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ABSTRACT: The Pacific shallow meridional overturning circulations, known as subtropical cells (STCs), link subduction in
the subtropical regions to equatorial upwelling, suggesting the possibility for subtropical winds to influence equatorial sea sur-
face temperatures (SSTs) by altering the STCs’ strength. Indeed, STC variability provides the basis for one of the mechanisms
proposed to explain the origin of tropical Pacific decadal variability (TPDV). While the relationship between STC strength, as
measured by their subsurface transport convergence, and equatorial SST variations is well documented, the location of the
wind forcing most influential on STC variability is still being debated. In this study, we use the output of an ocean reanalysis to
examine tropical Pacific Ocean surface and subsurface decadal changes during recent decades and relate them to STC variabil-
ity and surface wind forcing. Our results indicate that the STC interior transport at each latitude is largely controlled by the
wind forcing at that latitude rather than induced by remote subtropical wind variations. We also show that the establishment
of the anomalous transport at each latitude is associated with the westward propagation of oceanic wind-forced Rossby waves,
as part of the ocean adjustment process that also leads to a zonal redistribution of upper-ocean heat content at both interan-
nual and decadal time scales. These results provide guidance for understanding the origin of TPDV by elucidating the underly-
ing dynamics of STC variability and can have practical implications for monitoring STC variability in the tropical Pacific.

SIGNIFICANCE STATEMENT: Slow variations of the surface ocean temperature in the tropical Pacific Ocean have
been shown to affect the global climate. Our study aims at better understanding the origin of these temperature anomalies by
taking a closer look at the upper ocean circulation variability and its relationship with surface wind forcing. Unlike previous
studies, which have related the upper ocean circulation changes to wind variations outside the tropical Pacific, we show here
that the variations in upper-ocean circulation are primarily driven by local winds. This result not only clarifies which winds are
most important, but also suggests a practical approach for monitoring circulation changes from surface observations.
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1. Introduction

The Pacific Ocean is characterized by pronounced natural
variations at decadal time scales with significant impacts on
weather and ocean extremes (Wei et al. 2021; Capotondi et al.
2022), trends in surface solar radiation over Northern Hemi-
sphere continents (Augustine and Capotondi 2022), and ma-
rine ecosystems (e.g., Mantua et al. 1997; Chavez et al. 2003;
Di Lorenzo et al. 2008). These low-frequency variations at
time scales longer than approximately 7 years}that is, longer
than the dominant time scales of El Niño–Southern Oscillation
(ENSO)}have been described in terms of the Pacific decadal
oscillation (PDO; Mantua et al. 1997) and the North Pacific
Gyre Oscillation (NPGO; Di Lorenzo et al. 2008) in the North
Pacific, and in terms of the interdecadal Pacific oscillation
(IPO; e.g., Henley et al. 2015) over the entire Pacific basin. In-
dices of the PDO and NPGO are shown in Fig. 1. Although

PDO and NPGO are identified through empirical orthogonal
function (EOF) analysis of monthly SST and sea surface height
(SSH) anomalies, respectively, with no temporal filtering ap-
plied, they both display low-frequency variations, which tend to
bemore pronounced in recent decades for the NPGO (Fig. 1).

The spatial pattern of Pacific decadal variability includes a
large tropical signature, with anomalies of the opposite sign
in the central North and South Pacific relative to the tropics
(Power et al. 2021). Although “ENSO-like” (Zhang et al.
1997), the tropical pattern has a broader meridional extent
than typical ENSO patterns, and exhibits the largest anomalies
in the central Pacific rather than in the eastern Pacific where
the more intense ENSO events generally peak (Capotondi
et al. 2015, 2020a; Power et al. 2021). Tropical Pacific decadal
variability (TPDV) can have global impacts, as exemplified by
its influence on the rate of increase of globally averaged sur-
face temperatures (Kosaka and Xie 2013). Oceanic and atmo-
spheric processes involved in TPDV may also control the
phase transition of the IPO (Meehl et al. 2016, 2021), affecting
decadal variations over the entire basin (Trenberth and Hurrell
1994). Thus, improved understanding of TPDV and its predict-
ability is of paramount importance.

A leading mechanism proposed to explain decadal SST
anomalies in the tropical Pacific involves changes in the
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strength of the upper-ocean overturning circulation connecting
the subtropical and equatorial regions, known as subtropical
cells (STCs). The STCs have traditionally been described in
terms of a zonally averaged circulation, with subtropical sub-
duction, equatorward advection of cooler subtropical waters in
the pycnocline, equatorial upwelling, and a return poleward
flow in the surface Ekman layer. Thus, an increase (decrease)
in the strength of this circulation will result in enhanced
(reduced) equatorial upwelling, and cooler (warmer) equato-
rial SSTs. This mechanism, known as the “y ′T hypothesis”
(Kleeman et al. 1999), was proposed as an alternative to the
yT′ hypothesis, in which temperature anomalies subducted in
the midlatitudes were hypothesized to be advected by the
mean circulation to the equatorial thermocline, where they
could reach the surface and change the phase of the decadal
cycle (Gu and Philander 1997). Since midlatitude tempera-
ture anomalies were shown to decay prior to reaching the trop-
ical region (Schneider et al. 1999; Capotondi and Alexander
2001), the scientific community considered the impact of a
changing circulation on the generation of equatorial SST anom-
alies as an alternative mechanism (McCreary and Lu 1994;
Solomon et al. 2003). Recent studies have shown, however,

that mean advection of temperature anomalies from the sub-
tropical regions, rather than the midlatitudes, may also contrib-
ute to low-frequency variability of equatorial SSTs, especially if
the temperature anomalies originate in the Southern Hemi-
sphere (e.g., Imada et al. 2016) and are density-compensated
by salinity (i.e., they are “spiciness” anomalies), so that they
undergo reduced dissipation (Zeller et al. 2021).

