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El Nifio-Southern Oscillation (ENSO) is a recurring climate pattern with alternative warm or cool phase across the tropical Pacific which shifts
irregularly every two to seven years. Though ENSO is a single climate phenomenon, it requires a coupled process between ocean and
atmosphere. The El Nifio refers to the ocean component of ENSO with an above-average sea surface temperatures (SST) in the central and
eastern tropical Pacific Ocean. The Southern Oscillation indicates the shifting of atmospheric pressure between the central/eastern Pacific and
the western Pacific. The feedback in the air-sea interaction via equatorial winds, internal waves, ocean upwelling and circulation lead to the
development of E1 Nifio and a reverse to its opposite phase (La Nifia).

Although ENSO arises from changes across the tropical Pacific Ocean, it has profound impacts on global climate due to its ability to alter the
global atmospheric circulation, which in turn influences temperature and precipitation across the globe with great societal and economic
impacts. For instance, the change of equatorial upwelling and SST affect the species composition and abundance of fishes off the coast of the
Americas. ENSO is often associated with extreme weather such as drought, flooding rains and hurricanes in some regions (e.g. Peru, Indonesia,
Africa, Australia and North America). Thus, ENSO is the major source of predictability in seasonal-to-interannual climate prediction and its
dynamical forecast was first successfully developed over 30 years ago.

However, with the improvements in the climate prediction models and the observing system for providing model forecast initial conditions,
the prediction capability for ENSO has not shown steady improvement during the past few decades. One possible cause is the lack of
understanding on the long-term changes in the properties and climate system impacts of ENSO.

In a recently published review article in Journal of Climate, authors Zeng-Zhen Hu, Arun Kumar, Jieshun Zhu, Michelle L'Heureux, Michael J.
McPhaden, Jin-Yi Yu, and MAPP-funded PI Bohua Wang, summarized that the decline of model predictive skill on ENSO after 2000 was mostly
associated with the interdecadal shift of ENSO characteristics including a reduction of variability and an increase of frequency. From the
review, the regime shift in ENSO around 1999/2000 might be physically connected to the change of mean state contrast across the tropical
Pacific and shift of atmosphere-ocean coupling. The recognition of this regime shift not only improves the understanding of natural variability
of ENSO, but also explains the decreasing model prediction due to reducing efficacy of the key ENSO predictor.

Read the full paper here
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ABSTRACT

Following the interdecadal shift of El Nifio—Southern Oscillation (ENSO) properties that occurred in 1976/
77, another regime shift happened in 1999/2000 that featured a decrease of variability and an increase in
ENSO frequency. Specifically, the frequency spectrum of Nifio-3.4 sea surface temperature shifted from
dominant variations at quasi-quadrennial (~4 yr) periods during 1979-99 to weaker fluctuations at quasi-
biennial (~2 yr) periods during 2000-18. Also, the spectrum of warm water volume (WWV) index had almost
no peak in 2000-18, implying a nearly white noise process. The regime shift was associated with an enhanced
zonal gradient of the mean state, a westward shift in the atmosphere—ocean coupling in the tropical Pacific,
and an increase in the static stability of the troposphere. This shift had several important implications. The
whitening of the subsurface ocean temperature led to a breakdown of the relationship between WWV and
ENSO, reducing the efficacy of WWYV as a key predictor for ENSO and thus leading to a decrease in ENSO
prediction skill. Another consequence of the higher ENSO frequency after 1999/2000 was that the forecasted
peak of sea surface temperature anomaly often lagged that observed by several months, and the lag increased
with the lead time. The ENSO regime shift may have altered ENSO influences on extratropical climate. Thus,
the regime shift of ENSO in 1999/2000 as well as the model default may account for the higher false alarm and
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lower skill in predicting ENSO since 1999/2000.

1. Introduction

The basic physical processes responsible for El Nifio—
Southern Oscillation (ENSO) and its global impact on
climate, economy, and society have been well docu-
mented (Rasmusson and Carpenter 1982; Rasmusson and
Wallace 1983; Jin 1997a,b; Latif et al. 1998; Wang and
Picaut 2004; McPhaden et al. 2006; National Research
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Council 2010; Sarachik and Cane 2010; Santoso et al.
2015; Timmermann et al. 2018; Hu et al. 2020). ENSO’s
worldwide consequences motivated the first successful
dynamical ENSO forecast made over 30 years ago (Cane
et al. 1986). Since then, progress in understanding the
ENSO mechanisms and the improvements in climate
models and observational systems, as well as the increases
in computation capability, have made routine ENSO
forecasts at national and regional centers possible
(Graham et al. 2011; Barnston et al. 2012; Zheng et al.
2016; Huang et al. 2017b; L’Heureux et al. 2017, 2019).

© 2020 American Meteorological Society. For information regarding reuse of this content and general copyright information, consult the AMS Copyright

Policy (www.ametsoc.org/PUBSReuseLicenses).
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While tremendous progress has been made in moni-
toring and understanding ENSO, our prediction capa-
bility for ENSO has not shown steady improvement
during the past few decades (Kirtman and Pirani 2009).
Counterintuitively, ENSO prediction skill decreased af-
ter 2000 (Wang et al. 2010; Barnston et al. 2012; Kumar
et al. 2015; Zhao et al. 2016). The real-time predictions of
the 2010/11 La Nifia (Zhang et al. 2013), the 2012/13 El
Nifio, and the 2014/15 borderline El Nifio (McPhaden
2015; Zhu et al. 2016; Levine and McPhaden 2016) are
notable examples of failures by a majority of the climate/
ENSO forecast models. Given the improvements in the
climate prediction models and the observing system for
providing model forecast initial conditions (ICs), it is
still a puzzle to explain this decline in predictive skill.

