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Abstract
The tropical Pacific exhibits decadal El Niño-Southern Oscillation (ENSO)-like variability, characterized by meridionally 
broad sea surface temperature anomalies in the eastern Pacific. In this study, we focus on the variability in the equatorial 
Pacific band (5°S–5°N), termed equatorial Pacific decadal variability (EPDV). While it is known that ocean dynamics plays 
an essential role in EPDV, the simulations by air-sea thermodynamically coupled slab ocean models (SOM) obscure the nature 
of the role of ocean dynamics. To confront this issue, we use a mechanically decoupled simulation, which isolates the effects 
of thermodynamic coupling processes and mean ocean circulation on EPDV. Thus, by comparing the simulation to a SOM, 
we investigate the role of mean ocean circulation and show that it plays a role in damping EPDV, primarily through mean 
equatorial Pacific upwelling. By comparing the simulation to a fully coupled dynamic ocean model (DOM), we examine 
the role of anomalous wind-driven ocean circulation and demonstrate that it plays a role in amplifying EPDV. Further, this 
amplification strength overwhelms the upwelling damping effect, resulting in the anomalous wind-driven ocean circulation 
forcing EPDV. Finally, we examine the origin of EPDV in the DOM and show that it originates from a zonal dipole mode in 
the tropical Pacific, which is strongly associated with decadal modulation of ENSO amplitude. Taking EPDV as an exam-
ple, our study advances the understanding of the two distinct dynamical systems (SOM and DOM), benefiting the physical 
interpretation of other climate variabilities.
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1 Introduction

In the tropical Pacific (~ 30°S–30°N), El Niño-Southern 
Oscillation (ENSO) is the dominant mode of ocean–atmos-
phere coupled variability on interannual timescales, with 
strong amplitude in the equatorial Pacific (5°S–5°N) sea 
surface temperature anomalies (SSTAs; Timmermann et al. 
2018). Additionally, the tropical Pacific also exhibits pro-
nounced ENSO-like variability on decadal timescales, but 
with meridionally broader SSTAs in the eastern Pacific 
(Zhang et al. 1997), referred to as tropical Pacific decadal 
variability (TPDV; Power et al. 2021). TPDV in the north 
and south of extra-equatorial Pacific manifest as decadal 
variability of the North and South Pacific Meridional Mode 
(NPMM and SPMM), respectively (Liu et al. 2019; Zhang 
et al. 2021). While decadal variability of both NPMM and 
SPMM was suggested to be generated mainly by North and 
South Pacific atmospheric forcing, respectively (Zhang et al. 
2021), the mechanism of TPDV in the equatorial Pacific, 
the variability referred to as equatorial Pacific decadal 
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variability (EPDV) in this study, is under debate (Okumura 
2013; Zhang et al. 2014a; Power et al. 2021). Therefore, we 
focus on EPDV in the rest of this study.

A number of studies suggested that EPDV is generated 
by ocean–atmosphere dynamic coupling, with interactive 
ocean dynamical processes involved (Power et al. 2021). 
One school of notions argued that EPDV is the residual 
of dynamic coupled ENSO variability, known as the null 
hypothesis (Vimont 2005; Power and Colman 2006). Addi-
tionally, EPDV was also suggested to be interacted with 
ENSO variability (Chang et al. 2007; Choi et al. 2009, 2012, 
2013; Di Lorenzo et al. 2015). Specifically, EPDV can be 
generated by the nonlinearities of ENSO in amplitude and 
spatial pattern that rectify into the tropical Pacific mean state 
(Timmermann et al. 2003; Watanabe and Wittenberg 2012; 
Ogata et al. 2013; Sun et al. 2014; Hua et al. 2015; Kim 
and Kug 2020). The mean state changes, in turn, can also 
change ENSO characteristics (Cobb et al. 2003; An 2009; 
Sun and Yu 2009; Li et al. 2011). Therefore, EPDV and 
ENSO variability form a two-way interactive feedback (Choi 
et al. 2009; Sun and Yu 2009).

