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We demonstrate the key role of off-equatorial subsurface temperature anomalies in driving the phase
transition of Tropical Pacific Decadal Variability (TPDV) using observation and model experiments.
During the positive phase of TPDV, anomalous atmospheric responses in the off-equatorial
northwestern Pacific induce positive Ekman pumping. The resulting negative subsurface temperature
anomaly generated then propagates along the North Equatorial Countercurrent pathway towards the
central basin, causing a sign reversal of the equatorial sea-surface temperature anomalies around
three years later. Moreover, the positive phase of TPDV possibly changes the state of the Kuroshio
Extension through tropical-extratropical interaction, which subsequently projects onto the footprint of
the Pacific Meridional Mode, thereby amplifying subsurface-produced disturbance 0-12 months
before the cold peak phase. The cold phase is completely established after five years. Similarly, the
same dynamic applies to the reversed phase, leading to a preferred decadal oscillation driven by off-

equatorial subsurface temperature anomalies and extratropical-tropical ocean-atmosphere

interaction.

Decadal-scale sea surface temperature (SST) variability in the tropical
Pacific has long been recognized as an important component of the
global climate system'™, triggering tremendous extreme weather events
globally such as droughts® and flooding’. Tropical Pacific Decadal
Variability (TPDV) is generally defined as variability longer than the
dominant 2-7 year timescales of El Nifio-Southern Oscillation (ENSO)®,
obtained by an 8-year lowpass filtering”'’ or 8-40 year bandpass
filtering™ SST in the tropical Pacific. The spatial pattern of TPDV
(derived by the regression map’) is characterized by anomalies of one
sign covering the equator and extending northeastward and south-
eastward toward extra-tropics, combined with anomalies of the opposite
sign in the central extra-tropics of both hemispheres™, resembling the
pattern associated with the Interdecadal Pacific Oscillation'' as well as
ENSO'. However, TPDV exhibits a wider meridional extent'*'* and
shows stronger variability in the tropics than in the extra-tropics"'*".
Recent studies have also identified that TPDV manifests the largest
loadings in the equatorial central and northeastern Pacific*'*'’, bearing
resemblance to the Central Pacific EI Nifio'”"* and the Pacific Meridional
Mode (PMM) patterns'>”. In addition, some studies suggested that
TPDV exhibits a prominent periodicity of around 11 years'®* mainly

observed after 1950*". Therefore, our focus will be specifically on the
TPDV at this timescale range.

The origin of TPDV, however, remains unclear”’. Since the TPDV and
ENSO share a similar structure and major episodes of decadal climate
variability are well captured by the relative number of El Nifio and La Nina
events’, TPDV is therefore merely regarded as the long-term linear average
of the ENSO cycle® or the residual signal modulated by the nonlinearity of
ENSO”. This implies that TPDV may largely originate in the tropical
Pacific'’. However, the wintertime stochastic forcings in the extratropical
North and South Pacific have been put forward as the primary driver of
TPDV'%**, Specifically, the tropical ocean slowly integrates the seasonal
development of these remote forcings'’ in combination with positive
feedbacks (zonal advective and thermocline feedback) in the tropics™, giving
rise to the TPDV. This perspective suggests that the origin of TPDV might
be rooted in the extratropics. Although the proposed null hypothesis can
explain the variance of decadal variability to a certain extent, it cannot
account for the preferred timescale and the phase transition of TPDV.