The skill decline after 2000 seems to be associated
with changes in the characteristics of ENSO, akin to the
interdecadal shift of ENSO characteristics in the mid- to
late 1970s when the mean state shifted toward a warmer
eastern tropical Pacific and a colder extratropical central
North Pacific (e.g., Nitta and Yamada 1989; Wang 1995;
Zhang et al. 1997; Trenberth and Stepaniak 2001;
McPhaden and Zhang 2009; Capotondi and Sardeshmukh
2017). Afterward, the ENSO period became longer and
with larger amplitude (An and Wang 2000). These
decadal-interdecadal variations in ENSO characteris-
tics after the late 1970s led to relatively higher forecast
skill of ENSO and higher limit of predictability in the
1980s—1990s (Balmaseda et al. 1995; Kirtman and Schopf
1998). These results are consistent with the theoretical
connection of signal-to-noise ratio (SNR) with prediction
skill or predictability: large anomalies correspond to large
SNR and high predictability (Kumar and Hoerling 2000).
In fact, the amplitude of Nifio-3.4 sea surface temperature
(SST) anomalies (SSTAs) is proportional to the predic-
tion skill not only of Nifio-3.4 SSTA but also of global
SSTAs (see Fig. 5 of Wang et al. 2010).

Recently, it has been suggested that another ENSO
regime shift occurred around 1999/2000 (McPhaden and
Zhang 2004; McPhaden 2012; Hu et al. 2013, 2016,
2017a,c). Key features of the regime shift include a re-
duction of ENSO variability and an increase of ENSO
frequency. In this paper, we provide an up-to-date review
of the interdecadal shift in tropical Pacific climate vari-
ability by summarizing the changes of ENSO character-
istics around 1999/2000, explaining how and why ENSO
properties changed across the shift using updated obser-
vational data. Also, using observational data, hindcasts,
and real-time forecasts from a coupled climate model, we
will discuss the consequences and impacts of this ENSO
regime shift. The data and methods used in the analysis
are briefly described in section 2. Variability and fre-
quency changes in ENSO and the possible connection
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with mean state changes are reviewed in section 3. The
possible impacts of the changes in the character of ENSO
on the predictability of ENSO and extratropical climate
are examined in section 4. We conclude with a summary
and a discussion of further challenges in section 5.

2. Data and methods

The oceanic variables analyzed in this study include
monthly and pentad means of ocean temperature and
monthly means of ocean temperature averaged over
the top 300m (H300) from the Global Ocean Data
Assimilation System (GODAS) during 1979-2018
(Behringer 2007), and monthly means of ocean tem-
perature along the equatorial Pacific (2°S-2°N) from the
Tropical Atmosphere Ocean (TAO) mooring array
during 1993-2018 (McPhaden et al. 1998). Also used
are the monthly SST from the Extended Reconstructed
SST version 5 (ERSSTVS; Huang et al. 2017a) with a
2° X 2° horizontal resolution.

The Nifio-3.4 and Nifio-3 indices are defined as
the averaged SSTA over 5°S-5°N, 170°-120°W and
5°S-5°N, 150°-90°W, respectively. Following Meinen
and McPhaden (2000), the warm water volume (WWYV)
index is calculated as the average of the depth of the
20°C isotherm (D20) from GODAS over the region of
5°S-5°N, 120°E-80°W. Using data from GODAS, the
oceanic Kelvin wave index is defined as the standardized
projection of the GODAS pentad mean ocean tempera-
ture anomalies (OTAs) averaged between the ocean
surface and 300m onto the first mode of an extended
empirical orthogonal function that is computed using
OTAs of the upper 300m along the equator between
135.5°E and 94.5°W for each of the 14 contiguous pentad
means (Seo and Xue 2005).

The atmospheric variables analyzed include monthly
mean wind stress at the surface, monthly zonal wind at
10m, and 6-hourly zonal wind at 1000hPa from the
NCEP-DOE reanalysis (R2) on a 1° X 1° grid (Kanamitsu
et al. 2002), geopotential height at 500 hPa (H500), and the
vertical atmosphere temperature profile along the equa-
tor between the surface and 200hPa also from R2. The
precipitation data are from the monthly mean Climate
Prediction Center Merged Analysis of Precipitation
(CMAP; Xie and Arkin 1997), and monthly mean out-
going longwave radiation (OLR) data are from
Liebmann and Smith (1996), both on a 2.5° X 2.5° grid.

To examine the SST prediction skill and its changes in
the tropical Pacific, retrospective predictions (or hind-
casts) for January 1982-February 2011 and real-time
predictions (or forecasts) for March 2011-December
2018 from the NCEP Climate Forecast System version 2
(CFSv2; Saha et al. 2014; Hu et al. 2017d) are analyzed.
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FI1G. 1. Monthly mean of the Nifio-3.4 index (°C) during January 1854-December 2018. The
index is defined as ERSSTv5 SSTA averaged over 5°S-5°N, 120°-170°W. Red shading repre-
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sents values larger than 0.5°C and blue shading for values smaller than —0.5°C.

For hindcasts, four predictions were made every 5 days
starting 1 January with ocean and atmosphere ICs from
the NCEP Climate Forecast System Reanalysis (CFSR;
Saha et al. 2010). There are four forecasts per day from
0000, 0600, 1200, and 1800 UTC and they extend out to
9 months. For this analysis, we used forecasts and
hindcasts from 20 ICs in each month to construct en-
semble mean predictions.

In addition to composite, regression, and correlation
analysis techniques, wavelet analysis (Meyers et al. 1993;
Hu and Nitta 1996) is adopted to reveal the time scale
dependence of the variability of the Nifio-3.4 and WWV
indices, as well as the change in frequency. An advantage
of the wavelet analysis over power spectrum analysis is to
resolve the time evolution of different frequency compo-
nents. Also, with different data lengths, such as 1979-99
and 2000-18, power spectrum analysis cannot give iden-
tical spectra for comparison between the two periods. In
the calculation, first the wavelet analysis is conducted
for the indices over January 1979-December 2018. Then
the variances corresponding to different time scales
over January 1979-December 1999 and January 2000-
December 2018 are calculated, respectively.

To examine the atmosphere—ocean coupling strength,
the regressions of monthly mean zonal wind stress anoma-
lies onto the Nifio-3 index are computed. The area-averaged

regression coefficient in the central equatorial Pacific mea-
sures the zonal wind-SST feedback (Li et al. 2019b), which
is also referred to as the atmospheric Bjerknes feedback
index by Lloyd et al. (2009).