The effectiveness of the y ′T mechanism involving STC var-
iability was demonstrated in several studies using observa-
tions (McPhaden and Zhang 2002, 2004), general circulation
models of different complexity (e.g., Solomon et al. 2003; Ca-
potondi et al. 2005, hereinafter CADM; Cheng et al. 2007;
Lübbecke et al. 2008; Yamanaka et al. 2015; Graffino et al.
2019), and ocean reanalyses (Schott et al. 2007, 2008). In par-
ticular, the observational study of McPhaden and Zhang
(2002) showed that a decrease in the STC strength in both
hemispheres, as estimated from changes in the interior equa-
torward convergent transport, was concurrent with the tropical
Pacific warming that followed the late 1970s PDO phase
transition, known as the “1976/77 climate shift” (Fig. 1). A
rebound of the overturning circulation was documented to-
ward the end of the 1990s (McPhaden and Zhang 2004),
leading to a new cold phase of tropical Pacific decadal vari-
ability. This cold period during the first decade of the
twenty-first century was considered as a primary driver of the
observed slowdown of globally averaged surface temperature
trend (Kosaka and Xie 2013) and found to be associated with a
profound reorganization of tropical upper-ocean heat content
(England et al. 2014). Unlike the 1976/77 climate shift, which
was related to a negative-to-positive PDO transition, the
1999/2000 transition was ascribed to a phase change of the
second EOF of North Pacific SST anomalies (Bond et al.
2003), a pattern of variability closely related to the NPGO
(Di Lorenzo et al. 2008). The NPGO index indeed transi-
tioned from negative (warmer tropical conditions) to positive
(colder tropical conditions) values in the late 1990s, with a
brief return to negative values during 2005–07, a behavior
similar to that exhibited by the PDO (Fig. 1). However, un-
like the PDO, which has remained predominantly negative
until 2021, the NPGO index in Fig. 1 shows a distinct transi-
tion from positive to negative (i.e., a return to warm tropical
conditions) after 2013/14, suggesting a new phase shift in
TPDV. To date, however, this recent transition has not been
documented from an oceanographic viewpoint. Both PDO
and NPGO have been related to the two leading modes of in-
ternal atmospheric variability (Di Lorenzo et al. 2022), with
the PDO being associated to variability of the Aleutian low,
and the NPGO being energized by the North Pacific Oscilla-
tion (NPO; Rogers 1981), so that their evolution and phase
transitions may partly reflect the stochastic nature of internal
atmospheric variations. In addition, as “statistical” modes,
their variations may result from the superposition of different
dynamical processes, as illustrated for the PDO by Newman
et al. (2016). Thus, the evolution and relative phase of PDO
and NPGO can be expected to be unrelated.

The STCs are a wind-driven circulation, but the location of
the winds that are most influential in changing their strength
remains a matter of debate. Given that the subduction branch

FIG. 1. Time evolution of the (a) Pacific decadal oscillation
(PDO) and (b) negative North Pacific Gyre Oscillation (NPGO)
indices. The PDO index in (a) is based on the Extended Recon-
structed SST, version 5 (ERSSTv5; Huang et al. 2017), and is com-
puted as the leading principal component (PC) of monthly North
Pacific (208–708N) SST anomalies (Mantua et al. 1997). The latter
are obtained by removing both the climatological annual cycle and
the global mean SST anomaly at each grid point. The NPGO index
in (b) is obtained as the second PC of SSH anomalies in the north-
eastern Pacific (1808–1108W, 258–628N; Di Lorenzo et al. 2008), com-
puted from a blend of ocean model hindcasts and AVISO SSH data.
AVISO SSH anomalies are obtained by removing the mean annual
cycle over the period 1993–2004, which is the overlapping period be-
tween AVISO and the model output. The thin black line in (a) and
(b) is a 3-month running average of the indices, and the thick black
line shows their 6-yr low-pass filtered version, where the filtering is
performed using the approach of Zhang et al. (1997). Vertical dashed
lines highlight the three periods considered for some of the analyses.
Red shading in (a) and (b) identifies periods characterized by warm
conditions in the tropical Pacific, and blue shading corresponds to
cooler tropical epochs.
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of the STCs originates in the subtropics, wind variations in
that area have been considered critical for altering the STC
strength. Indeed, the idealized numerical model used in the
seminal work of McCreary and Lu (1994) indicated that wind
variations at the outcrop latitude of the model pycnocline
layer (;188) played a key role in the development of equato-
rial SST anomalies. Subsequent studies with ocean general
circulation models forced by anomalous winds in different lat-
itude bands (Nonaka et al. 2002; Lübbecke et al. 2008; Farneti
et al. 2014; Graffino et al. 2019) highlighted the importance of
wind variations equatorward of about 208–258 for altering the
strength of the STCs, with equatorial winds alone being un-
able to significantly affect the circulation in off-equatorial re-
gions (Graffino et al. 2019). These results are consistent with
the findings of CADM, which related decadal variations in
equatorial upwelling to changes in the strength of off-equatorial
trade winds, while equatorial wind anomalies were predo-
minantly associated with ENSO at interannual time scales.
CADM also suggested that changes in the transport at a given
latitude was accomplished through westward oceanic Rossby
wave propagation, a result that highlighted the importance of
the local wind forcing at that latitude, in contrast to remote sub-
tropical wind forcing near the outcrop locations, for controlling
the STC transport at that latitude. A more precise assessment
of the contribution of wind forcing at a given tropical latitude
on the decadal ocean changes at that latitude would provide im-
portant guidance for better understanding the nature and origin
of the winds relevant for TPDV, but no conclusive agreement
has yet been reached on the relative role of local versus remote
wind forcing.

Thus, this paper intends to revisit this open issue, with three
major foci: 1) documenting the surface and subsurface tropi-
cal Pacific changes associated with the NPGO transition in
2013/14 in relation to the previous transition in the late 1990s,
2) clarifying the extent to which STC transport variations are
related to local wind forcing, and 3) elucidating the relation-
ship between STC variability (usually described in a zonally
averaged fashion) and zonal redistribution of heat in the tropi-
cal Pacific. After describing the data used (section 2), we exam-
ine the observed changes in surface and subsurface conditions
across the two NPGO phase transitions (section 3). We then di-
agnose the variations of the equatorward thermocline transport
convergence in the tropical Pacific and show its close connec-
tion with equatorial SST anomalies (section 4). These changes
in zonally averaged transport are then interpreted in the con-
text of a 1.5-layer shallow-water model to show that they are
strongly correlated to the zonal gradient of SSH across the ba-
sin and primarily result from westward propagation of oceanic
Rossby waves forced by the anomalous Ekman pumping along
that same latitude (section 5). We discuss the results in
section 6 and conclude in section 7.

