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Abstract Despite substantial progress made in the theoretical understanding and practical prediction of
the El Niño‐Southern Oscillation (ENSO), accurate predictions of particular ENSO characteristics (e.g.,
evolution, intensity, and spatial pattern) remain challenging. Using two models from the North American
Multimodel Ensemble (NMME) Phase‐II hindcasts, we ﬁnd that the austral winter atmospheric internal
variability is a key determinant of how the South Paciﬁc atmospheric circulation responds to concurrent
tropical Paciﬁc sea surface temperature anomalies. While this internal variability may not trigger ENSO
onsets, it regulates the southeasterly trades and contributes to thermodynamic feedbacks that grow into an
ENSO‐like structure during the following austral summer. The difference in the simulation of South
Paciﬁc atmospheric variability amongst ensemble members appears to be a signiﬁcant source of the
inter‐member spread in ENSO predictions. Monitoring South Paciﬁc atmospheric variability provides an
opportunity to improve the prediction of ENSO intensity and ﬂavor with about a two‐season lead time.

Plain Language Summary The El Niño‐Southern Oscillation (ENSO) phenomenon substantially
affects weather and climate conditions worldwide. While these inﬂuences are sensitive to the eventual
intensity and spatial pattern of the ENSO sea surface temperature anomalies, it remains challenging for
operational forecast models to predict accurately these ENSO characteristic months in advance. This study
ﬁnds that although austral winter (i.e., June–August) South Paciﬁc sea level pressure patterns may not
initiate ENSO events, they can inﬂuence the evolution of ENSO events thereafter by affecting the strength of
the South Paciﬁc subtropical high and the associated trade winds, which communicate with the tropical
Paciﬁc. Since these South Paciﬁc circulation patterns occur when ENSO is entering its growth phase, the way
that models simulate these patterns is important for ENSO forecasts and could potentially advance the
predictability and prediction skill of speciﬁc ENSO characteristics by almost 6 months in advance.

1. Introduction
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The El Niño‐Southern Oscillation (ENSO) phenomenon is the most prominent mode of interannual variability in the Earth's climate system and has profound impacts on global temperature and precipitation patterns.
Several robust precursory signals leading ENSO by three‐to‐four seasons have been identiﬁed, including
westerly wind bursts (e.g., Fedorov, 2002), tropical warm water volume (e.g., McPhaden, 2012; Meinen &
McPhaden, 2000), and the North Paciﬁc Oscillation (NPO; i.e., a sea level pressure (SLP) dipole between
the subtropical and high‐latitude North Paciﬁc; Walker & Bliss, 1932; Linkin & Nigam, 2008)/the North
Paciﬁc meridional mode (NPMM; Vimont et al., 2001, 2003; Chiang & Vimont, 2004; Chang et al., 2007;
Alexander et al., 2010). However, skillful prediction of ENSO ﬂavor (i.e., whether the largest sea surface
temperature (SST) anomalies (SSTA) reside in the central (CP) or eastern (EP) tropical Paciﬁc) beyond
one season remains a challenge (e.g., Hendon et al., 2009). Although the timing and strength of westerly
wind bursts are shown to be closely related to the eventual ﬂavor of ENSO events (Chen et al., 2015), they
are difﬁcult to predict.Whether the NPO/NPMM is more effective in initiating CP than EP ENSO events is
also debatable (e.g., Di Lorenzo et al., 2015; Ding et al., 2015; Vimont et al., 2014; Yu & Kim, 2011).
Several studies suggest that the inﬂuence of the NPO/NPMM on ENSO ﬂavor is conditioned upon the equatorial warm water volume (Anderson, 2007; Deser et al., 2012; Larson & Kirtman, 2013). In practice, even
though dynamical models capture the major characteristics of the NPMM precursor and reproduce the
NPMM‐ENSO relationship, synoptic and other subseasonal variability produce uncertainties in ENSO
forecasts (e.g., Larson & Kirtman, 2014).
