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Abstract Observational and modeling studies show that the relative frequency of El Niño and La Niña
varies in association with El Niño–Southern Oscillation (ENSO)‐like tropical Pacific decadal variability
(TPDV), but the causality of the linkage remains unclear. This study presents evidence that ENSO‐like TPDV
affects the frequency of ENSO events, particularly of El Niño, through a set of climate model experiments.
During the positive phase of TPDV, tropical Pacific warming relative to the Indian and Atlantic Oceans
increases the occurrence of anomalous westerly winds over the western equatorial Pacific in late boreal
winter‐spring, triggering more El Niño and fewer La Niña events. The opposite happens for the negative
TPDV phase. The La Niña frequency is also influenced by oceanic adjustments following El Niño, which
tends to counteract the effect of wind changes. Themean state control of ENSO offers a potential opportunity
for decadal predictions of climate extremes.

Plain Language Summary Previous research shows that El Niño occurs more frequently than La
Niña during decades when the tropical Pacific becomes warmer across the basin, and vice versa. However, it
is not clear whether changes in the baseline conditions of the tropical Pacific are the cause or the effect
of changes in the frequency of El Niño and La Niña. Using a set of climate model experiments, this study
presents the evidence for the former case. In particular, basin‐wide warming and cooling of the tropical
Pacific are shown to strongly affect the frequency of El Niño by modulating surface winds over the western
equatorial Pacific, which play an important role in triggering El Niño. The baseline conditions have less
impact on the frequency of La Niña, for which slow oceanic processes are also important. These results may
help to predict long‐term changes in climate extremes over the regions strongly affected by El Niño and
La Niña.

1. Introduction

The El Niño–Southern Oscillation (ENSO) arises from ocean‐atmosphere interactions in the tropical Pacific
and affects global weather patterns via atmospheric teleconnections (e.g., Alexander et al., 2002; Deser et al.,
2017; McPhaden et al., 2010; Neelin et al., 1998; Timmermann et al., 2018; Trenberth et al., 1998). Previous
studies suggest that many aspects of the ENSO vary on decadal‐interdecadal time scales in association with
changes in tropical Pacific mean climate (e.g., An & Jin, 2004; An & Wang, 2000; Ashok et al., 2007; Choi
et al., 2012; Chung & Li, 2013; Guan & McPhaden, 2016; Hu & Fedorov, 2018; Kiem et al., 2003; Levine
et al., 2017; Ogata et al., 2013; Trenberth & Hoar, 1996; Wang, 1995; Wittenberg, 2015; Ye & Hsieh, 2006).
In particular, the amplitude, spatial pattern, frequency, and other properties of ENSO apparently changed
in the late 1970s and 1990s with the regime shifts of ENSO‐like tropical Pacific decadal variability (TPDV)
that occurs as part of the interdecadal Pacific oscillation (IPO; Power et al., 1999). However, there is no con-
sensus on what properties of ENSO vary with the IPO and what are the physical mechanisms of the linkages.
For instance, some studies show that the ENSO amplitude is not significantly correlated with the IPO in
observations (Yeh & Kirtman, 2005) and paleoclimate reconstructions (McGregor et al., 2010).

Observational evidence suggests that El Niño events become more frequent than La Niña events during the
positive phase of IPO, and vice versa (Kiem et al., 2003; Verdon & Franks, 2006). This decadal variability in
the relative frequency of El Niño and La Niña has been overlooked in previous studies, but recent modeling
studies show that this is a robust feature of ENSO modulation that occurs with ENSO‐like TPDV (Lin et al.,
2018; Okumura, Sun & Wu, 2017). Okumura, Sun, and Wu (2017) suggest that ENSO‐like TPDV affects the
frequency of El Niño and La Niña events by modulating surface winds over the western equatorial Pacific.
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However, it is difficult to determine the causality of their linkage, because decadal variations in ENSO prop-
erties may also leave a footprint on the mean state. In this study, we investigate the impact of ENSO‐like
TPDV on ENSO through a set of climate model experiments forced with surface heat flux anomalies asso-
ciated with TPDV.

The rest of the paper is organized as follows. Section 2 describes the model experiments and definition of
ENSO events. The simulated changes of ENSO properties and the associated atmospheric and oceanic
mechanisms are reported in section 3. Section 4 provides summary and discussion.