2. Data

The primary dataset used for this study is the output of the
National Centers for Environmental Prediction (NCEP) Global
Ocean Data Assimilation System (GODAS) reanalysis
(Behringer and Xue 2004). The model domain extends from

708S to 658N with a 18 horizontal resolution, which is meridio-
nally enhanced to 1=38 within 108 of the equator. GODAS has
40 vertical layers with a vertical resolution of 10 m in the upper
200 m. GODAS’ output includes the surface fields used to
force the model, thus allowing to diagnose the impact of the
atmospheric wind forcing on the ocean variability. GODAS is
used operationally to initialize the NCEP Climate Forecasting
System (CFS), so its output is available in quasi real time
starting in January 1980. For this study, we consider the pe-
riod January 1980–December 2020 at a monthly time resolu-
tion. GODAS assimilates temperature profiles from moored
arrays and Argo floats. Altimeter data are not assimilated, so
that they can be used as an independent reference dataset.

To characterize decadal changes in the tropical Pacific we
also use other observational datasets. SST data are obtained
from the monthly NOAAOptimum Interpolation Sea Surface
Temperature (OISST), version 2, at 18 3 18 horizontal resolu-
tion from January 1982 to December 2020 (Reynolds et al.
2002), SSH is obtained from AVISO at a 0.258 resolution from
January 1993 to December 2019 (http://www.aviso.oceanobs.
com/en/data/products/), and sea level pressure (SLP) and
surface wind vectors are from the NCEP–NCAR reanalysis
(Kalnay et al. 1996). The PDO index is downloaded from the
NOAA/Physical Sciences Laboratory (NOAA/PSL) website
(https://psl.noaa.gov/pdo/), based on the NOAA ERSSTv5 da-
taset (Huang et al. 2017). The index is computed as the leading
principal component of monthly SST anomalies north of 208N.
The NPGO index is obtained online (http://www.o3d.org/
npgo/). The index is defined as the second principal component
of SSH over the northeastern Pacific (1808–1108W, 258–628N)
based on the output of a high-resolution simulation (Di
Lorenzo et al. 2008) covering the period 1950–2004. After
2004, the index is updated by projecting SSH anomalies
from AVISO on the NPGO pattern.

Monthly anomalies of all the fields are obtained by remov-
ing the climatological seasonal cycle. To focus on variations at
decadal time scales, the GODAS data have been linearly de-
trended over the total 1980–2020 period prior to the analysis.
While some climate fields (e.g., the globally averaged surface
temperature) show a nonlinear trend since 1850, with a steeper
increase after about 1980, the trend after this date appears to
be reasonably linear, thus justifying our choice of linear de-
trending over the time period covered by GODAS.

3. Surface and subsurface signature of decadal phase
transitions

To identify the surface and subsurface changes associated
with tropical Pacific decadal phase transitions we consider
three periods occurring during different phases of the decadal
“cycle” and available across the various datasets: period 1
(P1; 1993–99), period 2 (P2; 2007–13), and period 3 (P3;
2014–20). Each period is 7 years long, to match the duration
of the most recent period. Such a duration should be suffi-
cient to average over at least one ENSO cycle (approxi-
mately 4–5 years), and reveal the decadal signal, as discussed
in McPhaden and Zhang (2004). P1 occurs during warmer
tropical Pacific conditions, P2 is part of the period of enhanced
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tropical Pacific cooling concurrent with the slowdown of glob-
ally averaged surface temperature increase (e.g., Kosaka and
Xie 2013; England et al. 2014), and P3 spans the last part of
the record, with an expected return to warmer conditions. We
start by considering period differences of surface observed
quantities (Fig. 2). P2 exhibits cooler SST anomalies in the
tropical Pacific relative to P1, with anomalies of the opposite
sign in the central-western midlatitudes (308–408) of both hemi-
spheres. The SST anomaly pattern is quasi-symmetric about the
equator, and reminiscent of the IPO (Henley et al. 2015). SSH
differences show a pronounced zonal asymmetry in the tropical
Pacific, characterized by weak negative anomalies (correspond-
ing to a shallower thermocline) in the eastern and central parts
of the basin and positive anomalies (deeper thermocline) in
the western Pacific with maxima centered off the equator at

108–158N and ;108S. SLP differences reveal high pressure
centers in both the Northern and Southern Hemispheres,
which are conducive to a strengthening of the easterly trade
winds in the tropical Pacific. The Northern Hemisphere
SLP anomalies are indicative of a weakened Aleutian low,
whereas in the Southern Hemisphere they project on the
Pacific–South American pattern (PSA; e.g., Okumura 2013).
These differences are very similar, at least qualitatively, to the
trends computed by England et al. (2014) over the 1992–2012
period. The differences between P3 and P2, on the other hand,
show enhanced anomalies in the Northern Hemisphere rela-
tive to the Southern Hemisphere, an equatorial asymmetry
possibly associated with the predominance of the NPGO dur-
ing P3. Indeed, SLP anomalies in the Northern Hemisphere
are more similar to the NPO dipole pattern (considered to be

FIG. 2. Basinwide changes associated with TPDV transitions. Differences of (a) SST (8C), (b) SSH (m), and
(c) SLP (hPa) and vector winds (m s21) between (left) P2 and P1 and (right) P3 and P2, where P1 is 1993–99, P2 is
2007–13, and P3 is 2014–20. Interannual anomalies have been computed by removing monthly averages over 1993–2020.
No detrending is applied to any of the data. SST data are from OISST-V2 (Reynolds et al. 2002), SSH is obtained from
AVISO, and the SLP and vector winds are from the NCEP–NCAR reanalysis (Kalnay et al. 1996).
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the forcing for the NPGO), whose southern negative lobe ex-
tends to the northern subtropics, resulting in a pronounced
reduction of the Northern Hemisphere off-equatorial trade
winds, and intense positive SST anomalies in that subtropi-
cal region reminiscent of the North Pacific meridional mode
(Chiang and Vimont 2004). The SSH differences during the
second transition are roughly of the opposite sign relative to
those associated with the first transition, but the presence of
a global mean positive SSH trend in the AVISO SSH anom-
alies (Church and White 2006) results in relative weaker
SSH changes between P2 and P3.