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On the other hand, emerging research studies have underscored the importance of South Paciﬁc atmospheric
and oceanic anomalies in the tropical Paciﬁc climate variability across multiple timescales (van Loon &
Shea, 1985; Luo et al., 2003; Okumura, 2013; Zhang et al., 2014; Ding et al., 2015; Imada et al., 2015; Min
et al., 2015, 2017; You & Furtado, 2017, 2018, hereafter YF17, YF18). While the austral summer South
Paciﬁc SLP anomalies (SLPA) play a role in the onset of ENSO events (e.g., Ding et al., 2015; Min et al.,
2017; YF18), relatively few studies have quantiﬁed the impacts of South Paciﬁc SLPA during austral winter
(i.e., June–August [JJA]) when ENSO is commonly underway (Imada et al., 2015; Meehl et al., 2017; YF17;
Larson et al., 2018; Thomas et al., 2018). While Jin and Kirtman (2009) argued that the austral winter SLPA
dipole mode between subtropical and high‐latitude South Paciﬁc is a Rossby wave response to the developing ENSO SSTA, YF17 proposed that signiﬁcant internal variability in this mode makes it a skillful predictor
for the ﬂavor of the ensuing ENSO event (i.e., EP or CP). This mode is referred to as the South Paciﬁc
Oscillation (SPO; YF17) since it is considered to be physically analogous to the NPO. The northern node
of the SPO modulates the strength of subtropical high and contributes to the formation of the South
Paciﬁc meridional mode (SPMM), the dynamical cousin to the NPMM (Larson et al., 2018; YF18). While
the predictive power and the dynamical mechanism associated with the JJA SPO‐ENSO ﬂavor relationship
exist in reanalysis (YF17), whether operational dynamical models, particularly those designed for seasonal
predictions, possess similar dynamical links remains unknown.
This study extends the work of YF17 by evaluating the connections between JJA South Paciﬁc atmospheric
internal variability and ENSO development in the North American Multimodel Ensemble (NMME) Phase‐II
models (Kirtman et al., 2014). The results suggest that atmospheric internal variability, as diagnosed by the
models, is a key determinant of how the JJA South Paciﬁc SLPA responds to existing tropical Paciﬁc SSTA.
This internal variability regulates the strength of the southeasterly trade winds across the eastern tropical
Paciﬁc in different ensemble members and subsequently affects how the individual members handle the
subsequent ENSO evolution, thus providing a new perspective for understanding and predicting the
ENSO intensity and ﬂavor in the following boreal winter (November–January [NDJ]) with an almost two‐
season lead time.

2. Data and Methods
The NMME Phase‐II prediction system consists of several coupled ocean‐atmosphere models developed by
research and operational centers in the United States and Canada. The system consists of hindcasts initialized near the ﬁrst day of each month based on observations and integrated forward up to 12 months into
the future (Kirtman et al., 2014). The initialization method, forecast length, and number of ensemble members vary by model. Here we employ monthly mean outputs from the NMME Phase‐II hindcasts with 1 June
initial condition in 1982–2010 (i.e., a common period for the models examined). All outputs are examined on
a common 1°×1° latitude/longitude grid. Variables of interest include SLP, SST, 850‐hPa winds (U850; the
lowest level available from all model outputs), oceanic subsurface temperatures (Tsub), and oceanic zonal
(u) and vertical (w) velocity. Due to availability of these necessary variables, only two of the NMME
Phase‐II models are analyzed in our present study: the Coupled Earth System Model version 1 (CESM1;
Hurrell et al., 2013) and the Canadian Centre for Climate Modeling and Analysis Coupled Climate Model
version 4 (CanCM4; Merryﬁeld et al., 2013). Importantly, we analyze not only the ensemble‐mean forecast
but also the forecast made by each individual ensemble members. Using such a forecast setup allows us to
test the robustness of the proposed mechanism by YF17 and YF18 against noise in the system by factoring
in uncertainty resulting from both initial conditions and other stochastic processes.
Since forecast models experience drift toward their own climatology at long forecast‐lead times, we bias‐
correct the monthly mean ﬁelds by removing the forecasted climatology of the entire 1982–2010 period
for the two models separately. By using only anomalies in our analysis, we remove forecast model biases that
are stationary with respect to calendar month and forecast lead time. The ensemble‐mean statistics are then
computed by averaging the ﬁelds across the 10 ensemble members (i.e., ensemble average: x), representing
the “signal” in the forecast ﬁelds. The ensemble spread (i.e., internal variability or sometimes considered
“noise”) is calculated as the deviation of that member's ﬁeld from the ensemble average (i.e., x′ = x ‐ x).