Due to the large oceanic heat capacity, ocean dynamics have been
proposed to provide the key memory for TPDV’. The subduction of SST
anomalies in the subtropical northeastern Pacific’” and their subsequent
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equatorward propagation toward the equatorial region through the
subtropical-tropical cells (STCs)* has been hypothesized to determine the
decadal timescale of Pacific climate variabilityzg. However, some earlier
studies suggested that these subtropical thermal anomalies decay rapidly
during their propagation®, and it is unlikely that the anomalies can reach the
equator with sizeable amplitude”. In contrast, other studies indicated that
compensating temperature and salinity anomalies (spiciness anomalies) can
potentially reach the tropics, albeit with much-reduced amplitude™.
Recently, a study has identified a decadal subsurface spiciness mode in the
North Pacific associated with the Aleutian Low and Pacific Decadal Oscil-
lation that can propagate toward the equatorial region. Nonetheless, the
degree of impact that the decadal spiciness mode has on TPDV remains
largely uncertain due to the negligible amplitude observed in the tropics and
the relatively short observational record™”. In the South Pacific, it is gen-
erally agreed that extratropical subsurface temperature/salinity anomalies
can effectively propagate to the tropics on a timescale of 5-6 years and
potentially contribute to equatorial climate variability’>**.

Another potential driver for TPDV is the variation in the strength of
STCs which may determine the decadal phase transition of equatorial SST
anomalies®”. The STCs encompass subtropical subduction, equatorward
pycnocline flow, equatorial upwelling, and poleward surface Ekman
flow’®***. An increase in the subsurface mass transport convergence of the
STCs enhances the equatorial upwelling of subtropical colder waters,
leading to cooler equatorial SST and shifting TPDV to the cold phase, and
vice versa”™. As meridional transport variability is achieved through
oceanic adjustment associated with the propagation of Rossby waves®, the
preferred decadal oscillation timescale of Pacific climate can be determined
by the westward propagation of wind-forced oceanic Rossby waves at
specific latitudes, followed by equatorward propagation along the western
boundary as coastal-trapped waves and along the equator as Kelvin waves*'.
However, the strength of the STC:s is highly sensitive to both the location and
magnitude of the wind forcing”. In addition, TPDV can contribute to

extratropical wind variability through the atmospheric bridge* ™. There-
fore, unambiguously determining the origin and preferred timescale of
STCs-related mechanisms remains challenging.

Here, we demonstrate that the subsurface temperature anomalies
originating in the off-equatorial northwestern Pacific can account for the
phase transition of TPDV using available observational and reanalysis
datasets, along with numerical experiments. Furthermore, a preferred
oscillation timescale, specifically 10-20 years, can be established through the
combined contribution of subsurface temperature anomalies and
extratropical-tropical ocean-atmosphere interaction.

Results

Observed Pacific decadal climate variability

Prominent low-frequency variability is identified by performing bias-
rectified wavelet analysis® of raw detrended SST anomalies averaged in
the Nifio4 (5°S-5°N, 160°E—150°W) and Nifio3 (5°S-5°N, 150°-90°W)
regions (Fig. 1b, c). Consistent with previous findings™'**', the pro-
nounced decadal variability is found in the Nifio4 region, characterized
by a distinct spectral peak within 8 and 16-year periods (Fig. 1b). This
feature is also observed in the local fractional variance (LFV) spectrum
for the combined oceanic and atmospheric fields (Supplementary Fig.
1). In contrast, there is no significant peak within the decadal band in
the Nifio3 region (Fig. 1c). The standard deviation of 8-20 year band-
pass filtered temperature anomalies averaged between 5°S and 5°N
shows significant decadal variance at depth below 50 m with two centers
of action: one in the western region from 130°E to 165°E and the other in
the eastern region from 170°W to 120°W™ (Fig. 1a). These maximum
variabilities are mainly confined to the isopycnals 22.5-25 ¢,. An
important feature here is that the isopycnals shoal eastward and upward
(Supplementary Fig. 2a), allowing the temperature on the 22-24.5 ¢,
surfaces (thick magenta lines in Fig. 1a) to effectively affect Nifo4
mixed layer temperature (Supplementary Fig. 3). The strong wavelet
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Fig. 1 | Nifio4 upper ocean decadal variability. a Standard deviation of 8-20 year
bandpass filtered temperature anomalies (shading and thin black contours) aver-
aged between 5°S and 5°N. The contour interval is 0.2 °C and zero contours are
omitted. Magenta lines denote the mean climatological potential density with