3. Interdecadal change of ENSO
a. ENSO variability change

McPhaden (2012), Hu et al. (2013), Lubbecke and
McPhaden (2014), and Xu et al. (2019) noted that ENSO
amplitude decreased after 2000. Later, it was suggested
that the interannual variability of the entire tropical
Pacific atmosphere—ocean coupled system decreased
after 2000 (Hu et al. 2016, 2017a). The reduction in
variability remains consistent even when the analysis
period is extended to December 2018 to include the
extreme El Nifio event in 2015/16 and two La Nifia
events in 2016/17 and 2017/18 (Fig. 1). In fact, the vari-
ability decrease is most noticeable in the eastern tropical
Pacific instead of the Nifio-3.4 region. For instance,
compared with 1979-99, the SST variance decreased
significantly in the eastern tropical Pacific and increased
slightly in the central tropical Pacific during 2000-18
(Fig. 2a). This is consistent with the more frequent oc-
currence of so-called central Pacific ENSO events after
2000 (Kao and Yu2009; Yeh et al. 2009; Hu et al. 2012a).
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FIG. 2. Shadings are the variance differences of (a) SST (°C?), (b) OLR [(W m™?)?], and
(c) H300 (°C?) between January 2000-December 2018 and January 1979-December 1999.
Contours are the variances for January 1979-December 1999. Hatched regions are significant
for the difference of the variance by testing the ratio of the variance between the two periods at
the 95% significance level of an F test.
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Consistent with the significant change of SST variability,
the variability in atmospheric deep convection (repre-
sented by OLR) also significantly decreased in the
eastern tropical Pacific after 2000 (Fig. 2b).

In addition to the change in atmospheric variability,
oceanic thermocline variability in the tropical Pacific
also experienced a significant change around 2000.
Anomalous H300 variability decreased significantly
from 1979-99 to 2000-18 in the tropical Pacific except
in the northwestern and southwestern Pacific (Fig. 2c).
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This is consistent with the differences in variability of
OTA between 1979-99 and 2000-18 (contours of Fig. 3b)
for GODAS and between 1993-99 and 2000-18 for TAO
(contours in Fig. 3e). Interestingly, the maximum and
significant reduction of variability of OTA along the
equator is immediately above the mean thermocline in the
west and below it in the east (Figs. 3b,e), which is con-
sistent with an increasing thermocline slope along the
equator (Figs. 3c,f). Also, consistent with the change of the
thermocline depth (see green solid lines and black dashed
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FIG. 3. (a),(d) Differences of the mean (contours) of ocean temperature, (b),(e) differences (contours) of standard de-
viation of ocean temperature, and (c),(f) mean ocean temperature (contours) and standard deviation (shading); (a)—(c) are
calculated based on GODAS data during January 1979-December 2018, and (d)—(f) based on TAO data during January
1993-December 2018. The differences are calculated between means in January 2000-December 2018 and January 1979—
December 1999 for GODAS, and in January 2000-December 2018 and January 1993-December 1999 for TAO. Contour
intervals are 0.3°Cin (a), (b), (d), and (e) and 2°C in (c) and (f). Shading in (a) and (d) represents significant differences of the
mean between the two periods at the 99% significance level of a ¢ test, and in (b) and (e) it represents significant differences of
the standard deviation between the two periods at the 99% significance level of an F test. The green dashed line is the contour
of 20°C averaged in January 1979-December 2018 for GODAS in (a) and (b) and in January 1993-December 2018 for TAO
in (d) and (e). The green solid (dark dashed) lines represent the contour of 20°C averaged in January 1979-December 1999
(January 2000-December 2018) for GODAS in (c), and in January 1993-December 1999 (January 2000-December 2018) for
TAO in (f), representing the climatological thermocline depth and its interdecadal variation, respectively. All units are °C.
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FIG. 4. Differences of (a) SST (°C), (b) precipitation (mm day '), (c) H300 (°C), and (d) surface zonal wind stress
(N'm~?) between the means in January 2000-December 2018 and in January 1979-December 1999. Hatched re-
gions are significant for the differences at the 95% significance level of a ¢ test.

lines in Figs. 3c and 3f), the tilt of the thermocline, mea-
sured by the D20 difference between the averages in the
western and eastern tropical Pacific following Thual et al.
(2013), increased significantly (not shown). In fact, the
western and eastern parts of WWV may have different
features. For example, a recent study of Planton et al.
(2018) argued that compared with the eastern part of the
WWYV, the western part of the WWYV has a longer lead
time and higher correlation with ENSO than the full
WWYV, and hence is a better predictor. The reduction of
OTA variability was also confirmed by the analysis of the
mixed layer ocean heat budget along the equatorial
Pacific (not shown). Hu et al. (2016) noted that the am-
plitudes of both dynamical and thermodynamical terms
weakened in the ENSO peak phase after 2000, while
there was little change in the developing phase of ENSO.
Liibbecke and McPhaden (2014) argued that the change
in ENSO variability coincided with the fact that the
zonal advection feedback increased while the thermo-
cline feedback declined after 2000. Guan and McPhaden
(2016) noted similar decadal shifts from a temperature
variance budget analysis in the equatorial Pacific for the
period spanning 1980-2010.

These coherent changes in the atmosphere and ocean
suggest that the tropical Pacific climate system shifted
to a lower variability regime after 2000 compared with
that in 1979-99. This regime shift is connected to the
change in climatological mean states in the tropical
Pacific that has been documented in previous studies
(e.g., An and Wang 2000; McPhaden and Zhang 2004;
McPhaden et al. 2011; Hu et al. 2013; Xiang et al. 2013).
For instance, consistent with the warming in the west and
cooling in the east for subsurface ocean temperature along
the equatorial Pacific (Figs. 3a,d) and for SSTA (Fig. 4a),
the thermocline deepened in the west and shoaled in the
east in the tropical Pacific after 2000 (green solid lines
and black dashed lines in Figs. 3¢ and 3f). Meanwhile,
the trade winds strengthened in the central tropical
Pacific (Fig. 4d) and deep convection and precipitation
(Fig. 4b) increased (decreased) in the western (central
and eastern) tropical Pacific after 2000, consistent with a
strengthened Walker circulation (Hu et al. 2013;
L’Heureux et al. 2013a,b).