In contrast, other schools suggested that EPDV originates 
from decadal-scale dynamic coupling processes in the tropi-
cal Pacific. For example, oceanic Rossby waves excited by 
the extra-equatorial Pacific wind stress curl anomalies prop-
agate westward, reaching at the western boundary and turn-
ing to coastally and then equatorially trapped Kelvin waves, 
which propagate eastward and affect the depth of the equato-
rial thermocline, thereby impacting SSTAs (Capotondi and 
Alexander 2001; Meehl and Hu 2006). Additionally, changes 
in the strength of the subtropical-tropical cells affected by 
wind stress anomalies will alter the strength of equatorial 
Pacific upwelling, thus EPDV (McPhaden and Zhang 2002; 
Capotondi et al. 2005; Graffino et al. 2019). Apart from the 
abovementioned mechanisms of EPDV that originate from 
the tropical Pacific, some studies proposed that EPDV can 
be generated from extra-tropical Pacific variability (Barnett 
et al. 1999; Pierce et al. 2000; Luo and Yamagata 2001; 
Dommenget and Latif 2008; Liguori and Di Lorenzo 2019; 
Sun and Okumura 2019; Zhao and Di Lorenzo 2020; Yang 
et al. 2021). For instance, some of the studies suggested that 
EPDV mostly originates from the South Pacific (Luo and 
Yamagata 2001; Tatebe et al. 2013; Liguori and Di Lorenzo 
2019; Sun and Okumura 2019) because of the northward 
displaced Intertropical Convergence Zone (ITCZ), which 
facilitates ocean–atmosphere thermodynamic and dynamic 
coupling processes from the South Pacific to affect EPDV 
(Zhang et al. 2014b; Sun and Okumura 2019). All the EPDV 
mechanisms mentioned above can be simulated by the 
atmosphere coupled with dynamic ocean models (DOM). 
The simulated EPDV with extra-equatorial Pacific SSTAs 
exhibit symmetric pattern about the equator, similar to that 
seen in observations (Power et al. 2021).

EPDV, however, can also be simulated by the atmosphere 
coupled with slab ocean models (SOM), in which the ocean 
is motionless and thus only air-sea thermodynamic coupling 
processes affect SSTAs (Clement et al. 2011; Okumura 
2013; Zhang et al. 2014a). EPDV in SOM is suggested to be 
originated from the subtropical southeastern Pacific, where 
the SSTAs are stochastically forced by South Pacific atmos-
pheric variability (Okumura 2013; Zhang et al. 2014a). The 
initiated SSTAs then propagate northwest onto the equator 
via the wind-evaporation-SST (WES) feedback (Xie and 
Philander 1994). The simulated EPDV and associated extra-
equatorial Pacific SSTAs exhibit asymmetric structure about 
the equator—much stronger in the southeastern Pacific—a 
pattern distinct from that in observations and DOM (Oku-
mura 2013; Zhang et al. 2014a).

The distinct pattern suggests that ocean dynamics is 
essential in shaping the EPDV-associated SSTA pattern, 
which has been pointed out in previous studies (Clement 
et al. 2011; Power et al. 2021). It remains unclear, however, 
what role ocean dynamics plays in EPDV, giving rise to 
the simulations by the two distinct complexities of coupled 
model experiments (i.e., SOM and DOM). This ambiguity 
may arise from the gap in the dynamical framework between 
SOM and DOM (Larson et al. 2018a). In DOM, both mean 
and anomalous ocean circulation driven respectively by 
mean and anomalous wind stress impact SSTAs. Therefore, 
isolating their individual role in EPDV may help to unravel 
the ambiguity.

To do so, in this study we used a mechanically decou-
pled experiment, named Clim-� , in which ocean–atmosphere 
dynamic coupling in the tropical Pacific was disengaged by 
prescribing climatological wind stress (Zhang et al. 2021). 
By this design, the effect of anomalous ocean circula-
tion driven by the anomalous wind stress on SSTAs was 
removed. Consequently, the Clim-� partly fills the dynamical 
gap between SOM and DOM. By comparing SOM to the 
Clim-� , we explored the role of mean ocean circulation in 
EPDV; by comparing the Clim-� to DOM, we investigated 
the role of anomalous wind stress-driven ocean circulation 
in EPDV. We found that the former plays a role in damping 
EPDV, mainly through mean equatorial Pacific upwelling, 
while the latter plays a role in amplifying the EPDV. Fur-
ther, by performing mixed-layer heat budget analysis, we 
demonstrated that anomalous ocean circulation is the driver 
of EPDV. Our study advances the understanding on the simi-
larity in EPDV between the two distinct dynamical systems 
(SOM and DOM) by virtue of the Clim-� , with potential 
implications for understanding the role of ocean dynamics 
in other climate variabilities and ocean basins.

The rest of the paper is organized as follows. Section 2 
introduces the model configurations of SOM, the Clim-� , 
and DOM, as well as the definition of EPDV and a mixed-
layer heat budget analysis. Section 3 presents the results of 



2519Role of ocean dynamics in equatorial Pacific decadal variability  

1 3

how mean ocean circulation and anomalous wind-driven 
ocean circulation play the roles in damping and amplifying 
EPDV, respectively. Subsequently, the heat budget analy-
sis will be used to identify the key oceanic feedback pro-
cesses driving EPDV. The origin of EPDV will be explored 
based on DOM in Sect. 4. Section 5 is the summary with 
discussions.