In the tropical Pacific, GODAS reproduces the SST epoch
changes very closely (not shown), although this is not surpris-
ing since the model is relaxed to weekly analyses of observed
SSTs. However, GODAS also reproduces the SSH differences
reasonably well, even though the altimeter data are not assimi-
lated (Fig. 3). Epoch differences of the anomalous Ekman
pumping WE (Figs. 3e,f) indicate predominantly downwelling
conditions during P2 relative to P1 (negative WE) and upwell-
ing conditions during P3 relative to P2 (positive WE). The signs
of WE are consistent with the SSH (and thermocline depth) ep-
och differences in the western Pacific seen in Figs. 3a–d, as ex-
pected from wind forced Rossby waves propagation (Merrifield
2011; Qiu and Chen 2012; Yamanaka et al. 2015), and as further
discussed in section 5.

Given the connection between SSH and upper-ocean heat
content, the good agreement between GODAS and AVISO

provides some confidence that GODAS is suitable for examining
subsurface decadal changes. England et al. (2014) showed that
during 1992–2012 surface colder conditions were associated with
enhanced subsurface heat content. Using a similar approach, we
compute epoch differences of meridional temperature sections,
and consider their zonal averages in the western and eastern
parts of the basin (Fig. 4). Consistent with England et al. (2014),
we find that the decadal surface cooling during P2 is mainly con-
fined in the upper 100 meters in the eastern part of the basin,
while warm anomalies are mainly seen below 100 m west of the
date line. The opposite conditions are seen during P3 relative to
P2. We notice that the largest subsurface anomalies are more
prominent north of the equator and are located in the main ther-
mocline, as identified by the 158 and 208C isotherms, suggesting
that the origin of these subsurface anomalies may be associated
with meridional and vertical thermocline displacements. The en-
hanced magnitude of the anomalies around 108N relative to 108S
can be explained with the larger meridional and vertical mean
temperature gradients in the Northern Hemisphere, due to the
presence of the North Equatorial Countercurrent (NECC).

The time evolution of these subsurface anomalies in the
eastern and western parts of the basin, displayed as a function
of latitude and time over the full 1980–2020 period covered by
GODAS (Fig. 5) reveals a strong ENSO signal in the alterna-
tion of positive and negative subsurface temperature anoma-
lies superimposed on a decadal background modulation. Cold
and warm background conditions prevail during 1993 to 1999

FIG. 3. Epoch differences of SSH (cm) from (a),(b) AVISO and (c),(d) GODAS for (left) P2 minus P1 and (right)
P3 minus P2. Also shown are the differences in Ekman pumping (1026 m s21) WE 5 = 3 [t/(r0 f)] (e) between P2
and P1 and (f) between P3 and P2. All data are detrended over the period 1993–2020 used for the analysis.
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(i.e., P1) and 2014–20 (i.e., P3) in respectively the western and
eastern basins, with opposite conditions during 1999–2014
(a period encompassing P2), as highlighted by the contours of
decadal temperature anomalies in Fig. 5. This low-frequency
evolution is more pronounced around and poleward of 108 of
latitude in both hemispheres, but with larger magnitudes in the
Northern Hemisphere.

4. Variability of equatorward interior thermocline
transport

The above analysis suggests a profound reorganization of
the tropical Pacific upper-ocean heat content during decadal
phase transitions. Did the STCs’ strength change during these
transitions? As shown in previous observational and modeling
studies, a useful metric to assess the STC strength is the inte-
rior thermocline transport, namely the meridional transport
below the surface Ekman layer, and east of the western
boundary currents. Following McPhaden and Zhang (2002),
previous studies have focused on the transports at 98N and
98S, and their convergence. The latitude of 98N was chosen as

the choke point of the flow in the presence of the potential
vorticity barrier created by the northern intertropical conver-
gence zone (ITCZ), while 98S was chosen for equatorial sym-
metry. In line with this approach, we have chosen the model’s
latitudes of 9.58N and 9.58S for our transport calculation.
Mean sections of the meridional velocities, averaged over the
whole 1980–2020 period (Fig. 6) and displayed at longitudes
east of the low-latitude western boundary currents (LLWBCs)
in both hemispheres, show a clear separation between the
poleward flow in the surface Ekman layer (approximately the
upper 50 m) and the interior equatorward flow underneath.
The largest interior flow is relatively shallow with maxima lo-
cated around 80 m at both 9.58N and 9.58S. We also notice that
the transport at 9.58N is primarily confined west of approximately
1608W, due to the presence of the potential vorticity barrier far-
ther east, while at 9.58S the equatorward flow extends over a
broader range of longitudes, with the largest values seen east of
;1458W.

Meridional velocity anomalies were computed by first re-
moving the annual cycle over the 1980–2020 period, prior to lin-
early detrending the data. The anomalous interior transports

FIG. 4. Epoch differences of subsurface temperature anomalies (8C) over the (left) western (1108E–1808) and (right)
eastern (from 1808 to the eastern boundary) parts of the tropical Pacific, displayed as a function of latitude (x axis)
and depth (y axis), showing (a),(b) P2 minus P1 and (c),(d) P3 minus P2 differences. Contours in each panel show the
158, 208, and 258C climatological isotherms, which span the main thermocline. Note how the anomalies in the western
part of the basin occur in the main thermocline.
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were then obtained by integrating the meridional velocity
anomalies between 50 and 300 m, and from longitudes just east
of the LLWBCs (1608E at 9.58S and 1408E at 9.58N) to the east-
ern ocean boundaries at both latitudes.

The resulting transport time series at 9.58N and 9.58S
(Figs. 7a,b) show large interannual variations, highlighting
the recharge/discharge processes of individual ENSO events.
For example, poleward flow is evident at both latitudes dur-
ing the two extreme El Niño events of 1982/83 and 1997/98,
while during the extreme 2015/16 and the weaker 2018/19
El Niño events, discharge occurred primarily in the Northern
Hemisphere. These interannual variations of the transports
undergo a low-frequency (“decadal”) modulation, as revealed
by the 6-yr low-pass filtered time series (purple line), which is
obtained through successive applications of centered 25- and
37-month running means, following the approach of Zhang
et al. (1997).