It is feasible that changes in the mean state and in the
variability may be physically connected. By conducting
numerical experiments with a simple atmosphere—ocean
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coupled model, Hu et al. (2013) confirmed the linkage
between mean states of wind stress and thermocline
slope and amplitude of ENSO. They argued that both
too strong and too weak mean wind stresses (and too
large and too small thermocline slope) along the equa-
torial Pacific are unfavorable for ENSO growth (see
Fig. 6 of Hu et al. 2013; An and Wang 2000). According
to Fedorov and Philander (2001), the presence of the
delayed oscillator mode requires zonal winds within a
certain intensity range, and a thermocline that is neither
too shallow nor too deep (see their Fig. 4). A too deep
thermocline exerts little impact on SST through its
vertical movements and suppresses. Thus, the observed
mean conditions after the shift in 1999/2000 (strength-
ened mean wind stress and thermocline slope) do not
favor the growth of ENSO. On the other hand, too weak
winds (together with too small thermocline slope) are
associated with a reduction of the zonal contrast be-
tween the eastern and western Pacific, which is also
unfavorable for the formation of ENSO (Fedorov and
Philander 2001; Hu et al. 2013).

Furthermore, in addition to the near-surface changes,
such as a La Nifa-like background pattern and strong
divergence in the atmospheric boundary layer over the
central tropical Pacific after the late 1990s (Xiang et al.
2013), the mean state change in vertical structure of
atmospheric temperature may also have played a role in
the interdecadal changes in ENSO. Hu et al. (2017b)
proposed that when temperature anomalies in the lower
troposphere are larger than in the upper troposphere,
the atmosphere is less stable, which favors the devel-
opment of El Nifio. Conversely, weaker positive tem-
perature anomalies in the lower troposphere compared
to the upper troposphere inhibit the formation of El
Nifio. ENSO evolution in 1997/98 and 2014/15 are ex-
amples consistent with this relationship. These two
events started from similar and strong positive subsur-
face ocean temperature anomaly states in the spring of
1997 and 2014, but an extreme El Nifio developed in
1997/98 and a borderline El Nifio occurred in 2014/15.
The different outcomes may be partially due to the
differences of the vertical temperature anomaly gradi-
ent in the troposphere (and its control on deep convec-
tion). Thus, in addition to the significant atmospheric
response to ENSO, preconditioning by the vertical
gradient of tropospheric temperature may also play a
role in ENSO event initiation. However, the evolution
of ENSO is determined by multiple factors. For exam-
ple, Puy et al. (2017) and Zhu et al. (2016) argued that
the weak amplitude of El Nifio in 2014 may be associ-
ated with stochastic variations of westerly wind events
(WWESs) or remote influences from outside the equa-
torial Pacific.
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For the differences between 2000-18 and 1979-99
(Fig. 5a), the warming is more pronounced in the upper
troposphere than in the lower troposphere. For exam-
ple, the differences between 300 and 850 hPa (T300-
T850) are all positive over the equatorial Pacific and
reach 0.2°-0.6°C (Fig. 5b). This vertical temperature
gradient change enhances the atmospheric stability
along the equatorial Pacific. This stability is also
reflected in the positive change in OLR (suppression of
deep convection) along the equator in the Pacific be-
tween 2000-18 and 1979-99 located between 175°E and
75°W (Fig. 5c). Hypothetically, if the positive trend in
T300-T850 were caused by the condensational latent
heat release, then the convection would have been en-
hanced (negative OLR differences). Clearly, that is not
the case. Thus, this correspondence implies that the
more stable atmosphere may be a factor leading to the
suppression of deep convection and anomalous trade wind
development, which in turn inhibits the Bjerknes feed-
backs and growth of ENSO associated anomalies (Clarke
2014). The trend toward increasing atmospheric stratifi-
cation is consistent with the suppression of convection
over the central Pacific and the weakening of atmosphere—
ocean coupling in the tropical Pacific after 2000.

In addition to the change in climatological mean
states, other factors may contribute to the reduction of
year-to-year variability in the tropical Pacific. For in-
stance, Zhang et al. (2010), McPhaden et al. (2011), and
Li et al. (2017) argued that the strengthening of the cold
tongue during the past two decades may be associated
with ENSO spatial structure diversity and decrease in
amplitude. Zhang et al. (2010) proposed a connection of
the trends in the tropical Pacific with a so-called cold
tongue mode, which is characterized by opposite varia-
tions of SST between the Pacific cold tongue and else-
where in the tropical Pacific. The zonal contrast of the
SSTA distribution in their cold tongue mode (see Fig. 1
of Zhang et al. 2010) is similar to the interdecadal vari-
ation of SSTA shown in Fig. 4a. However, compared with
the broad meridional extent of the interdecadal variation
(Fig. 4a), the SSTA associated with their cold tongue
mode is confined within 10°S-10°N (Zhang et al. 2010).
Also, the change in ENSO amplitude might also be as-
sociated with changes in various extratropical forcings
(Xie et al. 2016; Yu and Fang 2018; Xu et al. 2019).

b. ENSO frequency change

In addition to the reduction of variability (Figs. 2 and 3),
the ENSO frequency also underwent an interdecadal
shift after 2000. One may recall that, after around 1976/
77, ENSO variability shifted from a high-frequency
regime (1962-75) to a low-frequency regime (1980-99)
(Wang 1995; Kirtman and Schopf 1998; An and Wang
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FIG. 5. (a) Air temperature anomaly differences (°C) between January 2000-December 2018
and January 1979-December 1999 along the equator averaged in 5°S-5°N from the surface to
200 hPa; (b) as in (a), but for the differences between 300 and 850 hPa. (c) OLR differences
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(c) represent significant differences between the two periods at the 99% significance level of a  test.
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2000; Wang and An 2002). The high-frequency regime
appeared again after 2000. A time-scale decomposition
through wavelet analysis (Meyers et al. 1993; Hu and
Nitta 1996) of the Nino-3.4 index shows that the max-
imum variability was confined in the frequency band
with periods between 1.5 and 5 years during January
1979-December 1999 (bar in Fig. 6a). The variance
distribution became flatter with a much smaller peak

around 1.5-3.5 years during January 2000-December
2018 (curve in Fig. 6a). Xie and Jin (2018) argue that
there is a connection between ENSO flavors and fre-
quencies. A low-frequency eastern Pacific (EP) ENSO-
like mode with the SSTA center in the eastern Pacific
with a typical period between 3.5 and 8 years is domi-
nated by thermocline feedback, whereas a central Pa-
cific (CP) ENSO-like mode with the maximum SSTA
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average in January 1979-December 1999 (bars) and January 2000-December 2018 (curve),
based on the time scale decomposition of wavelet analysis. See text for the details of the cal-

culation. Replotted with updated data after Hu et al. (2017c).

centered more toward the central Pacific oscillates on
time scales of 1.5-3 years and is dominated by zonal
advective feedback.