In terms of reanalysis, monthly‐mean atmospheric ﬁelds on a 2.5°×2.5° latitude/longitude grid are taken
from the National Centers for Environmental Prediction‐National Center for Atmospheric Research
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(NCEP/NCAR) Reanalysis I (Kalnay et al., 1996). Monthly‐mean SSTs with a 1°×1° horizontal resolution are
obtained from the Met Ofﬁce Hadley Centre Sea Ice and Sea Surface Temperature (HadISST) dataset
(Rayner, 2003). As the reanalysis contains a single realization, we consider the common period 1948–2016
for the two observational datasets to increase sample size. Anomalies are calculated relative to 1982–2010
monthly mean averages.
Warm and cold tropical Paciﬁc SSTA events in the austral winter are deﬁned when the observed JJA‐
averaged Niño3 index (Niño3JJA; SSTA averaged over 5°S–5°N and 170°W–120°W) exceeds (falls below)
0.8σ (−0.8σ). In reanalysis, this criterion yields 13 warm events (1951, 1957, 1963, 1965, 1969, 1972, 1976,
1982, 1983, 1987, 1997, 2009, and 2015) and 16 cold events (1954, 1955, 1964, 1970, 1971, 1973, 1975, 1978,
1984, 1985, 1988, 1999, 2000, 2007, 2010, and 2013). Similarly, in NMME, 6 warm events (1982, 1983,
1987, 1991, 1997, and 2009) and 7 cold events (1984, 1985, 1988, 1999, 2000, 2007, and 2010) are identiﬁed.
Note that the events are slightly different for reanalysis and the NMME models (e.g., 1991) due to the differences in Niño3 variability . As the two models are initialized with similar SST on 1 June, the difference in
JJA‐averaged tropical Paciﬁc SSTA is minor and hence, the analysis picks out the same events. The results
presented are insensitive to minor changes in the Niño3JJA threshold in either direction (not shown).
Additionally, we deﬁne El Niño (La Niña) events when the NDJ‐averaged Niño3 (Niño3NDJ) exceeds (falls
below) 0.8σ (−0.8σ). For the NMME model outputs, this criterion yields 7 El Niño (1982, 1986, 1987,
1991, 1997, 2002, and 2009) and 6 La Niña (1984, 1988, 1999, 2005, 2007, and 2010) events.
Using the NMME multimember simulations, we assess the portion of the South Paciﬁc atmospheric variability that is internally generated versus externally forced by the tropical Paciﬁc SSTA by comparing the composites of JJA SLPA during the 6 JJA warm and 7 JJA cold events among the 10 ensemble members. Since the
ensemble spread in the JJA‐averaged tropical Paciﬁc SSTA is small, the intermember difference in the JJA
South Paciﬁc SLPA would be minor if the variability is completely driven by the concurrent tropical
Paciﬁc SSTA. In reanalysis, however, we have only a single realization of the identiﬁed events. Therefore,
we employ a bootstrapping method similar to that of Deser et al. (2017). Speciﬁcally, 2000 synthetic composites of JJA SSTA and SLPA are constructed by randomly sampling, with replacement, from the corresponding ﬁelds during the 13 warm and 16 cold events identiﬁed in reanalysis. The 2000 bootstrapped composites
thus yield an estimate of the degree to which nontropical SST sampling variability inﬂuences the single composite we actually observe.

3. Results
We begin our analysis by examining if the observed relationship between South Paciﬁc SLPA and tropical
Paciﬁc SSTA is reasonably captured by the models. Figure 1a displays a box‐and‐whisker plot of the correlation coefﬁcients between the Niño3JJA and the northern node of the JJA SPO (i.e., SPONP
JJA ; SLPA averaged
over 15°S–40°S and 180–90°W, where the South Paciﬁc subtropical high is located) for each model, their
ensemble members, and the ensemble‐mean. In both reanalysis and models, the correlations between the
Niño3JJA and SPONP
JJA indices are generally negative; that is, a positive Niño3JJA anomaly forces an anomalously weak subtropical high. The observed correlation (r ≈ −0.55; Figure 1a, black cross) lies within the
ensemble spread but in different quartiles. The observed correlation falls between the highest value and
upper quartile of the CanCM4 members but between the lower quartile and median values of the CESM1
members. Overall, the connection between tropical SSTA and the South Paciﬁc SLPA is generally overestimated (underestimated) in the CanCM4 (CESM1) model, and vice versa for the atmospheric internal variability. Most importantly, the large intermember spread of the correlations and the strongly negative
ensemble‐mean correlation in the two models (Figure 1a, diamonds; r ≈ −0.65 for CESM1 and r ≈ −0.8
for CanCM4) indicate the presence of internal variability.