2. Methodology

Themodel experiments are conducted with the Community Climate SystemModel Version 4 (CCSM4; Gent
et al., 2011). The atmospheric component has a horizontal resolution of 0.9° latitude × 1.25° longitude with
26 levels in the vertical. The oceanic component has longitudinal spacing of 1.13° and latitudinal spacing
varying from 0.27° at the equator to 0.65° at 60°N/S with 60 levels in the vertical. The CCSM4 simulates sali-
ent features of observed tropical Pacific mean climate and variability, including the asymmetry between El
Niño and La Niña and diversity in the spatial patterns of ENSO sea surface temperature (SST) anomalies
(Bellenger et al., 2014; Capotondi, 2013; Deser et al., 2012). Importantly, the relative frequency of El Niño
and La Niña varies with ENSO‐like TPDV in a 1300‐year preindustrial control simulation of CCSM4 (here-
after CCSM4‐CTL; Okumura, Sun, &Wu, 2017). As in observations, ENSO‐like TPDV in CCSM4‐CTL arises
as the leading empirical orthogonal function of 10‐year low‐pass‐filtered SST variability in the tropical
Pacific (20°S to 20°N, 120°E to 80°W; TPDV1; Figure 1a).

To examine the impact of ENSO‐like TPDV on ENSO, we prescribe annual mean oceanic and atmospheric
forcing associated with TPDV1 in CCSM4 (QF; Figure 1b). Following Xie et al. (2010), QF is assumed to be in
balance with Newtonian damping arising from temperature dependence of evaporation and estimated as

QF ¼ L

RvT
2 QLHT

′;

where T is SST, QLH upward latent heat flux, L latent heat of evaporation, and Rv gas constant for water
vapor, and the overbar and prime denote the climatology and anomaly, respectively. The SST anomaly asso-
ciated with TPDV1 (T′) is obtained by regressing 10‐year low‐pass‐filtered SST on the leading principal com-
ponent (PC1). QF is added to net surface heat flux in the tropical Pacific (linearly damped between 20–28°
N/S) when the atmosphere is coupled to the ocean once a day.

We conduct two sets of experiments using QF for positive and negative two standard deviations of PC1
(TPDV1‐P and TPDV1‐N experiments). Both experiments consist of three ensemble members of 100‐year
simulations initialized with oceanic and atmospheric conditions from different years of the CCSM4‐CTL.
The surface heat flux forcing is sufficient to induce small changes in time mean SST in the tropical Pacific
(up to ~0.3 °C) but does not cause model drifts. Aside from adding constant surface heat flux forcing, the
ocean and atmosphere are fully coupled to generate the ENSO. Additional sets of experiments are conducted
using QF for positive and negative one standard deviation of PC1. The results are generally consistent with
the TPDV1‐P/N experiments, despite weaker response of the mean state and ENSO (Figures S1 and S2 in the
supporting information).

We analyze the entire 100 years of the TPDV1‐P/N experiments, although it takes about a decade for the
equatorial ocean to adjust to surface heat flux forcing in the tropical Pacific (Sun & Okumura, 2019).
Ocean‐atmosphere anomalies in the TPDV1‐P/N experiments are calculated relative to the climatology of
the last 500 years of CCSM4‐CTL. El Niño and La Niña events are defined when SST anomaly averaged in
the Niño‐3.4 region (5°N to 5°S, 170°W to120°W; hereafter the Niño‐3.4 index) in December is greater than
one standard deviation (1.26 °C) and less than minus one standard deviation (−1.26 °C), respectively. If the
Niño‐3.4 index satisfies the criterion for consecutive years, it is counted as a single event. Note that the Niño‐
3.4 index and ENSO anomalies include the forced response in the TPDV1‐P/N experiments. We choose not
to remove the forced response in the analysis of ENSO because of their strong interactive nature. Our choice
is also relevant to real time observations, for which TPDV and ENSO cannot be distinguished. Further dis-
cussion is given on this issue in section 4. The statistical significance of ENSO changes in the TPDV1‐P/N
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experiments is tested using a Monte‐Carlo approach based on the CCSM4‐CTL or a two‐tailed Student's t
test. The main conclusions of this study are not affected by excluding the first decade of the experiments
or by modifying the definition of ENSO events.