Compared with that of the Nifio-3.4 index (Fig. 6a),
the frequency shift of the WWV index after 2000
(Fig. 6b) was even more pronounced. During 1979-99,
the WWYV index had a spectral peak centering in a fre-
quency band of 1.5-5 years similar to that of the Nifio-
3.4 index, but there was almost no peak for the WWV
index during 2000-18 (curve in Fig. 6b). The results are
similar if the TAO data (McPhaden et al. 1998) are used
to define the WWYV index (https://www.pmel.noaa.

gov/tao/wwv/data/wwv.dat) (not shown). The result
implies that compared with the strong quasi-periodic
WWYV oscillation during 1979-99, WWV was much
closer to a white noise process (equal variance for all fre-
quencies) during 2000-18. Also, compared with 1979-99,
the frequency differences between the Nifio-3.4 (Fig. 6a)
and WWYV indices (Fig. 6b) became more appreciable
after 2000, implying a decoupling to some extent in the
evolution of ENSO SST and upper ocean heat content. This
may be one of the main reasons for the decline of ENSO
forecast skill after 2000 (Wang et al. 2010; Barnston et al.
2012; Zhang et al. 2013; Kumar et al. 2015; Zhao et al. 2016).


https://www.pmel.noaa.gov/tao/wwv/data/wwv.dat
https://www.pmel.noaa.gov/tao/wwv/data/wwv.dat
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(2017a) and Li et al. (2019a).

According to An and Wang (2000), the frequency
of ENSO is related to the central longitude where
atmosphere—ocean coupling occurs. They argue that the
impact of the zonal shift of the wind stress on ENSO
evolution is mainly through altering advection of the
mean SST by anomalous zonal currents. A westward
shift of wind stress anomalies reduces the growth of
coupled mode and advances the transition of the ENSO
cycles, thus resulting in a shorter period with a smaller
amplitude. Opposite tendencies occur for an eastward
shift in wind stress anomalies. Hu et al. (2017a) and Li
et al. (2019a) note the westward shift of climate vari-
ability in the tropical Pacific after 2000. Figure 7 shows
the mean of zonal wind-SST feedback in 1979-99
(contours) and 2000-18 (shading). Here, the zonal
wind-SST feedback is quantified by the regression of
monthly mean zonal wind stress anomalies onto the
Nifo-3 index following Lloyd et al. (2009). Compared to
1979-99, the feedback region shifted northwestward
during 2000-18. Consistent with that shift, the westward
shift of atmosphere—ocean coupling is also evident in
SST, OLR, and the westerly wind energy at 1000 hPa
(Fig. 8), as well as both dynamical and thermodynamical
terms of the ocean mixed layer heat budget (Li et al.
2019a). Here, the westerly wind energy is defined as
U1000> With 1900 > 0.0ms™ !, where ujgoo is the zonal

wind at 1000 hPa. The statistical significance indicates
that the variance decrease is significant for SST from
130°W eastward to the coast of South America and in
OLR from 162.5°W eastward to the coast (Figs. 8a,b).

Such a systematic westward shift is consistent with the
following fact: Stronger and more eastward extended
westerly wind events in the equatorial Pacific in early
months of a year linked with active atmosphere—ocean
interaction over the central and eastern tropical Pacific,
favoring eastern Pacific El Nifio development (Hu et al.
2012a). This also supports the crucial role of westerly
wind bursts in generating the diversity of El Nifio (Chen
et al. 2015). One of possible consequences of the west-
ward shift of the atmosphere—ocean coupling in the
tropical Pacific is the increased frequency and shorter
lead time in the WWYV and Niflo-3.4 indices (McPhaden
2012; Kumar and Hu 2014a; Hu et al. 2017¢). However,
it remains a mystery why there is no noticeable peak in
the wavelet analysis of the WWYV index after 2000 (line
in Fig. 6b), and also what is the impact of ENSO am-
plitude change and its asymmetry between El Nifio and
La Nifia on the mean state changes (Zhang et al. 2010;
McPhaden et al. 2011; Li et al. 2017).

One possible cause of the westward shift of the
atmosphere—ocean coupling in the tropical Pacific is the in-
terdecadal change of the mean state (L’Heureux et al. 2013a,b;
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FIG. 8. Longitude-dependent variance of (a) monthly mean SSTA (°C?), (b) monthly mean
OLR anomaly [(W m™~2)?], and (c) westerly wind energy [(m s~ ')?; referred to as u* and u > 0.0]
averaged in 5°S-5°N in January 1979-December 1999 (bars) and in January 2000-December
2018 (curve). The zonal wind refers to the 6-hourly mean zonal wind at 1000 hPa. The curve
with open squares in (a) and (b) indicates when the change of the variance is significant at the
95% significance level using an F test based on 1000 Monte Carlo resamples. Replotted with

updated data after Li et al. (2019a).