2  Data and methods

2.1  A hierarchy of coupled model experiments

The Clim-� and DOM experiments were based upon the 
Geophysical Fluid Dynamic Laboratory coupled model 
version 2.1 (CM2.1; Delworth et al. 2006). The model con-
sists of the atmospheric model version 2.1 (AM2.1) with a 
horizontal resolution of 2.5° longitude × 2° latitude and the 
Modular Ocean Model version 4.1 with a horizontal resolu-
tion of 1° longitude × 1° latitude poleward of 30°. The lati-
tudinal resolution equatorward of 30° in the ocean model 
gets gradually finer to 1/3° at the equator. All model outputs 
were monthly mean data.

For SOM, we used a motionless, constant-depth slab 
ocean coupled with AM2.1 (Stouffer et al. 2006), which 
only simulates air-sea thermodynamic coupling processes 
affecting SSTAs. The output of the SOM was directly avail-
able from the NOAA GFDL database (see data availability). 

The length of the SOM experiment was 100 years; mixed 
layer depth (MLD) was fixed at 50 m globally. Although the 
simulation length of the SOM may be short, the SOM was 
still sufficient to investigate EPDV, as EPDV in the SOM 
is the most dominant decadal variability in the equatorial 
Pacific SSTAs (89.5% explained variance) and statistically 
significant at the 95% confidence level (Fig. 2a).

For the Clim-� , we prescribed wind stresses over the trop-
ical Pacific with daily climatological values obtained from a 
1000 year DOM (described below). The prescribed region is 
15°S–15°N with 10° buffer zone north and south where the 
simulated and prescribed wind stresses are blended, with the 
weight linearly tapering off (see Fig. 1 in Zhang et al. 2021). 
In order to suppress tiny day-to-day fluctuations that remain 
in the 1000 year climatology, the prescribed wind stress had 
been weakly smoothed temporally by removing the annual 
harmonics higher than 18 (corresponding to a frequency of 
about (20 days)–1). This Clim-� experiment is the same as 
mechanically decoupling the DOM (Larson and Kirtman 
2015; Larson et al. 2018a, b), except that only the tropical 
Pacific is mechanically decoupled. One should note that in 
the tropical Pacific, air-sea thermodynamic coupling pro-
cesses are still retained, since wind speed and thereby turbu-
lent heat flux can vary. In addition, although the anomalous 
wind stress-driven ocean circulation is removed, the anoma-
lous ocean circulation driven by buoyancy (thermodynamic 
and freshwater flux) forcing still exists. Furthermore, other 
ocean processes, such as mixing, diffusion, and entrainment, 

Fig. 1  Standard deviations (shading; °C) of 8  year low-pass filtered 
monthly ocean temperature anomalies in the equatorial Pacific (5°S–
5°N meridionally averaged) in the (a) Clim-τ and (b) DOM. Black 

contours denote climatological 20  °C isotherm in the Clim-τ and 
DOM, respectively
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were also simulated. Outside the tropical Pacific, the ocean 
and atmosphere are fully coupled and free to evolve. The 
Clim-� experiment was branched off at year 501 from the 
DOM simulation (thus the initial condition was already in 
a near-equilibrium state) and integrated for 310 years, and 
only the last 300 years were analyzed, since the truncation 
of the first 10 years ensures the ENSO signal to dissipate. It 
is worth noting that MLD in the Clim-� varies in both space 
and time, distinct from the 50-m constant MLD in the SOM. 
The Clim-� experiment was used for investigating decadal 
variability of NPMM and SPMM without equatorial Pacific 
influence in Zhang et al. (2021). Moreover, the simulation 
length of the experiment can also be sufficient to statistically 
(at the 95% confidence level) examine EPDV in this study 
(Fig. 2b). More details on the Clim-� configuration can be 
referred to Zhang et al. (2021).

Finally, we integrated a 1000 year DOM, which includes 
both buoyancy and dynamic coupling globally. For the 
dynamic coupling, DOM contains the effects of both mean 
and anomalous wind-driven ocean circulations and their 
impact on SSTAs. It also contains other ocean processes, 
such as mixing, diffusion, and entrainment. The long 
1000 year DOM simulation is sufficient to statistically (at 
the 95% confidence level) investigate EPDV (Fig. 2c).