To evaluate the level of South Paciﬁc variability that is internally generated versus externally forced by the
tropical Paciﬁc SSTA, we examine the differences of JJA SLPA and SSTA between the JJA warm and cold
events following the methods discussed in section 2. For reanalysis, the resulting 2,000 bootstrapped composites are ranked by the magnitude of the SPONP
JJA , and the composites at 10th and 90th percentiles are displayed in Figures 1b and 1c, respectively. The speciﬁc events used for the bootstrapped composites can be
found in Table S1 in the supporting information. Although the tropical Paciﬁc SSTA are very close and both
composites exhibit a weakening of the South Paciﬁc subtropical high (i.e., negative SLPA), the spatial
YOU AND FURTADO
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Figure 1. (a) Box‐and‐whisker plots of correlations between the SPONP
JJA and Niño3JJA indices for the Coupled Earth System Model version 1 (CESM1; blue) and
Climate Modeling and Analysis Coupled Climate Model version 4 (CanCM4; red) ensemble members. The black cross represents the reanalysis, and the diamonds represent the ensemble mean. (b) Bootstrapped composite differences between warm and cold June–August (JJA) Niño3 events in reanalysis of JJA sea level
pressure anomalies (SLPA; contour, hPa) and sea surface temperature anomalies (color shading, °C) based on the 10th percentile of the SPONP
JJA index (see text
for details). (c) As in (b) but for the 90th percentile of the SPONP
JJA index. (d) Warm and cold composite differences of JJA SLPA (contour, hPa) and sea surface
temperature anomalies (color shading, °C) for the CESM1 ensemble member that simulates the weakest SPONP
JJA . (e) As in (d) but for those ensemble member that
simulates the strongest SPONP
JJA . (f and g) As in (d) and (e) but for CanCM4. For (b)–(g), red solid (blue dashed) line contours indicate positive (negative) SLPA.
Zero contour omitted. Line contour interval 0.5 hPa. The light blue and light red shading denotes where negative and positive SLPA are signiﬁcant at 95% conﬁdence level, respectively, based on a two‐tailed Student's t test.

structure and magnitude of the South Paciﬁc SLPA vary considerably. The difference is more apparent at
higher latitudes due to the higher degree of atmospheric internal variability present there.
Figures 1d and 1e and 1f and 1g present the composites of JJA SSTA and SLPA between the JJA warm and
cold events for CESM1 and CanCM4, respectively. For brevity, only the ensemble members that simulate the
weakest and strongest SPONP
JJA are displayed to get a sense of the total ensemble spread. Individual composites
of each ensemble member can be found in Figures S1 and S2 in the supporting information. Consistent with
reanalysis, the amplitude of the anomalously weak subtropical high varies considerably among ensembles.
In the strong SPONP
JJA cases, the South Paciﬁc SLPA resemble the SPO dipole mode (Figures 1e and 1g), while
in the weakest SPONP
JJA cases, the SLPA are barely noticeable (Figures 1d and 1f). Altogether, the results corroborate our hypothesis that the SPONP
JJA is signiﬁcantly regulated by atmospheric internal variability and
thus cannot be considered only a “forced response” driven by the already‐present tropical Paciﬁc SSTA.
To further explore the internal variability and how it might modulate the evolution of ENSO events, the
remainder of our analysis only considers those austral winters followed by ENSO events. To isolate the
atmospheric internal variability from the externally forced response, we subtract the ensemble mean
NP

SPONP (SPO ; i.e., the “forced” response) from each ensemble member's SPONP to obtain the intrinsic comNP

ponent (SPO′NP= SPONP‐SPO ). Whether this approach effectively extracts the internal variability is validated by the autocorrelations of SPONP and SPO′NP time series. As shown in Figures 2a and 2c, the tropical
SSTA‐forced signature is evident in the SPONP. The e‐folding timescale for the SPONP exceeds 1 month and
the autocorrelation turns into negative at lag‐3 (Figures 2a and 2c, red lines), implying a period in accordance with the ENSO life cycle. For the SPO′NP, the autocorrelation drops to zero within 1 month, consistent
with white‐noise process (Figures 2a and 2c, black lines). Furthermore, the SPO′NP
JJA (i.e., JJA‐averaged SPO′
NP
) time series are fairly Gaussian and are negatively correlated with the Niño3′JJA in both models
(Figures 2b and 2d).