Liibbecke and McPhaden 2014). Recently, Li et al. (2019a)
showed a statistical association between the anomalous
SST zonal gradient across the tropical Pacific and the
longitudinal location of maximum SSTA along the
equator in observations. They noted that maximum pos-
itive SSTA along the equator in the Pacific is more likely
shifted to the west when the gradient of SSTA between
the western and eastern equatorial Pacific increases. The

enhanced zonal contrast of the mean states along the
equator and westward shift of climate variability in the
tropical Pacific after 2000 fit this statistical description.
Such mean state changes may also lead to a change of the
ENSO flavors, which in turn reflect a change in the ENSO
variability (Timmermann et al. 2018). For example, the
mean characteristics in both pre-1973 and post-1998 pe-
riods were a La Nifia-like condition with the westward
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(a) Variance of Kelvin Wave Index (Bar: Jan1979-Dec1999; Curve: Jan2000-Dec2018; 95% F-—test)
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FIG. 9. Longitude-dependent (a) variance of pentad Kelvin wave index (°C) and (b) monthly
zonal wind at 10m (ms ') averaged in January 1979-December 1999 (bars) and in January
2000-December 2018 (curve). The curve with open squares in (a) indicates when the change of
the variance is significant at the 95% significance level using an F test based on 1000 Monte
Carlo resamples, and the curve with open squares in (b) represents that the difference of the
zonal wind at 10 m is significant at the 95% significance level using a ¢ test.

displacement of atmosphere—ocean coupling (Bunge and
Clarke 2014). That is unfavorable for the development of
the canonical (EP) El Nifio and suppresses ENSO-related
tropical Pacific variability.

The interdecadal variations are also shown in oceanic
Kelvin wave activity (Fig. 9) at different longitudes along
the equator in 1979-99 and 2000-18 (Seo and Xue 2005).
During 1979-99, the variance of the oceanic Kelvin waves
does not vary notably with longitude. However, that is not
the case during 2000-18 (curve in Fig. 9a). In the back-
ground of overall ENSO weakening, the reduction of
Kelvin wave variance is significant at the 95% level dur-
ing 2000-18 compared with that during 1979-99 (Fig. 9a).
The significant decline of the Kelvin wave variance re-
flects reduced Kelvin wave activity along the equatorial
Pacific after 2000 (Fig. 9a), which coincides with the
strengthening (weakening) of the mean trade winds east
(west) of 140°W along the equator (Fig. 9b). The decline
of the Kelvin wave variance 175°-145°W (Fig. 9a) may
be associated with the weakening of higher-frequency,
low-level westerly winds in the same longitude belt
(Fig. 8c). That is consistent with Harrison and Chiodi
(2009). They noted that the influence of WWEs in the
western equatorial Pacific with warming of SST in the

eastern equatorial Pacific weakened post-1997/98 and
argued that the wind differences can account for the
changes in the average cold tongue warming associated
with pre- and post-1997/98 WWEs.

Recently, Hu and Fedorov (2018) proposed that cross-
equatorial meridional wind may be associated with ENSO
variability and the longitudinal location of atmosphere—
ocean coupling. They argued that observed southerly
wind trends in the eastern tropical Pacific led to a sup-
pression of ENSO variability and westward shift of the
tropical Pacific atmosphere—ocean coupling. The south-
erly wind trends during 1982-2015 appears to be linked
to a Pacific meridional mode-like (Chiang and Vimont
2004) or North Pacific mode-like (Peng et al. 2018) SSTA
pattern in the eastern tropical Pacific, as well as a warming
trend in the tropical North Atlantic Ocean. Moreover, the
whitening of ENSO frequency (Fig. 6) may be associated
with an increase of the influence of seasonal footprinting
mechanism (subtropical forcing) on ENSO during the last
two decades, leading to a less cyclic ENSO evolution (Yu
and Fang 2018).

Notably, the ENSO regime shift around 1999/2000 is
opposite to that around 1976/77. The shift around 1976/
77 featured an increase of ENSO variability and a
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FIG. 10. Lead and lag correlations between the Nifio-3.4 and WWYV indices in January 1979—
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significant correlations at the 99% significance level using a ¢ test. Replotted with updated data

after McPhaden (2012) and Hu et al. (2017a,c).

decrease of frequency, which was linked to a reduction
of the mean state contrast across the tropical Pacific and
an eastward shift of atmosphere—ocean coupling (Wang
1995; Kirtman and Schopf 1998; An and Wang 2000).
Similar changes in both ENSO characteristics and mean
state in the tropical Pacific occurred around 1999/2000,
but of opposite sign to the 1976/77 shift. This implies that
similar mechanisms may have played a role in the two
regime shifts.

4. Consequences and impacts on seasonal climate
prediction

It is likely that changes in ENSO properties would
affect not only ENSO prediction but also subseasonal-
to-seasonal climate predictions due to their dependence
on ENSO (Cai et al. 2019). A consequence of the fre-
quency changes in the Nifio-3.4 and WWYV indices are
reflected in the lead-lag correlations between the two
indices in the periods before and after 2000 (Fig. 10).
The WWYV led Nifio-3.4 by 7-8 months during 1979-99
but only 3-4 months during 2000-18. The maximum
correlation coefficients also decreased in the latter pe-
riod, which is consistent with the results of McPhaden

(2012), Horii et al. (2012), and Kumar and Hu (2014a).
The decline in the lead time, together with the sup-
pression of ENSO variability, reduces the usefulness of
WWYV as a predictor for ENSO after 2000, although the
recharge—discharge processes still controlled ENSO
evolution to some extent (Clarke and Gorder 2001,
2003; Chen et al. 2004; Kug et al. 2005; Clarke et al. 2007;
Wen et al. 2014; Neske and McGregor 2018; Planton
et al. 2018; Clarke and Zhang 2019).

Bunge and Clarke (2014) point out that the decreased
lead time is related to an increase of the variance in the
tilt (east-west dipole) mode of thermocline variations
and a decrease in the amplitude of the WWYV mode. The
WWYV mode represents heat recharge and discharge
processes integrated over the entire equatorial band of
the Pacific (Jin 1997a,b; Meinen and McPhaden 2000;
Clarke 2010; Kumar and Hu 2014a). By decomposing
the equatorial Pacific WWYV into the adjusted wind re-
sponse (predictable) and instantaneous wind response
(unpredictable) components, Neske and McGregor
(2018) note that instantaneous contribution increased
and adjusted contribution decreased in association with
the post-2000 reduction in WWYV and SST lead times.
The change of the relative weights between the two
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contributions implies a smaller role for the recharge pro-
cesses in the evolution of ENSO post-2000. According to
Jin (1997a,b), the recharge/discharge paradigm seems to
dictate a time scale of the ENSO cycle with 3-5 years.
Thus, the less effective recharge/discharge process in the
latter period (Guan and McPhaden 2016) may be associ-
ated with increase of ENSO frequency.