2.2  EPDV definition

We used empirical orthogonal function (EOF) analysis to 
define EPDV. We defined EPDV as the first EOF mode 
(EOF1) of 8 year low-pass filtered monthly SSTAs in the 

equatorial Pacific (5°S–5°N). The EOF analysis based on 
10 year or 20 year low-pass filter does not change the main 
conclusions of this study, although performing the 20 year 
low-pass filtered EOF analysis will derive EPDV as the sec-
ond EOF mode in the DOM, because the variability of the 
EOF1 in the DOM, characterized by a zonal dipole pattern 
and suggested to be related to ENSO amplitude decadal 
modulation (Rodgers et al. 2004; Yeh and Kirtman 2004; 
see Fig. 5a), is stronger than EPDV on longer than 20 year 
timescales.

2.3  A mixed‑layer heat budget analysis

To investigate the role of anomalous ocean circulation in the 
temporal evolution of EPDV, we conducted a mixed-layer 
heat budget analysis in the DOM. The heat budget equation 
is formulated as:

where T  is mixed-layer temperature; Q is net surface heat 
flux; � is the density of seawater, 1022.4 kg  m−3; cp is the 
specific heat of seawater, 3940 J  kg−1 °C−1; u , v , and w are 
zonal, meridional, and vertical velocity, respectively; H is 
MLD, defined as monthly climatology of the depth at which 
the ocean temperature is lower than the 5 m value by 0.5 °C 
(Kim et al. 2007); Ts is SST and Te is the temperature at 
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Fig. 2  EPDV patterns in the 
three experiments. Regres-
sion maps of 8 year low-pass 
filtered monthly SST (shading; 
°C), surface wind (vectors; m 
 s−1), and surface net heat flux 
anomalies (contour interval: 
1 W m.−2; purple is positive 
and blue is negative; downward 
positive) against normalized PC 
time series of EPDV. a SOM, 
b Clim-� (mean upwelling 
velocity is green contour), and c 
DOM. The regressions signifi-
cant at the 95% confidence level 
based on a two-tailed Student’s 
t test are shown only, except 
for the regressed net heat flux, 
which is shown as a whole for 
clarity. In a and b, the surface 
net heat flux anomalies are 
too weak and thus no contour 
appears. The explained variance 
of EPDV for each experiment is 
labeled in the title
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thermocline depth, which is defined as the double of MLD. 
Overbar denotes monthly climatology, and prime denotes 
monthly anomaly departure from the corresponding monthly 
climatology. The subscripts t  , x , and y denote the partial 
derivative of variables with respect to time, zonal, and 
meridional dimension, respectively.

The term on the left-hand side (LHS) of Eq. (1) repre-
sents the tendency of mixed-layer temperature anomaly. 
The first term on the right-hand side (RHS) represents the 
forcing of net surface heat flux anomaly. The second term 
represents upwelling damping, the dominant process in the 
role of mean ocean circulation in EPDV inferred from the 
Clim-� (see Sect. 3); advections of mixed-layer temperature 
anomalies by mean zonal and meridional circulations are 
unimportant inferred from the Clim-� and thus grouped to 
the residual term R . This term also includes oceanic mix-
ing, diffusion, entrainment, sub-monthly ocean dynamical 
processes, and so forth. The third to the last second term on 
the RHS represent the effects of anomalous ocean circula-
tion on mixed-layer temperatures. Note that although the 
term w T

′

e

2H
 is related to the effect of mean vertical motion, it 

represents the effect of anomalous wind-driven ocean circu-
lation as the variability of subsurface temperature anomaly 
T

′

e
 on decadal timescales (> 8 years) is primarily induced 

by anomalous wind-driven ocean dynamics, which can be 
clearly seen from the large standard deviation of subsurface 
temperature decadal variability in the DOM compared to 
that in the Clim-� (Fig. 1). In addition, separating the term 
w

T
′

e

2H
 from total mean vertical advection was typically used 

in most of ENSO studies, representing thermocline feedback 
(e.g., Jin et al. 2006; Santoso et al. 2017).

For the heat budget terms of Eq.  (1) associated with 
zonal and meridional current, we computed them in each 
month and at each grid point and then averaged over MLD 
and over the Niño-4 (160°E–150°W, 5°S–5°N) and Niño-3 
(150°W–90°W, 5°S–5°N) regions (DiNezio et al. 2012; 
Capotondi 2013), respectively. For the heat budget terms of 
Eq. (1) associated with vertical velocity, we took the value 
of vertical velocity at MLD, computed the vertical advection 
terms in each month, at each grid point, and then averaged 
over the Niño-4 and Niño-3 regions, respectively. Finally, 
we performed lead-lag regressions of each 8 year low-pass 
filtered heat budget term against normalized EPDV principal 
component (PC) in the DOM (Figs. 7 and 8).