0.5 kg m ™ contour intervals. The vertical dashed black lines denote the longitude of
160°E and 150°W. b Bias-rectified wavelet power spectrum (shading) and corre-
sponding global wavelet power spectrum of raw detrended Nifio4 SST index. Thin
black contours in the wavelet power spectrum and dashed black lines in the global
power spectrum indicate statistical significance at the 90% confidence level when
tested against a red-noise AR(1) process with lag-1 of 0.91. The parabola regions
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indicate the “cone of influence” where edge effects become important. The hor-
izontal dashed magenta lines indicate the 8 and 16-year periods. ¢ Same as (b) but for
Nifo3 SST index. Wavelet coherence between Nifio4 SST index and

Nifno4 subsurface temperature anomalies averaged between (d) 22-24.5 0g and (e)
24.5-26 0p. The 95% significance level against red noise is shown as thick black
contours. The vectors indicate the relative phase relationship (pointing right indi-
cates in phase, pointing left indicates out of phase, and pointing vertically upward
means the Nifio4 SST index lags subsurface temperature by 90°). The horizontal
dashed magenta lines are the same as (b).
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Fig. 2 | Subsurface temperature anomalies lead the phase reversal of Tropical
Pacific Decadal Variability (TPDV). a Temporal evolution of raw detrended Nifio4
SST index (left axis, thin blue) and its (right axis, thick blue) 8-20 year bandpass
filtered component (TPDV index), and (right axis, green) 8-year lowpass filtered
component. The reconstructed Nifo4 SST index using the MTM-SVD method on a
decadal timescale (period ~10.3 years) is shown in magenta (right axis). b Temporal
evolution of raw detrended Nifio4 subsurface temperature anomalies averaged
between 22 and 24.5 o (left axis, thin red) and its reconstruction using MTM-SVD
on a decadal timescale (right axis, thick red). Similarly, the reconstruction of
Nifio4 subsurface temperature anomalies averaged between 24.5 and 26 o is shown
in black (right axis). The blue line is the same as (a). ¢ Temporal evolution of raw
detrended subsurface temperature anomalies averaged between 22 and 24.5 gy in
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6°-11°N, 140°-160°E (NW box in Fig. 3) (left axis, thin green) and its 8-20 year
bandpass filtered component (right axis, thick green). Lead-lag correlation coeffi-
cients between TPDV index and (d) 8-20 year bandpass filtered temperature
anomalies averaged between 22 and 24.5 0 in (green) NW box, (blue) 6°-11°S,
150°-170°E (SW box) and (red) 5°S-5°N, 150°~160°E (W box), (e) reconstructed
Nifo4 subsurface temperature anomalies averaged between (red) 22-24.5 gy and
(black) 24.5-26 0y using the MTM-SVD, (f) 8-20 year bandpass filtered KE index
defined as area-averaged SSH anomalies in 31°S-36°N, 140°-165°E and (g) 8-20
year bandpass filtered PMM (black) SST and (gray) wind index. Horizontal dashed
lines in (d-g) show the 95% confidence level based on the non-parameter random-
phase test.

coherence between Nifio4 SST and Nifio4 subsurface temperature
averaged between 22 and 24.5 oy further demonstrates the close con-
nection between the surface and subsurface oceanic variability at the
decadal timescale (Fig. 1d). In addition, the relative phase relationship
(indicated by arrows) suggests that subsurface temperature leads SST
variability by approximately 45° at periods greater than eight years. The
deeper isopycnal temperature anomalies also exhibit a qualitatively
similar relationship (Fig. le), but the coherence is not statistically sig-
nificant compared to the upper layer (Fig. 1d).