3. Results

Although the surface heat flux forcing is applied only to the tropical Pacific in the TPDV1‐P/N experiments,
the annual mean ocean‐atmosphere response exhibits global patterns, indicative of the role of atmospheric
teleconnections (Figures 1c and 1d). For instance, the North Pacific shows SST anomalies opposite to those
in the tropical Pacific in association with changes in the Aleutian low. The tropical Indian and Atlantic
Oceans show SST anomalies of the same sign as in the tropical Pacific but with smaller amplitude. The global
anomaly patterns closely resemble those associated with TPDV1 in CCSM4‐CTL (Figure 1a). In addition to
surface climate, the equatorial Pacific thermocline shoals and deepens in the TPDV1‐P and TPDV1‐N experi-
ments, respectively, due to Sverdrup transport induced by atmospheric circulation anomalies over the tropi-
cal South Pacific (Figures 1e and 1f). The resultant subsurface ocean temperature anomalies act to weaken
the forced mixed layer temperature anomalies through vertical temperature advection, especially in the cen-
tral eastern equatorial Pacific where the thermocline is shallow. The annual mean ocean‐atmosphere
response is consistent among all ensemble members with small variations in the amplitude (Figure S3).

Figure 1. (a) Global ocean‐atmosphere anomaly patterns associated with TPDV1 in CCSM4‐CTL. Surface temperature
(shading; °C) and sea level pressure (SLP; contours at intervals of 0.1 hPa) anomalies are regressed onto the standar-
dized PC1. (b) Surface heat flux forcing (Wm−2) used in the TPDV1‐P experiment. The same forcing but with the opposite
sign is used for the TPDV1‐N experiment. (c–f) Ensemble mean annual response of (c, d) global surface temperature
(shading; °C) and SLP (contours at intervals of 0.1 hPa) and (e, f) equatorial Pacific (3°N to 3°S) ocean potential tem-
perature (shading; °C) in (c, e) the TPDV1‐P and (d, f) TPDV1‐N experiments. The white lines in (e) and (f) denote the
climatological isopycnal σθ = 25.5 kg m−3 that approximates the thermocline depth in CCSM4‐CTL.
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The tropical Pacific ocean‐atmosphere response shows distinct seasonality despite the constant forcing
(Figures S4 and S5). In particular, equatorial SST anomalies peak in boreal winter and weaken from spring
to summer, concurrently with eastward propagation of opposite subsurface ocean temperature anomalies.
This seasonal propagation of subsurface temperature anomalies is associated with weakening of equatorial
zonal wind anomalies in spring. The equatorial zonal wind anomalies retreat to the south of the equator in
spring and expand into the tropical North Pacific in summer, following the seasonal migration of the inter-
tropical convergence zone. Sun and Okumura (2019) suggest that zonal momentum advection by cross‐
equatorial winds plays an important role in the seasonality of equatorial zonal wind anomalies associated
with TPDV.

Figure 2 compares ENSO properties in the TPDV1‐P/N experiments with those in the CCSM4‐CTL. The time
series of the Niño‐3.4 index clearly show that El Niño becomes more frequent than La Niña in the TPDV1‐P
experiment (Figure 2a) and La Niña becomes more frequent than El Niño in the TPDV1‐N experiment
(Figure 2b). These changes in the relative frequency of El Niño and La Niña are consistent with previous stu-
dies (Kiem et al., 2003; Lin et al., 2018; Okumura, Sun, & Wu, 2017; Verdon & Franks, 2006). Compared to
the CCSM4‐CTL, all three members of the TPDV1‐P experiment have significantly more El Niño events and
fewer La Niña events (Figures 2c and 2d). Two out of three members of the TPDV1‐N experiment have sig-
nificantly fewer El Niño events, but there is no apparent change in the number of La Niña events (Figures 2e
and 2f). Although the analysis of CCSM4‐CTL indicates that the frequency of multiyear El Niño events