Transport convergence across 9.58S and 9.58N is computed as
the transport at 9.58S minus the transport at 9.58N (Fig. 7c).
Comparison with SST anomalies averaged over the equatorial
Pacific (9.58S–9.58N, 1808–908W; red line) shows a very good
correspondence between the two time series (instantaneous cor-
relation coefficient is20.82), supporting the view that increased
thermocline convergence results in enhanced equatorial

upwelling and colder SSTs, while transport divergence leads to
decreased upwelling and warmer SSTs. The convergence–SST
relationship holds at both interannual (Fig. 7c) and decadal
(Fig. 7d) time scales, with a correlation of 20.90 between de-
cadal transport convergence and SST anomalies (Fig. 7d). The
relatively high correlation between transport convergence and
SST anomalies at interannual time scales was also noted by
Schott et al. (2008) and CADM, and can be explained in terms
of the recharge or discharge of upper-ocean warm water vol-
ume associated with ENSO, as described by the recharge oscil-
lator paradigm (Jin 1997). The transport–SST relationship at
decadal time scales suggests that a similar paradigm may also
hold at these lower frequencies, as supported by the idealized
experiments of Wang et al. (2003). The evolution of the time se-
ries at decadal time scales (Fig. 7d) shows that P1 and P3 were
characterized by a net divergence (typical of El Niño–like con-
ditions), while P2 was characterized by a net convergence (typi-
cal of a La Niña–like decadal state). The changes in interior
transport convergence are as large as 10 Sv (1 Sv ≡ 106 m3 s21)
between P1 and P2, and about 9.5 Sv between P2 and P3, con-
sistent with estimates of decadal interior transport convergence
changes reported in McPhaden and Zhang (2004) and Zhang
and McPhaden (2006). The associated SST changes are about
0.58–0.68C.

FIG. 5. Latitude–time evolution of subsurface temperature anomalies (8C) in the (a) western (1108E–1808) and
(b) eastern (from 1808 to the eastern boundary) parts of the basin. Shading shows interannual temperature anomalies,
and contours indicate the 0.38 and 1.38C 6-yr low-pass filtered isotherms, with negative values dashed. Anomalies are
integrated between 100 and 200 m in (a) and from the surface to 100 m in (b) to capture the largest anomalies in the
two parts of the basin seen in Fig. 4.
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5. How important is the local Ekman pumping in
forcing the interior thermocline transport?

While the interior STC transport provides a zonally averaged
view of the decadal STC variations, the subsurface changes de-
scribed in section 3 highlight a more complex three-dimensional
structure, with redistribution of subsurface heat content be-
tween the eastern and western equatorial Pacific. These subsur-
face changes are established as the result of an adjustment
process that is mediated by oceanic Rossby wave propagation
(CADM). Indeed, CADM suggested that the transport changes
themselves are established as a result of the passage of west-
ward propagating Rossby waves, and associated anomalies of
zonal thermocline slope.

In this section we revisit CADM’s suggestion using a
1.5-layer reduced gravity model. Such a model has been shown
to be very skillful in reproducing tropical Pacific variability,
such as, for example, the variability in the bifurcation latitude
of the North Equatorial Current (NEC; Qiu and Chen 2010).
Within this framework, the anomalous meridional geostrophic
velocity Vg averaged over the upper layer of thickness H
can be related to the zonal gradient of the SSH anomalies
h as

Vg 5
gH
f

­h

­x
, (1)

where g is the acceleration of gravity, f is the Coriolis parame-
ter, and x is longitude. The zonally integrated geostrophic
transport anomaly can be obtained from Eq. (1) as

TrSSH 5

�x2

x1

Vg dx 5
gH
f

[h(x2) 2 h(x1)], (2)

showing that the interior STC transport anomaly between
longitudes x1 and x2 can be simply expressed in terms of the
SSH anomaly difference between those longitudes. The total
(vs. anomalous) geostrophic transport also includes an equa-
torward component in the surface Ekman layer, as shown for
the Atlantic Ocean STCs (Tuchen et al. 2019).

FIG. 6. Sections of mean meridional velocities (cm s21) at (top)
9.58N and (bottom) 9.58S. The mean 208C isotherm is also shown
for reference. Horizontal dashed lines indicate the 50- and 300-m
depths that are used for the vertical integration of the interior sub-
surface transport. Thin horizontal dotted lines show the upper-
layer depths chosen for the calculation of the geostrophic transport
anomalies at each latitude.

FIG. 7. Time series of equatorward thermocline transport
anomalies at (a) 9.58N and (b) 9.58S. The vertical axis in (a) is in-
verted. Vertical dashed lines identify the three periods consid-
ered. Numerals at the top of (a) and bottom of (b) indicate the
averaged transports at 9.58N and 9.58S, respectively, during the
three periods. (c) The evolution of the transport convergence
(transport at 9.58S minus the transport at 9.58N; black line and
left axis) and the evolution of the SST anomalies averaged over
the region 9.58S–9.58N, 1808–2708E (red line and right axis).
(d) As in (c), but for 6-yr low-pass filtered transport convergence
and SST anomalies. Maximum correlations between SST and
transport convergence at interannual and decadal time scales are
achieved at lag 0 and are 0.82 (statistically significant above the
99% level) and 0.90 (significant at the 96% level), respectively.
Statistical significance of the correlations has been computed us-
ing a two-tailed Student’s t test, with an effective number of de-
grees of freedom estimated as in Bretherton et al. (1999) for the
time series in (c) and assuming 5 degrees of freedom (corre-
sponding to approximately five 8-yr epochs in the 40-yr GODAS
record) for the low-pass filtered time series in (d). Red numerals
in (d) indicate the mean values of the low-pass filtered SST
anomalies during the three periods. Positive values of the conver-
gence in (c) and (d) indicate enhanced equatorward flow. Note
that the SST axis in (c) and (d) is inverted to facilitate the com-
parison between transport convergence and SST anomalies.
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We test Eq. (2) by comparing the transport anomaly ob-
tained as the vertical and zonal integral of the GODAS me-
ridional velocity (TrV) with the transport anomaly inferred
from Eq. (2) using the GODAS SSH anomalies (TrSSH–G).
The comparison is shown in Figs. 8a and 8b for the transports
at 9.58N and 9.58S, respectively, where the values of x1 and x2
are the same as those used in Fig. 7 (x1 5 1608E at 9.58S and
1408E at 9.58N and the values of x2 correspond to the eastern
boundary longitudes at each latitude; i.e., 2708E at 9.58N and
2808E at 9.58S). The upper-layer depths are chosen as 90 m at
9.58N, and 105 m at 9.58S. These depths lie just below the cli-
matological meridional velocity maximum at each latitude, as
seen in Fig. 6. The value chosen at 9.58N coincides with the
zonally averaged depth of the 208C isotherm along that lati-
tude, while the value chosen at 9.58S is shallower than the
zonally averaged depth of the 208C isotherm (;160 m), since
at 9.58S this isotherm deepens significantly in the western part
of the basin where the mean meridional flow is small.