As decadal variability centering in the equatorial central Pacific, here
we define a TPDV index using an 8-20 year bandpass filtered Nifio4 SST
anomalies to describe the physical processes responsible for the variation
(similar results are obtained if an 8 year lowpass filtering or Multitaper
Frequency-Domain Singular Value Decomposition (MTM-SVD) is used,
Fig. 2a). The temporal evolution of the Nifio4 22-24.5 ¢, temperature
anomalies extracted by the MTM-SVD displays pronounced feature of
decadal variability (Fig. 2b). Its variation exhibits a larger magnitude com-
pared to the lower isopycnal level (thick red and black lines in Fig. 2b),
consistent with the wavelet coherence analysis in Fig. 1. Moreover, the
maximum values of the temperature anomalies between 22 and 24.5 o4 lead
the peaks of the TPDV index by months (correlation reaches 0.96 by 19
months in Fig. 2e), in agreement with the relative phase relationship in Fig.
1d. Therefore, upper oceanic variability emerges as a potential precursor of
TPDV which will be further examined next. The temperature between 24.5
and 26 oy also shows a strong and consistent correlation with TPDV,
confirming the key role of subsurface temperature on the TPDV. For
simplicity, we focus entirely on the 22-24.5 0, in the following analysis
unless otherwise noted.

The decadal evolution of surface oceanic and atmospheric fields
reconstructed from MTM-SVD illustrates a completed phase transition
of TPDV (Fig. 3). During the positive phase of TPDV (Fig. 3a), the
largest SST loadings are observed in the Nifio4 region and northeastern
Pacific*'®. This characteristic is consistent with previous studies based
on MTM-SVD analysis of combined SST, sea surface height (SSH), and
tropical subsurface temperature anomalies above 350 m'®, and the
regression pattern of bandpass filtered SST anomalies on the first
principal component of the leading empirical orthogonal function of
the 8 to 40-year band SST anomalies’. The decadal sea level pressure
(SLP) pattern is characterized by a band of anomalous high SLP
anomalies confined to the western side of the basin while anomalous
low pressure dominates in the east, especially in the extratropics. The
latter structure resembles the Aleutian Low, suggesting possible
atmospheric teleconnections excited by TPDV****". The circulation
patterns in the extratropical Northern and Southern Hemispheres are
similar to those associated with the North? and South® PMM,
respectively. In addition, associated with the equatorial warm SST
anomalies, strong westerly winds are observed west of 150°W while
northwesterly and southwesterly winds dominate in the off-equatorial
northwestern and southwestern Pacific, respectively. In general, the
ocean-atmosphere interaction during the positive phase is consistent
with a typical Gill-type response in the off-equatorial northwest and
southwest™ resulting from the strong positive SST anomalies in the
equatorial central Pacific. The corresponding positive (negative) wind
stress curl anomalies in the 2-15°N (2-15°S) latitudinal band (Sup-
plementary Fig. 4a) then induce positive Ekman pumping (Supple-
mentary Fig. 4b), leading to the formation of subsurface temperature
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Fig. 3 | Off-equatorial northwestern subsurface temperature anomalies initiate
the phase reversal of Tropical Pacific Decadal Variability (TPDV). a-h Phase
evolution of Pacific SST (shading), SLP (contours, hPa), and 10-m wind vector
anomalies on decadal timescales (period ~10.3 years in the MTM-SVD analysis).
The contour interval is 0.1 hPa (positive/negative is solid/dashed). a, h correspond to
positive and negative phases of TPDV, respectively. d Corresponds to the phase
reversal. The numbers indicate the evolution of the fields in months before the peak
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cold phase, for example, -6 m indicates 6 months before the peak of the cold phase.
i—p Same as (a-h) but for subsurface temperature anomalies averaged between 22
and 24.5 gy. For clarity, positive (negative) temperature anomalies greater (smaller)
than 0.3(—0.3) °C have been colored in red (blue). Vectors denote the mean current
on 23.5 gy derived from GODAS during 1980-2021. Only some representative
current vectors are shown. The green rectangles in (i) are the regions defined in
Fig. 2.

anomalies in the off-equatorial northwestern and southwestern Pacific,
respectively (the two green boxes in Fig. 3i). This will be further
examined in the next section.

