 1a) were significantly different from those in
P2 were similarly identified using the 20 year segments of the LIM2 run. Broad areas of the variance pattern
show significant differences between the two periods, including most of the Niño3 region of large SST varia-
bility (box in Figures 1a and 1b). This is confirmed by the statistics of the area-averaged SST anomalies in the
Niño3 region (Figure 2). The variance v2 of the Niño3 SSTs in P2 was in the higher tail of the LIM1 sampling
distribution centered on v1 (Figure 2b), and conversely, its variance v1 in P1 was near the lower tail of the
LIM2 sampling distribution centered on v2 (Figure 2c). Performing a similar analysis of the Niño3 SST spectra
for P1 and P2 (Figures 2d and 2e), we find a shift to longer time scales (higher power at lower frequencies) in
P2 that is significant relative to the LIM1 sampling distribution of the spectral estimates in P1. Conversely, the
low-frequency spectral power in P1 is near the lower tail of the LIM2 sampling distribution of the spectral esti-
mates in P2 (Figure 2e), although only slightly lower than the 10th percentile values at periods longer
than ~4 years.

As already mentioned, an important aspect of El Niño evolution is associated with variations in thermocline
depth, as reflected in the variability of the depth of the 15°C isotherm (Z15) in our data set. The spatial
patterns of the Z15 variance in both periods (Figure 3) show maxima in the far eastern Pacific where
the thermocline deepens during warm El Niño events and shoals during cold La Niña events and also in
the western Pacific around 6°N and 6°–10°S. These latitudes are near those of the Intertropical
Convergence Zone (ITCZ) in the Northern Hemisphere and South Pacific Convergence Zone (SPCZ) in
the Southern Hemisphere, whose displacements in response to equatorial warming result in meridional
shifts of the trade winds and excitation of westward propagating oceanic Rossby waves [Capotondi
et al., 2003]. Interestingly, in contrast to SST, the larger Z15 variance values in P2 in the eastern Pacific
are generally not significant. The changes in the western Pacific are, however, significant and likely asso-
ciated with a more equatorward position of the ITCZ and SPCZ in P2 when stronger El Niño events
occurred, and the equatorial Pacific was warmer than average [Cai et al., 2012; Borlace et al., 2014; An
and Bong, 2016].
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3.2. Which Part of the El Niño System Changed?

Having identified significant changes in some key aspects of El Niño from P1 to P2, we then used the LIM
framework to investigate to what extent these differences were due to changes in the system dynamics or
in the amplitude and spatial patterns of the stochastic forcing. One may expect some changes in individual
elements of the estimated dynamical feedback and stochastic forcing matrices L and S to be just due to sam-
pling. Such changes may be locally significant, as in significant reported differences in El Niño propagation
characteristics after the late 1970s [Aiken et al., 2013]. However, our main interest was in characterizing and
establishing the global significance of changes in L and S through some overall measure of ENSO dynamics.
To this end we exploited the fact that the growth of El Niño events from their embryonic to mature stages can
be mathematically characterized as the constructive interference of a subset of dynamical modes, i.e., the
eigenvectors of L, that are most important in the evolution of ENSO events. Specific combinations of these
eigenvectors produce optimal initial conditions for growth over a specified time interval τ, usually 2–3 sea-
sons, to an optimal final state closely resembling a fully developed El Niño state [Penland and
Sardeshmukh, 1995; Newman et al., 2009; Newman et al., 2011, Compo and Sardeshmukh, 2010; Capotondi
and Sardeshmukh, 2015]. The pair of optimal initial (ϕi) and final (ϕf) states, which are robust and integral
aspects of the L operator, thus provide efficient metrics for examining overall changes in ENSO dynamics.
The optimal final fields for P1 and P2 (ϕf

P1 and ϕf
P2; Figures 4b and 4d) calculated using LIM1 and LIM2 both

show a fully developed El Niño state, with extensive warming in the central and eastern Pacific, a deeper ther-
mocline in the east, and shallower in the west. However, in P2 the positive SST anomalies are more narrowly
confined near the equator in the central and eastern Pacific, and the negative SST anomalies are more exten-
sive in the western northern tropics.

The associated optimal initial fields (Figures 4a and 4c) both show initial warm anomalies extending south-
westward from the coast of California to the central-western equatorial Pacific, reminiscent of the North
Pacific Meridional Mode [Chiang and Vimont, 2004]. Significant differences in the initial fields can be seen
along the equator, where the optimal initial pattern ϕi

P2 (Figure 4c) has a large and meridionally narrow posi-
tive anomaly, indicative of reduced equatorial upwelling, while ϕi

P1 (Figure 4a) shows weak negative

Figure 3. Changes in thermocline depth variance. Same as Figure 1, but for thermocline depth.
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anomalies in the central part of the basin. The reduced equatorial upwelling during P2 can be expected to be
associated with weaker equatorial easterly winds and reduced poleward Ekman transport in the upper ocean,
a factor that may explain the cold SST anomalies on either side of the equator, and especially in the southern
tropics east of the date line, as seen in Figure 4c. Another notable difference in the initial SST anomaly
patterns between P1 and P2 is the warming in the Southeastern Pacific in P1. This SST anomaly pattern,
which is similar to the South Pacific Meridional Mode [Zhang et al., 2014], is not seen in P2. The deepening
of the thermocline in the optimal initial fields is more confined along the equator in P2 and displays