Correlation coefficients between TrV and TrSSH–G are 0.86
at 9.58N and 0.90 at 9.58S, indicating an excellent agreement
between the two transport estimates. Both values are statisti-
cally significant above the 99% confidence level, based on a

two-sided Student’s t test and using an effective number of de-
grees of freedom calculated according to Bretherton et al.
(1999). The relationship between velocity-based and SSH-based
meridional transport anomalies, which was never previously
demonstrated quantitatively, suggests the possibility of using
SSH altimeter data to effectively monitor the STC variability.

To examine whether the relationship between TrV and
TrSSH–G holds at other tropical latitudes, we compute correla-
tions between the two transport estimates from 208S to 208N
with the exclusion of the 48S–48N band. For this comparison,
we choose the longitudinal limits of integration x1 and x2 as
1808–2608E in the Southern Hemisphere, and 1408–2508E in
the Northern Hemisphere. This choice was made to have the
same longitudinal range for all the latitudes considered in each
hemisphere, encompassing an area east of the western bound-
ary current and west of the eastern ocean boundary. Results
(Fig. 8c) show correlations between TrV and TrSSH–G in excess
of 0.80 over most of the tropical domain considered, with values
as large as 0.91 near 108S and 0.89 near 118–128N, supporting
the hypothesis that a large fraction of the zonally integrated
thermocline transport east of the LLWBCs results from anoma-
lous meridional velocities associated with the local zonal gra-
dients of SSH anomalies. The question that then arises is
whether these SSH disturbances are due to the passage of west-
ward propagating oceanic Rossby waves forced by the anoma-
lous Ekman pumping along that latitude.

To address this question, we use the 1.5-layer reduced-gravity
model:

­hm

­t
2 cR

­hm

­x
5 2

g′

g
WE 2 ehm, (3)

where hm is SSH anomaly as represented by the model, cR(x, y)
is the Rossby wave phase speed, which varies as a function of
latitude y and longitude x, g is the acceleration of gravity, g′ is
the reduced gravity, e is a Newtonian dissipation rate, andWE is
the Ekman pumping, defined as the curl of the wind stress t di-
vided by the Coriolis parameter f and by the mean seawater
density r0 5 1025 kg m23:WE 5 = 3 [t/(r0f)].

The solution hm of our reduced gravity model was com-
puted at 9.58S and 9.58N by integrating Eq. (3) from the east-
ern boundary xe to point x, using the Ekman pumping derived
from the wind stress forcing of the GODAS reanalysis:

hm(x, y, t) 5
g′

g

�x

xe

1
cR

WE x′, y, t 2
x′ 2 x
cR

( )
exp 2

e

cR
(x′ 2 x)

[ ]
dx′

1

�x

xe

he exp 2
e

cR
(x′ 2 xe)

[ ]
dx′: (4)

For the chosen latitude y, the solution at each point x and
time t arises from two contributions, as indicated by the two
terms on the RHS of Eq. (4): the first term is the sum of the
signals forced by the Ekman pumping at each longitude x′

east of x at times t2(x′ 2 x)/cR, with an e-folding time 1/e,
while the second term is the contribution of the SSH distur-
bance at the eastern boundary (he), which also decays with
an e-folding time 1/e as it propagates westward. We used
g′ 5 0.07 m s22 and e 5 (1=2 yr)21. These values were chosen
empirically to optimize the comparison between the

FIG. 8. Comparison between transport anomaly time series esti-
mated from the GODAS meridional velocities (label Tr-V; black
line; as in Fig. 7) and those inferred from the zonal gradient of SSH
from GODAS (label Tr-SSH-G; blue line) at (a) 9.58N and
(b) 9.58S. Correlation coefficients between the two transport esti-
mates are 0.86 at 9.58N and 0.90 at 9.58S. See the text for details on
the calculation of TrSSH–G. (c) Correlation coefficients between TrV
and TrSSH–G, zonally integrated between 1808 and 2608E in the
Southern Hemisphere and between 1408 and 2508E in the Northern
Hemisphere, over the 208S–208N latitude range, with the exclusion
of the 48S–48N equatorial band. All correlations are statistically
significant above the 99% confidence level. The thin black line in
(c) highlights the 0.8 correlation coefficient for reference.
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modeled SSH anomalies and those obtained from the
GODAS output. Finally, the spatially dependent values of cR
were determined from the GODAS density fields using the
Wentzel–Kramers–Brillouin approximation, following the
approach outlined in Chelton et al. (1998). The values of
cR increase from approximately 20–22 cm s21 at the eastern
boundary to ;30–32 cm s21 in the western part of the basin
at both latitudes, in relatively good agreement with the observa-
tionally derived estimates (Chelton et al. 1998). The solution in
Eq. (4) relies on the assumption that Rossby waves propagate
westward along latitude circles, which is a good approximation
at the time scales we are interested in (Schopf et al. 1981).