3  Role of ocean dynamics in EPDV

We explore the roles of mean ocean circulation and anom-
alous wind-driven ocean circulation in EPDV via a step-
by-step comparison among the SOM, Clim-� , and DOM. 
Figure 2 shows the regression maps of 8 year low-pass fil-
tered monthly SST, surface wind, and surface net heat flux 

anomalies against the corresponding normalized EPDV 
PC in each experiment. The results show that in the SOM, 
EPDV exhibits strong SSTAs in the southeast Pacific and 
moderate SSTAs in the northeast Pacific (Fig. 2a). Fur-
ther analysis suggests that this equatorial asymmetry in 
the SSTAs mainly results from the distinct intensification 
of shortwave radiative flux anomaly between the southeast 
and northeast Pacific (Fig. 3); in contrast, the asymme-
try is not attributed to the different strength of the WES 
feedback, which mainly arises from the distinct magnitude 
of climatological latent heat flux (Fig. 3b). The conclu-
sion of the analysis is not affected even if the domains of 
the SSTAs are slightly changed (not shown). The SSTAs 
strongly correlate with surface wind anomalies, which 
are characterized by westerly anomalies over the western 
and central tropical Pacific and cross-equatorial northerly 
anomalies flowing towards the southeast Pacific (Fig. 2a). 
The EPDV pattern in the SOM resembles that simulated 
in other SOMs (Okumura 2013; Zhang et al. 2014a). Pre-
vious studies pointed out that EPDV in SOMs originates 
from the southeast Pacific SSTAs that propagate onto the 
equator primarily through the WES feedback (Zhang et al. 
2014a). Note that on decadal timescales, changes in the 
upper-ocean temperature are in a quasi-equilibrium (i.e., 
all the processes that force SSTAs are quasi-balanced with 
all the damping processes). As a result, net surface heat 
flux anomaly associated with the EPDV in the SOM is 
rather weak (no contours in Fig. 2a) because it is the only 
driver for SSTAs.

Surprisingly, in the Clim-� (Fig.  2b), EPDV-related 
SSTAs are markedly damped. Due to the same thermody-
namic coupling processes as in the SOM, this damping is 
attributed to the effects of mean wind-driven ocean circu-
lation, buoyancy-driven anomalous ocean circulation, and 
other ocean processes (e.g., mixing, diffusion, entrainment). 
To investigate the effect of mean wind-driven ocean circula-
tion on EPDV, we estimate the damping/intensification rate 
of each dimension of mean ocean circulation acting on the 
EPDV-associated SSTAs. The damping/intensification rate 
is computed by the EPDV-associated SSTAs (SSTA pattern 
of Fig. 2a) gradient advected by annual-mean ocean circu-
lation (obtained from the Clim-� ) divided by the EPDV-
associated SSTAs. The result shows that mean ocean cir-
culation plays a role in damping EPDV (within 5°S–5°N; 
Fig. 4d), dominantly attributed to equatorial Pacific mean 
upwelling (green contours in Figs. 2b and 4). The estimated 
damping rate of the mean upwelling on the equator is about 
0.2–0.6  mon−1 (Fig. 4c), indicating its critical role in damp-
ing EPDV. Off the equator, the total effect of 3D mean ocean 
circulation on the EPDV-related SSTAs exhibits both damp-
ing and intensification effects (Fig. 4d). The intensification 
effect, therefore, should be overwhelmed by the stronger 
damping effect from buoyance-driven ocean circulation and 
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other ocean processes (e.g., mixing, diffusion, entrainment), 
resulting in the mostly damped EPDV-related SSTAs off the 
equator in the Clim-� (Fig. 2b).

The dominant damping effect by equatorial Pacific 
mean upwelling, in fact, acts not only on decadal but also 
on inter-decadal to multi-decadal timescales. To illustrate 
this point, we perform power spectrum analysis of monthly 
SSTAs averaged over the Niño-4 plus Niño-3 region in 
each experiment (Fig. 6; note that we only show the result 
longer than 8 years). The SSTAs averaged over this region 
will largely remove the signal of zonal dipole mode in the 
DOM (Fig. 5a) and will represent EPDV in all experiments. 
The result shows that in the SOM, EPDV variance slightly 
increases longer than 8 year period and then stabilizes after 
20 year period (red line in Fig. 6). This relatively stabilized 
EPDV variance longer than decadal timescales reflects a red 
spectrum of ocean mixed layers, which can respond to high-
frequency atmospheric forcing on low frequencies owing 
to the large thermal inertia (Frankignoul and Hasselmann 
1977; Yu and Boer 2006; Clement et al. 2011; Okumura 
2013). EPDV variance in the Clim-τ, in contrast, is sig-
nificantly lower than that in the SOM (blue line in Fig. 6), 

indicating the prominent role of mean upwelling in damp-
ing equatorial Pacific SSTAs on decadal to multi-decadal 
timescales.