Figure 4. Changes in ENSO dynamics. Initial and final optimal structures of ENSO evolution in (a and b) P1 and (c and d) P2.
Shading is for SST, while contours are for thermocline depth, with solid lines indicating positive values and dashed lines
indicating negative values. (e–h) Statistical significance of the differences in optimal structures between P1 and P2. The
pattern correlation of the optimal initial patterns in P1 and P2 (Corr_Initial = 0.57) is indicated by the magenta line in
Figures 4e and 4g, while the pattern correlation of the two optimal final patterns (Corr_Final = 0.948) is the magenta line
in Figures 4f and 4h. (e) PDF of the pattern correlations of ϕi

P1 with the optimal initial structures obtained from each of
the 2400 20 year segments of the LIM1 run. Figure 4f is the same as Figure 4e, but for the final optimal structures.
Figures 4g and 4h are the same as Figures 4e and 4f, but for the pattern correlations of ϕi

P2 and ϕf
P2 with the initial and

final patterns, respectively, obtained from each 20 year segment of the LIM2 run.
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positive anomalies also in the far eastern Pacific, a factor known to be conducive to the development of El
Niño events with larger SST anomalies in that area [Capotondi and Sardeshmukh, 2015].

Are these optimal patterns for P1 and P2 significantly different? We addressed this question through
combined SST and Z15 pattern correlations of the respective fields, comparing the pattern correlations of
ϕi

P1 and ϕi
P2 (corr_initial) and ϕf

P1 and ϕf
P2 (corr_final) with the sampling distributions of the pattern corre-

lations obtained from LIM1 and LIM2 (Figures 4e–4h, see supporting information for details). By these
measures, the optimal structures in P2 were significantly different from those in P1, indicating that El Niño
dynamics changed after the late 1970s.

Did the stochastic forcing matrix S also change from P1 to P2? Our metric of choice in this regard is the lead-
ing eigenvector of SST (where the superscript T denotes transpose; see supporting information), representing
the dominant pattern of the stochastic forcing variance. Its pattern (Figure 5) resembles the final El Niño pat-
tern. Although the spatial patterns of the SST eigenvectors for the two periods are somewhat different from
each other, with the pattern in P2 being meridionally broader and confined east of the date line relative to
the pattern in P1, their pattern correlation falls well within the 10% and 90% percentiles of the sampling dis-
tributions obtained from LIM1 and LIM2, indicating that a change in this aspect of the systemwas not respon-
sible for the significant changes in ENSO variability from P1 to P2.

4. Discussion and Conclusions

Our analysis suggests that changes in key El Niño properties observed after the late 1970s, including the
variance of surface and subsurface fields and the El Niño spectral characteristics, did not occur “by chance”
but were linked to significant changes in the system dynamics as represented in the dominant structures
associated with the evolution of El Niño events from their initial to mature stages. What determined these
dynamical changes? Some studies have related the changes in ENSO feedbacks to changes in the mean state
[Fedorov and Philander, 2000; Wang and An, 2001; An and Bong, 2016]. Indeed, the mean thermocline was

Figure 5. Changes in the stochastic forcing variance. Spatial structure of the leading eigenvector of SST for (a) P1 and (b) P2.
Shading is for SST, while contours are for thermocline depth (solid contours for positive values and dashed contours for
negative values). The pattern correlation between the spatial structures in Figures 5a and 5b is indicated by the vertical
green line (Corr_P1-P2) in Figures 5c and 5d. (c) PDF of the pattern correlations between the spatial structure in Figure 5a
and the leading eigenvector of SST for each of the 2400 20 year segments of LIM1. (d) PDF of the pattern correlations
between the spatial structure in Figure 5b and the leading eigenvector of SST during each of the 2400 20 year segments of
LIM2. Notice that corr_P1-P2 is well within the lower and upper 10% percentiles of both distributions (gray shading),
indicating that the leading structures of stochastic forcing in the two periods are not significantly different from each other.
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deeper in the eastern and shallower in the western Pacific after the late 1970s, and the surface easterly winds
were weaker than in the previous two decades, both factors favoring stronger El Niño variations. But one may
wonder what caused those background changes. Due to the amplitude asymmetry between warm and cold
(La Niña) ENSO events, with warm events stronger than cold events in the eastern Pacific, epochs with larger
ENSO variance, or with a greater number of warm events may be associated with mean conditions that are
more “El Niño-like” (larger SST anomalies and deeper thermocline in the eastern Pacific and opposite in
the western Pacific), and vice versa for periods with lower ENSO variance or larger number of cold events
[Rodgers et al., 2004; Ogata et al., 2013; Choi et al., 2013]. Anthropogenic influences of course cannot be ruled
out either.

We note that our results show that while P2 is significantly different from P1, the opposite is not always true.
Our interpretation is that the broader range of possible ENSO expressions during P2 is more comprehensive
and inclusive of some aspects of P1 than the opposite. This in itself is indicative of significant changes in ENSO
behavior. We also acknowledge that our chosen levels for establishing the statistical significance of such
changes are not very high. Nonetheless, we believe that our results provide the first objective integrated
assessment of ENSO changes over the relatively short (post-1958) recent observational period and outline
a suitable methodology for detecting those changes.

It is clear that a fuller understanding of the origin of ENSO diversity and its “regime shifts,” whether arising
from natural low-frequency variability, climate change, or a combination of both, will require longer
observational records of surface and subsurface variables. However, the ability to objectively assess whether
a shift in ENSO properties is systemic or random, as presented in this study, is a necessary step toward
that understanding.
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