Figure 2. (a, b) Time series of the Niño‐3.4 index (°C) in three ensemble members of (a) the TPDV1‐P and (b) TPDV1‐N
experiments. Dashed lines denote mean changes in individual ensemble members. The numbers at the upper (lower) right
corners indicate the numbers of El Niño (La Niña) events in individual ensemble members. (c–f) The numbers of (c, e) El
Niño and (d, f) La Niña events in individual ensemble members of the (c, d) TPDV1‐P and (e, f) TPDV1‐N experiments
(colored lines) compared to the histograms (%) based on 401 overlapping 100‐year segments of the CCSM4‐CTL (gray
bars). The solid (dashed) lines indicate that the numbers of events in the experiments are outside (within) the 5–95%
confidence intervals in the CCSM4‐CTL. (g–j) Histograms (%) of (g, i) El Niño and (h, j) La Niña event duration in the (g, h)
TPDV1‐P and (i, j) TPDV1‐N experiments (colored lines) and CCSM4‐CTL (gray bars). The duration of El Niño (La Niña)
event is defined as the number of months for which the Niño‐3.4 index remains above 0.25 (below −0.25) standard
deviations of the monthly Niño‐3.4 index after December of the first year. The error bars indicate the 5–95% confidence
intervals in the CCSM4‐CTL based on 1,000 randomly selected three 100‐year segments.
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increases during the positive phase of TPDV1 (Okumura, Sun, & Wu, 2017), the duration of ENSO events
does not change significantly in the TPDV1‐P/N experiments (Figures 2g–2j). Neither does the ENSO
amplitude, measured by standard deviation of the monthly Niño‐3.4 index, change significantly in these
experiments (not shown).

In both TPDV1‐P/N experiments, the frequency of El Niño appears to be more sensitive to the mean state
changes than the frequency of La Niña. This asymmetric modulation of El Niño and La Niña frequency
may result from their different onset mechanisms. In the CCSM4‐CTL, 96% of El Niño events develop from
a neutral condition in the previous year, whereas 44% of La Niña events are preceded by El Niño (Table S1).
The El Niño frequency changes in the TPDV1‐P/N experiments come from the number of events developing
from a neutral condition. The number of La Niña events developing from a neutral condition also decreases
and increases in the TPDV1‐P and TPDV1‐N experiments, respectively. In the TPDV1‐N experiment, how-
ever, this change is largely canceled out by a decrease in the number of La Niña preceded by El Niño, result-
ing in no apparent change in the total number of La Niña events. Thus, the frequency of La Niña is also
controlled by the frequency of El Niño and attendant discharge of the equatorial oceanic heat content.

What causes the changes in the frequency of El Niño and La Niña events in the TPDV1‐P/N experiments? In
the CCSM4‐CTL, the development of ENSO events tends to follow the emergence of surface zonal wind
anomalies over the western equatorial Pacific in late boreal winter‐spring and subsequent displacement of
the thermocline in the eastern equatorial Pacific (Figure S6a). The same mechanism works in the TPDV1‐
P/N experiments and western Pacific zonal wind in February–April is strongly correlated with sea surface
height (SSH; used as a proxy of the thermocline depth) in the eastern Pacific in March–May (r = 0.8) and
the Niño‐3.4 index in December (r = 0.64) of the same year (Figures 3a and 3b). Compared to the TPDV1‐

Figure 3. (a, b) Scatterplots of February–April surface zonal wind anomalies in the western equatorial Pacific (5°N to 5°S,
130ºE to180°E) versus March–May SSH anomalies in the eastern equatorial Pacific (3°N to 3°S, 150ºW to80°W) for (a) the
TPDV1‐P and (b) TPDV1‐N experiments. The colors of dots indicate the values of the December Niño‐3.4 index in the
same year. All indices are standardized based on the mean and standard deviation of the same indices in the CCSM4‐CTL.
The numbers in the upper right and lower left corners indicate the numbers of points in these quadrants. (c–f) Maps of
February–April mean changes in (c, e) SST (shading; °C) and ΔT (contours at intervals of 0.05 °C; negative contours
dashed and zero contours omitted) and (d, f) precipitation (shading; mm day−1) and surface wind (vectors; m s−1) in (c, d)
the TPDV1‐P and (e, f) TPDV1‐N experiments.
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N experiment, the TPDV1‐P experiment shows more years of positive wind and SSH anomalies and fewer
years of negative wind and SSH anomalies.