Compared to the EPDV in the Clim-� , EPDV is intensi-
fied in the DOM (Fig. 2c), suggesting that anomalous wind-
driven ocean circulation plays a role in amplifying EPDV. 
The strength of this amplification, however, is distinct on 
different timescales (black line in Fig. 6). Specifically, it 
is strong on decadal (8–20 years) timescales, leading to 
the EPDV variance in the DOM significantly larger than 
that in the SOM. In contrast, it becomes insignificantly dis-
tinct from that in the SOM on inter-decadal (> 20 years) 
timescales.

Further, EPDV in the DOM is damped by net surface heat 
flux (blue contours in Fig. 2c). Together with the dynami-
cal damping by equatorial Pacific mean upwelling revealed 
from the Clim-� , EPDV at the mature phase, in the statistical 
sense (i.e., regression analysis), is generated by anomalous 
wind-driven ocean circulation, rather than air-sea thermo-
dynamic coupling as seen in the SOM. Note that we do not 
rule out the possibility that individual EPDV event could 
arise from thermodynamic coupling.

Fig. 3  Equatorial asymmetry of the EPDV-related SSTAs in the 
SOM. a Regressed tropical Pacific 8 year low-pass filtered monthly 
SSTAs (°C) and surface wind anomalies (m  s−1) against normalized 
EPDV PC. Red and blue boxes represent the locations of maximum 
SSTAs off the equatorial Pacific, respectively. b Regressed 8  year 
low-pass filtered surface heat flux anomaly (SH sensible heat; LW 
longwave; SW shortwave; WES WES feedback; W m.−2) against 

normalized 8  year low-pass filtered SSTAs averaged in the red (red 
bars) and blue (blue bars) boxes. The WES feedback is calculated by 
−QEW

�

∕W , where QE is latent heat flux and W is wind speed (overbar 
denotes climatology and prime denotes anomaly departure from the 
climatology). QE averaged over the two boxes is plotted (scaled by 
1/100). The magnitudes of the 8 year low-pass filtered SSTAs aver-
aged over the two boxes are plotted for comparison
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Fig. 4  Estimated EPDV damp-
ing and intensification rates 
in the Clim-� . a–c Patterns of 
the estimated damping (red) 
and intensification (blue) rates 
(mon.−1) by annual-mean clima-
tological zonal, meridional, and 
50 m vertical current, respec-
tively. All the climatological 
currents are from the Clim-� 
experiment. d the sum of a–c 

Fig. 5  Zonal dipole mode in the DOM. a EOF2 of 8  year low-pass 
filtered monthly SSTAs in the equatorial Pacific. Black box denotes 
the Niño-3 plus Niño-4 region (160°E-90°W, 5°S-5°N). b The cor-
responding normalized PC (red line) with normalized 8 year running 

standard deviation of monthly SSTAs averaged over the Niño-3.4 
region (170°W-120°W, 5°S–5°N; blue line). The correlation coeffi-
cient between the two time series is labeled in the panel
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To further investigate the role of anomalous wind-driven 
ocean circulation in EPDV during its temporal evolution, 
we perform lead-lag regressions of the 8 year low-pass 
filtered aggregated heat budget terms associated with the 
effect of anomalous ocean circulation [the third to the last 
second term on the RHS of Eq. (1)] over the Niño-4 and 
Niño-3 regions against the normalized EPDV PC in the 

DOM, respectively (yellow lines in Fig. 7a, b). We also 
superimpose the lead-lag regressed 8 year low-pass fil-
tered anomalous SST, net heat flux, and upwelling damping 
term for clarity. The result shows that, first, mean equato-
rial upwelling is out of phase with EPDV evolution (red vs 
blue lines in Fig. 7), suggesting that it plays a damping role, 
a result consistent with the finding in the Clim-� (Fig. 4). 
Second, net heat flux anomaly is also basically out of phase 
with EPDV evolution, suggestive of its damping role (purple 
lines in Fig. 7). As a consequence, the effect of anomalous 
ocean circulation must reinforce the damped EPDV and act 
as a key driver (in phase with EPDV; red vs yellow lines 
in Fig. 7). Note that the reason that the evolution of the 
aggregated heat budget terms associated with the effect of 
anomalous ocean circulation is in phase with EPDV instead 
of the tendency is that on decadal timescales, the tendency is 
rather weak, thus resulting in the essentially in-phase evolu-
tion with EPDV.