Before evolving into the mature cold phase (Fig. 3h), negative PMM-
like patterns occur in the extratropics concurrent with the strengthening of
negative SST in the equatorial central and northeast Pacific (Fig. 3e-h).
Previous studies have indicated that these meridional modes, also described
as seasonal footprinting mechanism®*”', can contribute to equatorial low-
frequency variability around 0-12 months before the mature state'"*
(consistent with Fig. 2g). The regression of SST anomalies upon the filtered
PMM SST index (similar result obtained for PMM wind index) further
confirms the role of PMM in enhancing SST variance around one year
before the peak phase of TPDV (Supplementary Fig. 5g, h).

But how can the PMM be formed during the transition state to con-
tribute to the growth of TPDV? Apart from the contribution from internal
stochastic forcing in the midlatitude’* and East Asian winter monsoon™,
many previous studies have suggested that atmospheric teleconnection
during the peak phase of TPDV can drive changes in the Aleutian Low or
NPO on a timescale of 1-3 months*~*. The resulting atmospheric variability
associated with the Aleutian Low/NPO then excites westward propagating
oceanic Rossby waves that affect the Kuroshio Extension (KE) system after
2.5-3 years™ ™. The change in the KE state then induces a persistent
downstream atmospheric response that subsequently projects onto the
forcing pattern of the PMM (around 0-12 months) and drives some fraction
of equatorial low-frequency variability”’. Consistent with previous finding™,
the lead-lag correlation between the filtered KE index (defined as area-
averaged SSH anomalies in the 31°5-36°N, 140°-165°E*’) and the TPDV
index exhibits a sinusoidal pattern in which the former leads the latter by two
years, while the latter can also provide feedback to the former after three to
four years (Fig. 2f). The regression of SST anomalies upon the filtered KE
index when the latter leads further demonstrates that the KE can induce a
weak but still significant fraction of low-frequency SST variability in the
tropics (Supplementary Fig. 5a-d). In addition, the atmospheric structure
associated with the KE can explain a certain degree of the PMM pattern

(compare contours in Supplementary Fig. 5). As a result, the state change of
the KE partially excites the PMM™® to further strengthen the low-
frequency SST variance (Fig. 3f-h and Supplementary Fig. 5).

The above observed Pacific climate variability is consistent with the
established decadal framework so far”*”’. However, neither the KE nor the
North and South PMM can fully explain the phase reversal of TPDV (note
that KE primarily induces equatorial SST anomalies through the PMM
pathway”, Supplementary Fig. 5). In addition, northeastern subtropical SST
anomalies nearly in-phase with equatorial central Pacific SST variability at
the decadal timescale, suggesting that the subtropical PMM might not be the
primary driver of the decadal phase reversal of TPDV'. In the next section,
we will demonstrate that the equatorial emergence of subsurface tempera-
ture anomalies originating in the off-equatorial northwestern Pacific can
trigger the phase reversal of TPDV. Specifically, by combining these off-
equatorial subsurface temperature anomalies with the extratropical-tropical
ocean-atmosphere interaction framework, we can establish the preferred
decadal timescale oscillation in the Pacific.