It is also interesting that the lag time of the maximum
negative correlation in the WWYV index relative to the
Niflo-3.4 index changed from 9-10 months in 1979-99 to
5-6 months in 2000-18 (Fig. 10). This is consistent with
the regime shift of ENSO from low frequency in 1979-99
to high frequency in 2000-18 (Fig. 6). On the other hand,
the amplitude of the correlation is comparable between
the two periods when the WWYV index lags the Nifio-
3.4 index.

The regime shift around 1999/2000 toward a higher
ENSO frequency and smaller variability, as well as a
shorter lead time of the WWYV index relative to the
Nifio-3.4 index and weaker correlation between the in-
dices, means that ocean precursors became less effective
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for ENSO forecasting after 2000. This contributes to a
reduction in inherent predictability and skill of ENSO
(Wang et al. 2010; Barnston et al. 2012; Zhao et al. 2016;
Newman and Sardeshmukh 2017). Such a decline of
prediction skill usually occurs during periods of lower
ENSO variance, which is a key determinant in the signal-
to-noise ratio (Kumar and Hoerling 2000; Kumar and Hu
2014b; Hu et al. 2019). The decline of prediction skill is
consistent with the increasing frequency of CP El Nifio
events and the decreasing frequency of EP El Nifio events
in recent decades (Yeh et al. 2009; Capotondi et al. 2015).
Compared with EP events, CP events have weaker at-
mospheric and oceanic coupling and smaller amplitude
(signal). Thus, CP events are less predictable (Hendon
etal.2009; Fig. 13 of Hu et al. 2012a; Capotondi et al. 2015;

Using CFSv2 as an example, Fig. 11 shows the mean
forecast skill of SSTA in the tropical Pacific based on
starting conditions between January 1982 and December
2018 (contour) and the differences in skill between January
1982-December 1999 and January 2000-December 2018
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F1G. 12. Observed (shading) and CFSv2-predicted Nifio-3.4 index (°C) in January 1982-
December 2018. The predictions of 1-, 4-, and 7-month leads are represented by purple lines,
black lines with open circles, and green lines with closed triangle curves, respectively. The
CFSv2 predictions are the ensemble mean of 20 members.

(shading). The climatology of the mean and standard de-
viation is based on 1982-2018. The maximum mean fore-
cast skill is in the central-eastern tropical Pacific Ocean
(Fig. 11) with skill declining with lead time. The skill dif-
ferences show a pronounced decrease over most of the
tropical Pacific, although some increases are present in
the northeastern and southern tropical Pacific. The de-
crease is most remarkable in the eastern tropical Pacific,
which may be linked to the weakening of atmosphere—
ocean coupling in the region (Figs. 2, 3, 7, and 8).

Another possible consequence of the shorter ENSO
period after 2000 is that the forecast peaks of SSTA
often lag the observed by several months, and the lag
increases as the lead time increases (Fig. 12). The fore-
casted peaks sometime lag or sometime lead the corre-
sponding observed peak during 1982-99, whereas no
forecasted peaks precede the corresponding observed
ones during 2000-18. That is particularly evident for the
La Nifla in 2011/12 and for the positive Nifio-3.4 index
values in 2012 and 2017. In fact, this seems to be a
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common phenomenon for most dynamical forecasts col-
lected by International Research Institute for Climate and
Society (Barnston et al. 2012; Barnston 2014). This phe-
nomenon has been called “‘target period slippage” by
Barnston et al. (2012) and is also discussed in Tippett et al.
(2012). We speculate that the slippage occurs because
these models were developed based on ENSO features
from an earlier period with relatively low frequency, but
when ENSO frequency increased after 2000, the models
were not able to adjust.

The ENSO regime shift may have also altered ENSO’s
impacts on the extratropics. To examine the impact on
the extratropics, the teleconnectivity of 500-hPa geo-
potential height is calculated following Wallace and
Gutzler (1981). The teleconnectivity of a base point is
defined as the absolute value of the largest negative
value among the temporal correlations between the
base point and the other points on the globe. The tele-
connection pattern in the Asia—Pacific-North America
section mainly reflects a Pacific-North American (PNA)
pattern (Fig. 13). Compared with 1979-99, the centers of
the teleconnection over the Pacific shifted northwest-
ward in 2000-18. Such a PNA-like teleconnection pat-
tern is at least partially associated with the tropical
forcing (Wallace and Gutzler 1981; Li et al. 2019¢) and
thus this northwestward shift may be associated with a
westward shift of the atmosphere-ocean coupling in
the tropical Pacific after 2000 shown in Figs. 7 and 8

(Hu et al. 2017a; Li et al. 2019a), due to the sensitivity of
an extratropical response to the location of tropical
forcing (e.g., Ting and Sardeshmukh 1993; Schneider
et al. 2003; Zhang et al. 2016; Yeh et al. 2018). Thus, the
interdecadal shift of ENSO properties may affect the
predictability and prediction skill in the extratropics
(Kumar et al. 2010; Deser et al. 2010). It is also noted
that the teleconnection patterns are based on the analysis
over a short observational record, and therefore could also
be influenced by factors other than ENSO, such as vari-
ability driven by atmospheric internal dynamical processes.

5. Summary and future challenges

After the interdecadal shift in 1976/77, another re-
gime shift occurred in 1999/2000 that featured a de-
crease in the variability and an increase in the
frequency of ENSO. These changes are associated with
an enhanced zonal gradient of SST across the tropical
Pacific as well as a more stable tropospheric atmo-
sphere along the equator since 1999/2000. The obser-
vations show that the warming trends are larger in the
midtroposphere than the low troposphere over the
equatorial Pacific, leading to a more stable troposphere
(Hu et al. 2017b). The stable atmosphere suppresses
the deep convection that may lead to weakening the
atmosphere and ocean coupling and to reducing the
amplitude of ENSO.
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Meanwhile, the peak period of the Nifio-3.4 index
shifted from 1.5-5 years during 1979-99 to around 1.5—
3.5 years during 2000-18, along with a flatter variance
distribution. The frequency spectrum of WWYV had al-
most no peak in 2000-18, implying a nearly white noise
process. The increased frequency of ENSO may be linked
to a westward shift in the zone of atmosphere—ocean
coupling in the tropical Pacific since 1999/2000. The ob-
served westward shift of the wind stress anomalies reduces
the growth of coupled mode and advances the transition of
the ENSO cycles, thus resulting in a shorter period with a
smaller amplitude according to An and Wang (2000).