The longitude–time evolutions of the SSH anomalies ob-
tained by integrating Eq. (4) at 9.58N and 9.58S are compared
with the evolution of the GODAS anomalies in Fig. 9. At
9.58N the pattern correlation between the GODAS and mod-
eled anomalies (Figs. 9a,b) is 0.58. While the overall evolution
is captured by the model, several features are either underes-
timated or overestimated, especially in the western part of the

domain and after the year 2000, as highlighted by their differ-
ence (Fig. 9d). Figure 9d shows, in particular, the model un-
derestimation of the positive SSH anomalies in the western
Pacific associated with the La Niña events of 1998–2001,
2007–09, and 2010–12, as well as the weaker model represen-
tation of the negative anomalies related to the El Niño events
of 2015/16 and 2018/19. As a result, the decadal “envelope” of
these events is underestimated with overall weaker positive
SSH anomalies in 2000–14 and weaker negative anomalies
during 2014–20. While these discrepancies could be partly at-
tributed to the simplicity of the model, it is also possible that a
fraction of SSH variations at this latitude may be contributed
by wind variations at some higher latitude, as suggested in pre-
vious studies (Farneti et al. 2014). Given the presence of the
potential vorticity barrier around 78–128N (McPhaden and
Zhang 2002), a fraction of the meridional transports origi-
nating north of the barrier could be deflected southwest-
ward and contribute to the SSH variations at 9.58N. The
potential influence of wind variations at higher latitudes,

FIG. 9. Evolution of SSH (cm) as a function of longitude (x axis) and time (y axis; time increasing upward) at (top) 9.58N and (bottom)
9.58S for (a),(e) GODAS; (b),(f) the reduced gravity model, incorporating both the boundary and wind-forced components; and
(c),(g) the reduced gravity model boundary-forced component only. Also shown are (d) the difference between (a) and (b) and (h) the
difference between (e) and (f). Contours are plotted at intervals of 7 cm, with negative values dashed. The pattern correlation between
(a) and (b) is 0.58, and the pattern correlation between (e) and (f) is 0.74.
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and the dependence of their influence on the specific charac-
teristics of the wind variability warrant further investigation
in future studies. A better agreement between the SSH
anomalies from GODAS and the reduced gravity model is
found at 9.58S (Figs. 9e,f,h), and quantitatively confirmed
by the value of the pattern correlation (0.74), and by the
smaller differences seen in Fig. 9h.

The third column in Fig. 9 shows the contribution of the
SSH disturbances at the eastern boundary. While large signals
are seen within ;308 from the eastern boundary in conjunc-
tion with the 1982/83 and 1997/98 events, the contribution of
the eastern boundary anomalies is generally small even in the
case of the extreme El Niño of 2015/16. This event had its
largest anomalies displaced farther west than the 1982/83 and
1997/98 events (Capotondi et al. 2020a), resulting in weaker
SSH anomalies in the eastern equatorial Pacific and corre-
spondingly weaker coastally trapped waves along the western
coast of the Americas.

The interior transport anomalies inferred from Eq. (2) at
9.58N and 9.58S, using the values of hm calculated from the
1.5-layer reduced-gravity model (referred to as TrSSH–M) are
compared with TrV in Fig. 10. Correlation coefficients between
the two transport estimates are 0.77 at 9.58N and 0.84 at 9.58S,
statistically significant above the 99% confidence level based on
a two-sided Student’s t test. Although these correlation coeffi-
cients are slightly lower than those obtained from the SSH
anomalies from GODAS, they still account for about 60% and
70% of the transport variance at 9.58N and 9.58S, respectively.
Thus, we conclude that a large fraction of the interior thermo-
cline transport variations is established as a result of the west-
ward propagation of oceanic Rossby waves forced by the local
Ekman pumping and is in balance with the zonal gradient of
SSH anomalies resulting from that adjustment process.

6. Discussion

The y ′T mechanism, as originally formulated, hypothesized
that wind variability in extratropical regions could change the
strength of the subtropical cells, and alter equatorial SSTs
through changes in equatorial upwelling. Our results confirm
that interior transport convergence is strongly related to changes
in equatorial SSTs. However, those transport changes appear to
be primarily controlled by local Ekman pumping variations at
the same latitude, rather than by remote wind variations. At de-
cadal time scales, however, some influences from higher lati-
tudes cannot be ruled out especially at 9.58N and after the year
2000, consistent with previous studies (e.g., Klinger et al. 2002;
Nonaka et al. 2002; Farneti et al. 2014; Graffino et al. 2019). Fur-
ther investigations are needed to clarify this point.

We also show that the establishment of the transport changes
through oceanic Rossby wave propagation connects variability
in the interior equatorward flow with the zonal changes in SSH
and upper-ocean heat content. While the importance of wind-
driven Rossby wave activity for tropical SSH variations is not
new (e.g., Qiu and Chen 2010; Yamanaka et al. 2015; Ishizaki
et al. 2019), here we more specifically and quantitatively relate
that concept to STC transport changes.

This study has focused on the interior equatorward trans-
port of the STCs east of the low-latitude western boundary
currents. Previous modeling studies, primarily conducted with
models of relatively coarse horizontal resolution (Lee and
Fukumori 2003; CADM), have indicated a partial compen-
sation between the interior and boundary current transport
anomalies, a result supported by observational studies (Zilberman
et al. 2013), which could potentially reduce the STCs’ influence
on equatorial upwelling and SSTs. In this study we have shown
the ability of a 1.5-layer reduced-gravity model to capture the
adjustment of the equatorial thermocline to Ekman pumping
variations, in agreement with previous studies (e.g., Qiu and
Chen 2010, 2012). This adjustment results in the decadal SSH
changes seen in Fig. 3. By geostrophy, the positive SSH
anomalies seen in the western Pacific during P2 relative to
P1 (Figs. 3a,c) would imply clockwise (anticlockwise) circu-
lations in the Northern (Southern) Hemisphere, with anom-
alous poleward boundary current flow during a phase of
predominantly equatorward anomalous interior flow. The op-
posite can be expected in P3 relative to P2, thus explaining the
partial compensation of the boundary and interior transports.
This interpretation is consistent with the argument presented
by McPhaden and Zhang (2004), based on Sverdrup theory.
These results suggest that the boundary current changes may
be largely confined to the tropical gyre circulation in the west-
ern Pacific, and not significantly influence the equatorial ther-
mocline in the central-eastern Pacific, but additional research
is needed to further elucidate this point. Given the complexity
of the LLWBCs, additional observations are also needed to
constrain these features in ocean and climate models, and bet-
ter understand their role in equatorial Pacific variability.