Origin and preferred timescale of TPDV

The significant warming observed in the equatorial central Pacific during
the positive phase of TPDV suggests a Gill-type response in the tropical
Pacific, leading to the formation of subsurface temperature anomalies in the
off-equatorial western Pacific”. Could the underlying water in the off-
equatorial western Pacific potentially cause the phase reversal of TPDV?
Fig. 3i-p shows the phase evolution of upper ocean temperature anomalies
reconstructed from MTM-SVD, which generally bears resemblance to those
associated with surface variability. One important feature is the occurrence
of a strong negative signal in the off-equatorial western Pacific, centered
around 6-11°N (Fig. 2c) which has the opposite sign to the Nifo4 SST
anomalies during the positive TPDV mature phase (Fig. 3a, i). In addition,
subsurface anomalies precede surface variability in the western-central
equatorial region during the reversal state (Fig. 3d, e, 1, m) around 3 years
later, consistent with the correlation analysis in Fig. 2e. Figure 2d shows the
lead-lag correlation between filtered area-averaged subsurface temperature
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Fig. 4| Gill-response in the off-equatorial northwestern Pacific forces subsurface
temperature anomalies. 8-20 year bandpass filtered temperature anomalies aver-
aged between 22 and 24.5 0,y in NW box (gray rectangle) regressed with 8-20 year
bandpass filtered (a) SST, (b) SLP (shading, contour, and stipple) and 10-m wind
anomalies, (c) wind stress curl and (d) Ekman pumping. In (a) contours are the
correlation coefficients between 8 and 20 year bandpass filtered NW box subsurface
temperature anomalies and 8-20 year bandpass filtered SST anomalies. The contour
interval is 0.2 and only correlation coefficients greater than 0.8 are shown. The
contour interval in (b) is 0.1 hPa (positive/negative is solid/dashed). Regressed wind
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vectors are shown as a whole for clarity. Stipples indicate the region exceeding 95%
confidence level with the random-phase test. e Wintertime (December—February)
and (g) annual response of 850 hPa geopotential height (shading and contour) and
850 hPa winds with specified 2 °C SST anomalies imposed in the magenta rectangle
region shown in (e). f Annual horizontal response structure of temperature averaged
between 22 and 24.5 o to the superimposed anomalous wind fields associated with
the positive phase of the TPDV. h Same as (f) but for longitude- oy plot of the
response of temperature at 6°N. Stipple indicates 95% significance level based on a
Student’s ¢ test.

anomalies in the western Pacific (three green boxes in Fig. 3i, NW, W, SW
from north to south) and the TPDV index. All correlations exhibit a sinu-
soidal shape with extremely high crests and troughs, suggesting a strong
coupling between the western subsurface temperature anomalies and
equatorial SST variability at the decadal timescale. Specifically, the corre-
lation between subsurface temperature anomalies averaged over the off-
equatorial northwest region (NW box) and TPDV reaches as high as 0.84 by
60 months when the former leads. Additionally, the TPDV shows a much
stronger correlation with NW subsurface temperature anomalies by about
six months. This can establish a preferred decadal oscillation identi-
fied so far.

We further quantify the subsurface contribution to TPDV by regres-
sing the filtered area-averaged temperature anomalies between 22 and
24.504 in the NW box (the largest loading in Fig. 3i) upon the filtered SST
anomalies (Fig. 4a). As expected, the strong negative subsurface temperature
anomalies originating in the NW region can explain significant low-
frequency variance in the Nifio4 region five years later (Figs. 3h and 4a).
Note that the contribution from the subsurface is of greater magnitude than
that from the KE during the transition phase (Fig. 4a and Supplementary
Fig. 5a, b). Therefore, off-equatorial subsurface temperature anomalies may
be the primary contributor to the phase reversal of TPDV.

But how can the strong negative temperature anomalies approach the
central basin and trigger the phase reversal of TPDV? The evolution in Fig. 3
suggests that negative subsurface temperature anomalies in the NW box
progress gradually eastward and equatorward, following the mean current
(violet vectors) toward the central basin. This process aligns with the shallow
North Equatorial Countercurrent (NECC) pathway which can be defined
by the acceleration potential evaluated on isopycnal surfaces (Fig. 5a-f).

Lagrangian particle-tracking experiments provide additional evidence
confirming the existence of the NECC pathway (see Methods). The time-
scale for a particle originating in the off-equatorial northwestern Pacific to
reach the Nifio4 region is approximately 1.5-3 years, depending on the
evaluated isopycnal surface (Supplementary Fig. 6). Specifically, the
advection speed is fast near the surface (Supplementary Fig. 6a), progres-
sively decelerating at greater depths (Supplementary Fig. 6d). The propa-
gation timescale from our tracer experiments is consistent with the
advection timescale in Fig. 3.