To examine the links between the SPO′NP
JJA and tropical Paciﬁc climate variability in the NMME models,
Figure 3 presents the regression of JJA oceanic and atmospheric ensemble deviation ﬁelds (i.e., removing
the ensemble‐mean from the ﬁelds prior to regression) onto the inverted SPO′NP
JJA index from the models.
YOU AND FURTADO
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Figure 2. (a) Autocorrelation for SPO (red line) and SPO′ (black line) for Coupled Earth System Model version 1 (CESM1). (b) Scatter plot of the Niño3′JJA (K)
versus SPO′NP
JJA (hPa) in the CESM1 model. The purple, dark gray, light, and gray dots represent values preceding major El Niño, La Niña, and neutral events,
respectively. (c and d) As in (a) and (b) but for the Climate Modeling and Analysis Coupled Climate Model version 4 (CanCM4) model.

Figure 3. (a) Regression of June–August (JJA) SSTA′ (contour, K/hPa) and U850′ (vector, m/s hPa) onto the nonstandardized SPO′NP
JJA index (multiplied by −1) in
Coupled Earth System Model version 1 (CESM1). Red solid (blue dashed) line contours indicate positive (negative SSTA). Zero contour omitted. Line contour
interval 0.1 K/hPa. Shading indicates statistically signiﬁcant SSTA′ regression coefﬁcients (p < 0.05). Only the signiﬁcant vectors are drawn. (c) As in (a) but for
4
equatorial (5°N–5°S) Tsub′ (shading, °C/hPa) and subsurface velocity (u′, w′; vector, cm/s hPa). w′ scaled by 3×10 for visual clarity. Stippling indicates statistically
signiﬁcant Tsub′ regression coefﬁcients (p < 0.05). (b and d) As in (a) and (c) but for the Climate Modeling and Analysis Coupled Climate Model version 4
(CanCM4) model.
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Figure 4. (a) Regression of July–September (JAS) SSTA′ (contour K/hPa) and U850′ (vector, m/s hPa) onto the nonstandardized SPO′NP
JJA (multiplied by −1) in
Coupled Earth System Model version 1 (CESM1). (b) As in (a) but for September–November SSTA′ and U850′. (c) As in (a) but for NDJ(+1) SSTA′ and U850′.
(d‐f) As in (a‐c) but for equatorial (5°N–5°S) Tsub′ (shaded contours, K/hPa). Red solid (blue dashed) line contours in (a)‐(c) indicate positive (negative) SSTA. Zero
contour omitted. Line contour interval 0.1 K/hPa. Shading in (a)–(c) indicates statistically signiﬁcant SSTA′ regression coefﬁcients (p < 0.05). Stippling in (d)–(f)
indicates statistically signiﬁcant Tsub′ regression coefﬁcients (p < 0.05). (g) Scatter plot of the SPO′NP
JJA versus Niño3′NDJ(+1) for CESM1. (h–n) Same as (a)–(g)
but for Climate Modeling and Analysis Coupled Climate Model version 4 (CanCM4). Only the SPO′NP
JJA preceding major El Niño‐Southern Oscillation events are
included in (a)–(f) and (h)–(m)

NP
For this regression, the SPO′NP
JJA index is raw so as to preserve units. Moreover, we multiply the SPO′JJA index
by −1 for presentation of maps reﬂective of the warm phase of ENSO, as negative values of the SPO′NP
JJA index
represent an anomalously weak South Paciﬁc subtropical high, along with weakened southeasterly trade
winds and thus anomalously warm SSTA in the subtropical southeastern and eastern equatorial Paciﬁc
(Figures 3a and 3b). The mechanisms driving the SSTA over the eastern equatorial and southeastern
Paciﬁc are possibly different. In the southeastern Paciﬁc, the SSTA likely result from a combination of
anomalously reduced latent heat ﬂux, increased shortwave radiation feedback from low stratiform clouds,
and reduced upwelling caused by the weakened trades (e.g., Larson et al., 2018; Zhang et al., 2014). In the
eastern equatorial Paciﬁc, by contrast, the subsurface warming co‐locates with suppressed upwelling near
the thermocline. The zonal advection feedback induced by anomalous eastward ocean currents could also
make a contribution (Figures 3c and 3d). The SSTA pattern we obtain from the two NMME models aligns
closely with the patterns seen in different model setups that exclude ENSO variability (Larson et al., 2018;
Okumura, 2013; Zhang et al., 2014), raising our conﬁdence that our results reﬂect patterns that are largely
independent of tropical SSTA forcing in the models.