To further examine which key oceanic feedback processes 
drive EPDV, we perform lead-lag regressions of individual 
8 year low-pass filtered heat budget terms associated with 
the effect of anomalous ocean circulation over the Niño-4 
and Niño-3 regions against the normalized EPDV PC in 
the DOM, respectively (Fig. 8). The result shows that over 
the Niño-4 region, both zonal advective feedback ( −u�

Tx ; 
solid blue line in Fig. 8a) and Ekman pumping feedback 
( −w� Ts−Te

2H
 ; solid red line in Fig.  8a) play the dominant 

driving roles. In contrast, zonal nonlinear heating process 
( −u�

T
�

x
 ) is negative (dashed blue line in Fig. 8a), represent-

ing a stronger damping role for the positive phase of EPDV 
compared to the negative phase. Specifically, eastward flow 

Fig. 6  Power spectra of EPDV in the three experiments. The power 
spectra (solid lines; °C2 per (cycles month.–1)) are performed based 
on monthly SSTAs averaged over the black box in Fig.  5a in each 
experiment. The spectra with periods no less than 8 years are shown. 
Shading shows the 5–95% confidence interval based on �2 statistic. 
Red: SOM; blue: Clim-� ; black: DOM

Fig. 7  Lead-lag regressions of 8 year low-pass filtered monthly heat 
budget terms (°C mon.−1) over the (a) Niño-4 and (b) Niño-3 regions 
against the normalized EPDV PC in the DOM. Negative (positive) 
lags represent the tendency terms lead (lag) EPDV. Purple: net sur-

face heat flux; blue: upwelling damping term; yellow: the aggregated 
term associated with the effect by anomalous ocean circulation. Lead-
lag regressed SSTA (red; °C) is superimposed
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anomalies in the central equatorial Pacific driven by west-
erly anomalies associated with positive EPDV carry the 
relatively cold temperature anomalies from the west to the 
central Pacific, therefore damping the positive SSTAs over 
the Niño-4 region (not shown). Over the Niño-3 region, due 
to the strong mean upwelling and thermocline adjustment, 
thermocline feedback ( w T

′

e

2H
 ; red dot-dashed line in Fig. 8b) 

becomes the dominant process in driving EPDV (Fig. 8b). 
In addition, zonal advective feedback and zonal nonlinear 
heating process also play the driving and damping roles, 
respectively, albeit with the phases slightly shifted (Fig. 8b).

4  Origin of EPDV

In the last section, by a step-by-step comparison among the 
SOM, Clim-� , and DOM, we have demonstrated that EPDV 
is primarily driven by ocean–atmosphere dynamic coupling, 
rather than thermodynamic coupling. In addition to the 
debate on the driver of EPDV, another controversy is with 
respect to the origin of EPDV. As reviewed in the introduc-
tion, there are two main viewpoints on this controversy: one 
suggested that EPDV originates from the tropics, such as the 
interaction with interannual ENSO variability (Chang et al. 
2007; Choi et al. 2009, 2012, 2013; Di Lorenzo et al. 2015); 
the other pointed out that it originates from the extratropics, 
such as South Pacific variations (Luo and Yamagata 2001; 

Liguori and Di Lorenzo 2019; Sun and Okumura 2019). 
In this section, we explore this topic based on the DOM 
experiment.

To examine the EPDV origin, we perform lead-lag regres-
sions of 8-yr low-pass filtered monthly SST, surface wind, 
and sea surface height (SSH) anomalies in the tropical 
Pacific (30°S–30°N) against the normalized EPDV PC in the 
DOM, from lead of 4 years to lag of 4 years with an 1 year 
interval (Fig. 9). The results show that at the stage of EPDV 
development (Fig. 9a–d), there is an SST zonal dipole pat-
tern with slightly warm and cold SSTAs in the western and 
eastern equatorial Pacific, respectively, at 4- and 3 year leads 
(Fig. 9a, b). This pattern resembles the negative phase of the 
zonal dipole mode (ZDM hereafter), the second EOF mode 
of decadal SST variability in the equatorial Pacific in the 
DOM (Fig. 5). At 2 year lead, the cold SSTAs in the eastern 
equatorial Pacific disappear (Fig. 9c) and are subsequently 
replaced by warm SSTAs at 1 year lead (Fig. 9d). The result-
ant central-eastern equatorial Pacific warm SSTAs further 
enhance at 0 year lead (Fig. 9e). At the stage of EPDV decay, 
the positive SST anomalies first weaken in the central equa-
torial Pacific (Fig. 9f), and then the pattern of the SSTAs in 
the equatorial Pacific transforms to the positive phase of the 
ZDM at 2 year lag (Fig. 9g). After that, the positive SSTAs 
associated with the ZDM diminish at 3- and 4 year lags 
(Fig. 9h, i). During the entire EPDV evolution, equatorial 
Pacific zonal wind and SSH anomalies vary with EPDV, 

Fig. 8  As in Fig.  7, but for the lead-lag regressed 8  year low-pass 
filtered individual heat budget terms in the aggregated term associ-
ated with the effect by anomalous ocean circulation. Negative (posi-
tive) lags represent the tendency terms lead (lag) EPDV. Blue: terms 

related to anomalous zonal current; green: terms related to anomalous 
meridional current; red: terms related to anomalous vertical current 
and subsurface temperature. Yellow lines are the same as those in 
Fig. 7
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suggesting a dynamically coupled ocean–atmosphere vari-
ability in the equatorial Pacific.