FIG. 10. Comparison between transport anomaly time series esti-
mated from the GODAS meridional velocities (label Tr-V; black
line; as in Figs. 7 and 8) and those inferred from the zonal gradient
of SSH from the reduced-gravity model (label Tr-SSH-M; red line)
at (a) 9.58N and (b) 9.58S. Correlation coefficients between the two
transport estimates are 0.77 at 9.58N and 0.84 at 9.58S. Correlations
are statistically significant above the 99% confidence level, based
on a two-sided Student’s t test.
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Some studies have hypothesized that tropical Pacific decadal
variability may arise as a residual of ENSO events (Vimont
2005; Rodgers et al. 2004; Power et al. 2021). Differences in
the evolution of individual ENSO events, from the precursor
phase to the mature and decay phases, may result in decadal
averages with a spatial pattern similar to the decadal SST pat-
tern. Asymmetries in amplitude and spatial pattern between
the El Niño and La Niña phases of ENSO can also be ex-
pected to contribute to El Niño–like or La Niña–like decadal
epochs with a larger number of El Niño or La Niña events, re-
spectively (Power et al. 2021). Possible dynamical nonlinear-
ities may also lead to the rectification of ENSO characteristics
into the mean state (Rodgers et al. 2004). The results pre-
sented in this paper show, indeed, that ENSO variations domi-
nate the evolution of interior transports. However, our results
also indicate that decadal changes in the tropical Pacific thermo-
cline depth and circulation result primarily from wind variability.
Thus, if TPDV simply arises as an ENSO residual, this must
happen through the ENSO influence on the tropical winds.

One important open question concerns the origin of the
tropical wind anomalies associated with decadal variations.
We can speculate that if the wind response to ENSO-related
SST anomalies occasionally extends poleward, this could
lengthen the adjustment process of the equatorial thermo-
cline to time scales in the decadal range due to the decrease
of the Rossby wave phase speed with increasing latitude.
Wind variations associated with internal modes of extra-
tropical atmospheric variability, such as the North Pacific
Oscillation (NPO; Rogers 1981) and the South Pacific Oscil-
lation (SPO; You and Furtado 2017) have been associated
with important ENSO precursors, especially for central
Pacific (CP) event types (Capotondi and Ricciardulli 2021).
The SST signatures of these precursors are known as the
Pacific meridional mode (PMM; Chiang and Vimont 2004)
and the South Pacific meridional mode (SPMM; Zhang
et al. 2014). Paleoclimate records show that the PMM ex-
hibits enhanced decadal variability (Sanchez et al. 2016),
suggesting the possibility that the associated winds may
also contain a decadal component that could force tropical
decadal variations. Modeling studies indicate that Atlantic
SST anomalies could modulate the Pacific tropical winds at
decadal time scales, although the magnitude of this influ-
ence appears to be model dependent (Ruprich-Robert et al.
2021). Future studies need to identify the characteristics of
the tropical wind forcing that are critical for promoting and
sustaining decadal variations. In particular, it would be very im-
portant to understand whether TPDV is simply associated with
the reddening of stochastic atmospheric forcing, which may be
white in frequency domain, (e.g., Zhao and Di Lorenzo 2020)
through the ocean thermodynamic (Hasselmann 1976) or dy-
namic (Capotondi et al. 2003) integration of that forcing, or
whether it can be viewed as a coupled cyclic phenomenon that
involves a wind response to decadal SST anomalies.

7. Conclusions

In this study, we have examined the changes in the tropi-
cal surface and subsurface fields that have occurred during

1980–2020 across decadal epochs associated with warmer and
cooler surface conditions in the equatorial Pacific. One of these
epochs is the recent 2014–20 period, whose characteristics rela-
tive to previous periods had not yet been documented. Our re-
sults indicate a return to warmer than average SSTs after 2014,
following the colder than average conditions during 2000–13.
Tropical winds appear to play a key role in shaping the equato-
rial Pacific at decadal time scales. Decadal epochs characterized
by stronger trade winds are associated with enhanced heat con-
tent in the western Pacific thermocline and depleted heat con-
tent in the upper ocean of the central and eastern parts of the
basin. Conversely, decadal epochs characterized by weaker
trade winds are associated with reduced heat content in the
western Pacific thermocline and enhanced heat content in the
upper ocean of the central and eastern parts of the basin.
While such changes were previously noted in conjunction
with the cooling trend that occurred during the first decade
of the twenty-first century (e.g., England et al. 2014), here we
more explicitly relate these changes at each latitude to Ekman
pumping variations along that same latitude, and to the oceanic
adjustment through oceanic Rossby wave propagation. Weaker
trade winds correspond to prevailing positive Ekman pumping
anomalies, which force upwelling Rossby waves, and result in a
shallower thermocline in the western tropical Pacific, corre-
sponding to reduced heat content in that area. Conversely,
stronger trade winds correspond to prevailing negative Ekman
pumping anomalies, which force downwelling Rossby waves,
and result in a deeper thermocline in the western tropical
Pacific, corresponding to enhanced heat content in that area. This
zonal reorganization of heat content supports, in turn, changes in
the zonally integrated interior equatorward transport, which can
modulate equatorial upwelling affecting SST (and mixed-layer
temperature) in the central/eastern part of the basin.

The results presented here are based on one ocean reanaly-
sis. Similar diagnostics should be extended to other ocean re-
analyses to assess their robustness across products that differ
in their choice of ocean model, assimilation method and sur-
face forcing.

Given the key role played by climate models for providing
future projections, it is very important that decadal variability
is simulated realistically by those models to properly isolate
climate change signals from internal variability. Indeed, stud-
ies have indicated a muted expression of tropical Pacific de-
cadal variability in climate models (e.g., Parsons et al. 2017),
and the inability of many climate models to reproduce the ob-
served relationship between interior transport convergence
and equatorial SST anomalies (Zhang and McPhaden 2006;
Graffino et al. 2021). Also, while the pattern of Pacific decadal
variability may appear “realistic” in the current generation of
climate models (e.g., Capotondi et al. 2020b), no systematic
analyses of the models have been conducted to assess whether
those patterns are associated with the correct underlying oce-
anic processes. Diagnostic approaches similar to those described
in this study can provide a suitable avenue for assessing model
fidelity from a dynamical viewpoint. In particular, the relation-
ship identified in this study between the geostrophic transport,
as determined through the zonal SSH gradient, and the actual
meridional transport could be used as a dynamical metric for
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evaluating model performance. Such analyses will be under-
taken in future work.
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