To investigate the evolution of the atmosphere and ocean associated with the SPO′NP
JJA , Figure 4 presents lag
regressions of ensemble deviation ﬁelds in the following seasons onto the nonstandardized SPO′NP
JJA index,
YOU AND FURTADO
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Figure 5. Regression of June–August (JJA) (a) SLPA′ (contours; hPa/K), (c) SSTA′ (contours; K/K), and (e) equatorial (5°N–5°S) Tsub′ (shaded contours; K/K) onto
the nonstandardized Niño3′NDJ(+1) in Coupled Earth System Model version 1 (CESM1). Red solid (blue dashed) line contours indicate positive (negative) values.
Zero contour omitted. (b, d, and f) The same as (a), (c), and (e) but for Climate Modeling and Analysis Coupled Climate Model version 4 (CanCM4). Shading
and stippling in (a)–(d) and (e)–(f) indicate statistically signiﬁcant regression coefﬁcients (p < 0.05). Only major El Niño‐Southern Oscillation events are included.

multiplied by −1. Overall, unlike the short duration of the SPO′NP, the SPO′NP−related SSTA footprint has
impacts well beyond the austral winter by thermodynamic and dynamic air‐sea interactions. In CESM1,
although the SPO′NP
JJA ‐associated off‐equatorial wind anomalies vanish rapidly after JJA (Figures 4b and
4c), they alter the latent heat ﬂuxes and thus leave an underlying SSTA footprint similar to the
characteristic SSTA pattern of the SPMM (Zhang et al., 2014; Min et al., 2017; YF18; Larson et al., 2018).
These SSTA subsequently propagate northwestward via the wind‐evaporation‐SST (WES) thermodynamic
feedback (Xie and Philander, 1994). As discussed in Larson et al. (2018), when the anomalies approach
the equator, they may interfere either constructively or destructively with the latent heat ﬂux damping of
ENSO events depending on the sign of SPO′NP
JJA , thus directly modulating the amplitude of ENSO.
Additionally, the Bjerknes feedback promotes the growth of SSTA along the equator via enhancing the
initial SPO′NP
JJA ‐related SST and wind perturbations over the eastern equatorial Paciﬁc through
equatorial ocean dynamics (Figures 4d–4f; Bjerknes, 1969). Taken together, we argue that the SPO′NP
JJA
contributes to the ensemble spread of ENSO predictions from the models (i.e., Niño3′NDJ(+1)), which
is further corroborated by the signiﬁcant negative correlation between SPO′NP
JJA and Niño3′NDJ(+1) (r =
−0.57 for CESM1; Figure 4g). The ensemble members with more negative (positive) SPO′NP
JJA tend to
predict a stronger El Niño (La Niña) event in the following boreal winter. Results from the CanCM4
model also support this conclusion (r = −0.45; Figures 4h–4n), although there is larger scatter between
the SPO′NP
JJA and Niño3′NDJ(+1) indices versus that in the CESM1. Finally, this evolution is largely linear
as composites yield similar results to the regression analysis (not shown).
An open question still remains: to what degree can we attribute the ensemble spread of ENSO prediction
to SPO′NP
JJA versus other physical processes? To answer this question, we regress the JJA atmospheric and
oceanic ensemble deviation ﬁelds onto the raw Niño3′NDJ(+1) indices but only for the major ENSO years
(Figure 5). While in both models the Niño3′NDJ(+1) ‐associated JJA SLPA and SSTA bear a close resemblance to those related to SPO′NP
JJA (Figures 5a–5d), the positive and signiﬁcant SSTA regression
YOU AND FURTADO
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coefﬁcients in the eastern equatorial Paciﬁc indicate that ensemble members featuring a warmer (colder)
eastern equatorial Paciﬁc SSTA during JJA have a higher probability of predicting stronger El Niño (La
Niña) events months later (Figures 5c and 5d). While this does not contradict the impacts of SPO′NP
JJA
on long‐lead ENSO forecasts through its modulation of eastern equatorial Paciﬁc SSTA (Figures 2 and
3), the weak zonal subsurface temperature dipole present in the regression from both models
(Figures 5e and 5f) indicates a potential role of oceanic Kelvin wave activity as ENSO is often underway
in JJA. This Kelvin wave activity might be attributed to other stochastic processes, for example, synoptic‐
scale westerly wind bursts (e.g., Larson & Kirtman, 2013).