The surface wind anomalies leading to ENSO event development are, in turn, associated with anomalous
interbasin SST contrast between the tropical Pacific and Indian/Atlantic Oceans in the CCSM4‐CTL
(Figure S6b). In the TPDV1‐P experiment, mean SST increases over all tropical oceans during late boreal
winter‐spring, but the Pacific warms more than the Indian and Atlantic Oceans (Figure 3c). In the
TPDV1‐N experiment, the Pacific cools more than the Indian and Atlantic Oceans (Figure 3e). These mean
changes in the interbasin SST contrast are comparable to those associated with ENSO event development in
CCSM4‐CTL (Figure S7). Over the tropical oceans, SST controls the atmospheric instability and convection
tends to occur where SST exceeds the tropical mean value (Johnson & Xie, 2010). Here we define a positive
SST deviation from the tropical mean value as

ΔT ¼ T−T*
� �

H T−T*
� �

;

where T* is the tropical mean SST and H is the Heaviside function (Okumura, 2019). The pattern of ΔT
anomalies explains the pattern of mean precipitation changes and associated surface winds in the TPDV1‐
P/N experiments (Figures 3c–3f). In the TPDV1‐P experiment, the relative warming of the tropical Pacific
increases precipitation over the central eastern Pacific and drives westerly winds over the western Pacific,
leading to the increased frequency of El Niño. The TPDV1‐N experiment shows opposite precipitation and
wind changes.

It is noted that the patterns of mean precipitation changes are not perfectly symmetric between the two
experiments and the TPDV1‐N experiment shows a more meridional dipole pattern in the tropical Pacific.
This asymmetry likely results from the presence of the equatorial Pacific cold tongue, which makes the cool-
ing in the TPDV1‐N experiment less effective in producing ΔT anomalies than the warming in the TPDV1‐P
experiment. The associated wind changes show smaller zonal components over the western equatorial
Pacific in the TPDV1‐N than the TPDV1‐P experiment, and this may explain why the TPDV1‐N experiment
exhibits less significant changes in the frequency of El Niño and La Niña (Figures 2c–2f). The meridional
dipole pattern of ocean‐atmosphere anomalies in this experiment may be further amplified by thermody-
namic air‐sea interactions as suggested by Xie et al. (2018).

To understand why the duration and amplitude of ENSO events do not change significantly in the TPDV1‐P/
N experiments, we compare the composite seasonal evolution of Niño‐3.4 SST anomalies for El Niño and La
Niña between the TPDV1‐P/N experiments and CCSM4‐CTL (Figure 4). The differences in the composite
evolution are further decomposed into mean state changes and residuals that represent the impact of mean
state changes on the ENSO dynamics. Neither experiment shows a significant change in the total seasonal
evolution of El Niño and La Niña, except that La Niña is preceded by larger positive SST anomalies in the
TPDV1‐P experiment due to the increased fraction of La Niña preceded by El Niño (Table S1). The lack of
changes in the seasonal ENSO event evolution in both experiments results from competing effects of mean
state changes and their impacts on the ENSO dynamics. For example, the mean SST warming in the TPDV1‐
P experiment is largely counteracted by reduced El Niño warming and enhanced La Niña cooling
(Figures 4e–4h), which are mostly caused by the mean thermocline shoaling (Figure 1e) and associated
negative vertical ocean heat transport anomalies (Figure S8). Similarly, the mean SST cooling in the
TPDV1‐N experiment is counteracted by enhanced El Niño warming and reduced La Niña warming caused
by the mean thermocline deepening (Figure 1f) and associated positive vertical ocean heat transport anoma-
lies (Figure S8). Thus, the equatorial thermocline adjustments act as negative feedback to changes not only
in the mean state but also in the ENSO event evolution. These effects, however, are not strong enough to
interrupt the development of ENSO events caused by surface winds changes over the western Pacific.

4. Summary and Discussion

Based on a suite of CCSM4 experiments, we show that mean state changes associated with ENSO‐like TPDV
modulate the relative frequency of El Niño and La Niña events. During the positive phase of TPDV, tropical
Pacific warming relative to the Indian and Atlantic Oceans increases atmospheric deep convection over the
central eastern Pacific in late boreal winter‐spring. The associated increase in the occurrence of westerly
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wind anomalies over the western equatorial Pacific leads to the development of more El Niño and fewer La
Niña events. Conversely, tropical Pacific cooling during the negative phase of TPDV leads to the
development of more La Niña and fewer El Niño events. The frequency of La Niña events is, however,
also affected by changes in the frequency of El Niño and attendant oceanic adjustments, which tends to
counteract the effects of wind changes. There are no significant changes in the duration and amplitude of
ENSO events in these experiments due to competing effects of forced changes in mean SST and
equatorial thermocline.