The above presented results imply a possible transition 
process between EPDV and the ZDM with ~ 2 year interval. 
To further verify their relationship, we perform lead-lag cor-
relation between their PC time series. The result shows that 
EPDV and the ZDM are significantly (at the 95% confidence 
level) correlated with each other at approximately 2 year 
lead and lag (Fig. 10), indicative of their transition process.

During the evolution of EPDV, in addition to the varia-
tions in the equatorial Pacific, some variations in the extra-
equatorial Pacific are worth noting. In particular, before the 
mature phase of EPDV (Fig. 9a–d), negative SSH anoma-
lies in the central North Pacific (along 15°N) emerge at 4- 
and 3 year leads (Fig. 9a, b). Subsequently, they propagate 
westward and ultimately arrive at the western boundary at 
0 year lead (Fig. 9c–e). After the mature phase of EPDV 
(Fig. 9f–i), the previous negative SSH anomalies at 15°N are 
replaced by positive anomalies, which are strengthened and 
propagate westward. These characteristics of the evolution 
of the SSH anomalies indicate the westward-propagating 
oceanic Rossby waves, which may transform to equatorially 
trapped oceanic Kelvin waves that propagate eastward to 
impact the phase transition of EPDV. This extra-equatorial 
Pacific Rossby adjustment for EPDV was documented in the 

EPDV literature (Meehl and Hu 2006; Power et al. 2021). 
The above analyses further demonstrate that in the DOM, 
EPDV originates from ocean–atmosphere dynamic coupling 
in the tropical Pacific.

5  Summary and discussion

While it is known that ocean dynamics plays an essential 
role in EPDV, its role is obscured by SOM in simulating 
the air-sea thermodynamically coupled EPDV. To con-
front this issue, we took advantage of the Clim-� , which 
removes the effect of anomalous wind-driven ocean cir-
culation on EPDV by imposing climatological wind 
stress over the tropical Pacific. This experiment, there-
fore, bridges the dynamical framework between SOM and 
DOM. By comparing SOM to the Clim-� , we explored 
the role of mean ocean circulation and showed that mean 
equatorial Pacific upwelling plays a key role in damping 
EPDV. By comparing the Clim-� to DOM, we investi-
gated the role of anomalous wind-driven ocean circula-
tion and demonstrated that it plays a role in amplifying 
the damped EPDV. The strength of the amplification, in 
fact, overwhelms the damping effect by mean upwelling, 
resulting in the anomalous wind-driven ocean circulation 

Fig. 9  Lead-lag regressions of 8 year low-pass filtered monthly SST 
(shading; °C), surface wind (vectors; m s.−1), and SSH (contour inter-
val: 0.5 cm; purple is positive and blue is negative) anomalies against 
the normalized EPDV PC in the DOM. The regressions significant 

at the 95% confidence level based on a two-tailed Student’s t-test are 
shown only, except for the regressed SSH, which is shown as a whole 
for clarity
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becoming the driver of EPDV. This is the case for the 
entire evolution of EPDV. Taking EPDV as an example, 
our study advances the understanding of the two distinct 
dynamical systems (i.e., SOM and DOM), shedding light 
on interpreting the role of ocean dynamics in other climate 
variabilities and ocean basins.

Aside from unravelling the role of ocean dynamics in 
EPDV, we also explored the origin of EPDV. Our analyses 
suggested that in the CM2.1 DOM, EPDV originates primar-
ily from tropical Pacific decadal variability, which is related 
to the ZDM (Figs. 9 and 10). Specifically, the positive phase 
of EPDV can develop from the negative phase of the ZDM 
about 2 years ago, and can transform to the positive phase of 
the ZDM after ~ 2 years. As a result, EPDV and the ZDM are 
interplayed with each other. Although our study provides a 
new insight for the EPDV origin, this issue is still outstand-
ing (i.e., tropical vs extratropical origin; Luo and Yamagata 
2001; Sun and Okumura 2019; Power et al. 2021). The pro-
posed hypothesis on the EPDV-ZDM interaction is worth 
further investigating based on observations and DOMs from 
other climate models.
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