4. Summary and Discussion
This study tests the proposed mechanism by YF17 involving the role of austral winter South Paciﬁc atmospheric variability in the development of ENSO events using hindcasts from two models of the NMME
Phase‐II model suite. The results indicate that the SPO contains a signiﬁcant portion of internal variability
and thus cannot be considered only a “forced response” to the already‐present tropical Paciﬁc SSTA (Figures
1 and 2). The internal variability component in the northern pole of the SPO (SPO′NP
JJA) regulates the strength
of the South Paciﬁc subtropical high and induces stochastic zonal wind stresses in the equatorial and off‐
equatorial southeastern Paciﬁc Ocean. Although the wind forcing relevant to the SPO′NP
JJA decays rapidly
in line with the white noise process, it initiates thermodynamical and dynamical air‐sea coupling (i.e., the
Bjerknes and WES feedbacks), which enables this mode of internal variability to have a longer‐lasting inﬂuence on the tropical Paciﬁc. The anomaly grows into an ENSO‐like structure in the following boreal winter
(Figures 3 and 4), suggesting that the predicted magnitude of the SPO′NP
JJA is likely an important source of
uncertainty for seasonal ENSO prediction in the operational NMME Phase II models studied here (Figure 5).
Although the results presented above focus on the relationship between the SPO′NP
JJA and major ENSO events,
similar results are found in non‐ENSO years (i.e., light gray dots in Figures 2, 4, and S3). Hence, rather than
triggering the occurrence of ENSO events, the SPO′NP
JJA regulates the development and eventual intensity of
ENSO SSTA (YF17; Larson et al., 2018; Thomas et al., 2018). As such, our results indicate potential advantages for skillful ENSO prediction from dynamical models used for seasonal forecasting. Note that our study
used NMME hindcasts initialized on 1 June. As discussed earlier, such hindcasts allow us to examine the
two‐way interactions between the tropical SSTA and South Paciﬁc atmospheric and oceanic circulation
anomalies. The disadvantage, however, is that other subseasonal weather processes, such as westerly wind
bursts, also impact the evolution of ENSO, introducing a source of uncertainty in our quantiﬁed relationship
between SPO′NP
JJA and ENSO events. Such processes are likely manifested in the amount of scatter shown in
Figures 4e and 4f and in Figure 5.
Several avenues for future work with the SPO and ENSO prediction in the models exist. Besides affecting ENSO intensity, YF17 demonstrated that the SPOJJA also inﬂuences the ﬂavor of ENSO events (i.e.,
EP or CP) that ensues (see also Meehl et al., 2017). This aspect of the relationship is difﬁcult to test in
the NMME models, however, as systematic biases associated with ENSO development in the models
limit this type of analysis (Hendon et al., 2009). There are also likely positive feedback between the
remotely forced component of the SPO and the tropical Paciﬁc, which remain to be quantiﬁed and studied. Additionally, investigation of the stochastic component of the SPO may allow us to study another
interesting element of ENSO development: easterly wind bursts. While westerly wind bursts in the western and central tropical Paciﬁc can promote oceanic Kelvin waves and rapid development of El Niño
episodes (e.g., Chen et al., 2015), easterly wind bursts in the central equatorial Paciﬁc may play an
equally important role for the onset of La Niña events (Chiodi & Harrison, 2015) and/or perhaps even
halt developing El Niño events (e.g., Min et al., 2015; Hu & Fedorov, 2016; Levine & McPhaden, 2016;
Chiodi & Harrison, 2017). Because these easterly wind bursts fundamentally represent modulations of
the southeastern Paciﬁc trade winds, monitoring changes in SPO′NP could also quantify large‐scale
environment favorable (or not) for easterly wind bursts during austral fall and winter. Connections
between the various characteristics of the easterly wind bursts and the SPO′NP
JJA warrant further
investigation.
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