One of the consequences of these changes is a de-
crease in ENSO prediction skill (Wang et al. 2010;
Barnston et al. 2012). The whitening of the frequency in
upper ocean heat content (as measured by the WWV
index) led to a breakdown of the relationship between
WWYV and ENSO (e.g., McPhaden 2012), implying the
reduced utility of WWYV as a key predictor for ENSO.
Another consequence, which is related to a shorter
ENSO period, is that the forecasted peaks in SSTA
often lagged the observed peaks by several months
(Fig. 12). This so-called target period slippage (also see
Fig. 12 of Barnston et al. 2012) increased with lead time.
This error in prediction implies that the state-of-the-art
climate models did not properly capture the interdecadal
shift in the frequency of ENSO. Thus, both the regime
shift of ENSO in 1999/2000 and the model default may
account for ENSO prediction skill decrease skill since
1999/2000. Moreover, the regime shift and reduced pre-
dictability of ENSO may also have altered ENSO’s
impacts on the extratropics, implying additional chal-
lenges for seasonal climate predictions (McPhaden 2015).

The nature of the relationship between ENSO changes
and mean state changes is still under debate. Some stud-
ies emphasize the influence of the mean state change
on ENSO (Wang and An 2002; Fang et al. 2008). While
others argue that the low-frequency intrinsic variation
of ENSO contributes to the mean state changes, instead of
the other way around. For example, Vimont (2005) noted
that prominent spatial features of decadal ENSO-like
variability are generated by physical mechanisms that
operate through the interannual ENSO cycle. The irreg-
ularity of ENSO variations as well as the asymmetric
features of El Nifio and La Nifia were argued to be linked
to the interdecadal shifts in the tropical Pacific (Schopf
and Burgman 2006; Sun and Yu 2009; McPhaden et al.
2011; Ogata et al. 2013; Rodgers et al. 2004; Okumura
et al. 2017). Examining the dominant structures of the
ENSO evolution using the observations in 1958-77 and
1978-97, Capotondi and Sardeshmukh (2017) showed that
statistically significant changes in ENSO dynamics oc-
curred between the two periods. They suggest that ENSO
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dynamics in the later period were consistent with the re-
duced zonal slope of the mean thermocline; however, the
mean thermocline change may also be a consequence of the
amplitude asymmetry between the warm and cold events.
We argued that a similar change of the ENSO dynamics (but
with opposite sign) occurred around 1999/2000. In addition,
the extratropical Pacific (Okumura 2013; Zhang et al. 2014;
Ding et al. 2015, 2017; Di Lorenzo et al. 2015; Yu and Fang
2018; Sun and Okumura 2019), the Indian Ocean (e.g., Luo
et al. 2012), and the Atlantic Ocean (e.g., Ham et al. 2013; Yu
et al. 2015; Li et al. 2016; Wang et al. 2017; Cai et al. 2019)
may also connect with the interdecadal shifts of the mean
state in the tropical Pacific Ocean.

Another question is whether the ENSO regime shift
is a reflection of natural variability or anthropogenic
forced variations, or a combination of the two. Previous
work documented the possible impact of increasing
greenhouse gas (GHG) concentrations on the tropical
Pacific climate and ENSO. Model simulations, in re-
sponse to rising GHG concentrations, include weaker
mean easterly trade winds in the Pacific, shoaling of the
equatorial thermocline, and enhanced oceanic tempera-
ture vertical gradients across the thermocline (Guilyardi
et al. 2009; Collins et al. 2010). Such mean state changes
may alter ENSO variability (Meehl and Washington 1996;
Timmermann et al. 1999; Hu et al. 2000, 2012b; Cai et al.
2014). However, projected changes from GHG forcing
vary from model to model, with some projecting an in-
crease and others a decrease in ENSO variability (Hu
et al. 2012b; Cai et al. 2015, 2018). Differences in the
projections may partially reflect the errors in the models
or the influence of competing mechanisms that will ulti-
mately determine how ENSO might change. Furthermore,
climate models still struggle to represent diversity/
flavors of ENSO in observations (e.g., Bellenger et al.
2013; Capotondi et al. 2015; Timmermann et al. 2018).
For example, Jha et al. (2014) show that in historical runs
of phase 5 of the Coupled Model Intercomparison Project
(CMIPS5), some models are unable to capture the spatial
pattern of SST variability associated with ENSO and
most models are unable to simulate the spectral charac-
teristics of ENSO realistically.

In fact, the observed mean state changes in the equa-
torial Pacific from 1979-99 to 2000-18 discussed herein
have some clear differences with the mean of model pro-
jections under various global warming scenarios (Collins
et al. 2010; McPhaden et al. 2011; England et al. 2014; Hu
et al. 2016, 2017a). Such disagreements may suggest that
observed mean state change is partly associated with in-
ternal low-frequency variations of the atmosphere—ocean
coupled system (Wittenberg 2009; Hu et al. 2012a). By
analyzing a 2000-yr coupled model run with atmospheric
composition, solar irradiance, and land cover fixed at the 1860
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values, Wittenberg (2009) identified strong interdecadal and
intercentennial modulations of ENSO and noted that
ENSO variance can change by 100% from period to period
entirely due to natural causes. This implies that the internal
processes of the atmosphere—ocean coupled system can
generate remarkable modulations in the tropical Pacific
climate, including changes in its mean state and variability
(Deser et al. 2012).

It is obvious that the data are too short to definitively
attribute the reasons behind the observed interdecadal
shift. That brings up the necessity of using paleoclimate
data or other targeted model simulations to examine if
the dynamical mechanisms based on the regime shifts
can be replicated and better understood. Nevertheless,
the consistency of the results analyzed in this work from
various atmospheric and oceanic variables and from
different sources (analyses and reanalyses) provides
solid evidences for the occurrence of the interdecadal
shift of ENSO regime around 1999/2000 and the asso-
ciated mechanisms discussed in this work.
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