Changes in the frequency of ENSO events are closely related to changes in the tropical Pacific mean state in
the TPDV1‐P/N experiments. The TPDV1‐P experiment, however, shows a significant increase of El Niño
frequency even when ENSO events are defined based on the climatology of the experiment (Figure S9).
Further research is needed to understand the nonlinear relationship between mean state and El Niño.
One possible mechanism is state‐dependent wind stress noise in the western equatorial Pacific (Hayashi &
Watanabe, 2017; Kug et al., 2008; Levine & Jin, 2017; Thual et al., 2016). Westerly wind bursts and their east-
ward propagation, which affect the onset and growth of El Niño, exhibit dependency on the background
SSTs. The relative warming of the tropical Pacific in the TPDV1‐P experiment not only changes mean wind
but may also enhance the state‐dependent noise.

The changes in the relative frequency of El Niño and La Niña events simulated in our experiments are con-
sistent with ENSOmodulations associated with the IPO in observations (Kiem et al., 2003; Verdon & Franks,

Figure 4. (a, b) Composite evolution of Niño‐3.4 SST anomalies for (a) El Niño and (b) La Niña in the TPDV1‐P (red)
and TPDV1‐N (blue) experiments and CCSM4‐CTL (gray). The average numbers of El Niño and La Niña events per
100 years are indicated in the lower right. (c–h) Differences in (c) the El Niño and (d) La Niña composites between the
TPDV1‐P/N experiments and CCSM4‐CTL (red/blue). These differences are further decomposed into (e, f) changes in the
mean state and (g, h) residuals. The shading in (d) indicates where the TPDV1‐P composite is significantly different
from the CCSM4‐CTL composite at the 95% confidence level based on a two‐tailed Student's t test.
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2006) and climate models (Lin et al., 2018; Okumura, Sun, & Wu, 2017). Since changes in the ENSO event
frequency would in turn induce ENSO‐like mean state changes, previous studies could not distinguish the
cause and effect. Our study provides the evidence that ENSO‐like TPDV affects the ENSO event
frequency. The effect of TPDV on the duration and amplitude of ENSO events may be underestimated in
our experiments, in which the equatorial thermocline equilibrates with surface wind changes driven by
surface heat flux forcing. Previous studies show that it takes up to a decade for the equatorial thermocline
to adjust to surface wind changes associated with TPDV, which may lead to the phase reversal of TPDV in
observations and unforced model simulations (Chang et al., 2001; Giese, 2002; Hasegawa et al., 2007; Luo
et al., 2003; Luo & Yamagata, 2001; Sun & Okumura, 2019; Tatebe et al., 2013).

The findings of this study have important implications for decadal predictions of climate extremes over the
regions strongly affected by the ENSO. For example, more frequent La Niña events would increase the occur-
rence of drought in the southern and western US (e.g., Cook et al., 2007; Dai et al., 1998; Okumura DiNezio,
& Deser, 2017; Seager & Hoerling, 2014), while more frequent El Niño events would increase the occurrence
of drought in northern and eastern Australia (e.g., Allan, 1988; McBride & Nicholls, 1983; Ropelewski &
Halpert, 1987) and southern Africa (e.g., Lindesay, 1988; Ogutu & Owen‐Smith, 2003). Knowing the poten-
tial changes in ENSO statistics in the coming decades is critical for agricultural and water resource planning
(Anderson et al., 2017, 2018; Iizumi et al., 2014). The current generation of climate models, however, has
lower decadal predictive skills in the central tropical and North Pacific compared to the North Atlantic
and Indian Oceans (e.g., Guemas et al., 2012; Kim et al., 2012; Meehl et al., 2014; Meehl & Teng, 2014;
Newman, 2013; van Oldenborgh et al., 2012). The lack of predictive skills may result from insufficient under-
standing of both the IPO and its relation to the ENSO. Our model experiments suggest strong interactions
between the IPO and ENSO, which could help sustain the phase of IPO, whereas the delayed oceanic adjust-
ments provide a negative feedback. These mechanisms need to be validated further in observations before
we could improve our decadal climate predictions.
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