The reconstructed temperature anomalies using MTM-SVD
averaged in 6°N illustrate the propagation characteristic along the
NECC pathway from around 140°E to 160°W (Fig. 5g, shading) while
the reconstructed signals on the equator can only reach as far as 170°E
(Fig. 5g, contours). Moreover, the signal along 6°N is much stronger and
more coherent than those at the equator. The NW subsurface tem-
perature anomalies lead to the observed decadal SST variability in the
Nifio4 region (Fig. 5h, i), consistent with the correlation analysis in Fig.
2. As a result, the gradual migration of NW subsurface temperature
anomalies toward the dateline via the NECC pathway can effectively
determine the preferred timescale and the phase reversal of TPDV. This
is facilitated by the eastward shoaling of the examined isopycnal range
(Supplementary Fig. 2a), which allows the outcropped subsurface
temperature anomalies to directly affect surface temperature variability
(Supplementary Fig. 3), thus triggering the phase reversal (Fig. 3d) and
inducing significant low-frequency variance in the Nifo4 region
(Fig. 4a). The propagation pathway from the NW region to the equa-
torial Pacific are consistent with previous studies based on a shallower
isopycnal level® or depth-averaged temperature anomalies®.
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Fig. 5 | Off-equatorial northwestern Pacific subsurface temperature anomalies
propagate to the central basin via the NECC pathway. Mean acceleration potential
(shading) referenced to 1000 dbar evaluated on 23.5 04 and mean current vectors
evaluated on (a) 22.5 g, (b) 23 0y, (¢) 23.5 0, and (d) 24 g,. (e, f) Same as (a—d) but
for mean depth-integrated current vectors between (e) 50-200 m and (f) 50-300 m.
Only some representative current vectors are shown. g Reconstructed subsurface
temperature anomalies between 22 and 24.5 09 using MTM-SVD averaged along 6°N
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(shading) and 5°S-5°N (contour). The contour interval is 0.2 °C (positive/negative is
solid/dashed). h SST anomalies averaged between 5°S and 5°N. i TPDV index. The
vertical dashed magenta lines indicate the longitude of 160°E and 150°W. The
horizontal solid (dashed) green lines indicate strong and very strong El Nifio

(La Nina) events that peak in December based on the Oceanic Nifio Index (ONI).
SST anomalies in (h) are obtained by removing the linear trend and the climato-
logical monthly mean over 1950-2020.

We then examine how subsurface temperature anomalies are formed
in the off-equatorial western Pacific at the decadal timescale. The mean
advection of extratropical spiciness anomalies™* and wind-forced ther-
mocline displacement have been proposed”. To assess the role of remote
spiciness advection, the standard deviation of filtered subsurface tempera-
ture anomalies averaged between 22 and 24.5 gy (temperature interpolated
to time-varying isopycnals) is shown in Supplementary Fig. 7a. The results
indicate that decadal variability due to the mean advection of spiciness
anomalies is weak in the off-equatorial western Pacific. There is only one
noticeable center of action in the equatorial western Pacific around 140°E
that cannot fully account for the observed large subsurface temperature
variability (Fig. 3i). However, large spiciness variabilities are observed in the
central-eastern equatorial and southeast Pacific (Supplementary Fig. 7a).
On the other hand, the spatial structure of the standard deviation of the
filtered isopycnal depth anomalies averaged between 22 and 24.50, indi-
cates that a large portion of off-equatorial temperature anomalies results
from the vertical displacement of the thermocline (Supplementary Fig. 7b).
This suggests that wind-forced thermocline displacement may play a central
role in forming subsurface temperature anomalies in the off-equatorial
western Pacific at the decadal timescale.

We then investigate the role of TPDV-related wind forcing in
driving off-equatorial thermocline variability. Figure 4b shows the
regression of area-averaged temperature anomalies between 22 and
24.504 in the NW box upon the filtered SLP and 10-m wind anomalies.
Similar to Fig. 3a, the strong positive SST anomalies in the central
equator induce a band of positive (negative) SLP anomalies in the west
(east). The resulting cyclonic circulation in the northwest (southwest)
produces strong northwesterly (southwesterly) winds equatorward of
15°N (15°S) (Figs. 3a, 4b) with associated positive (negative) wind
stress curl anomalies in the north (south) western Pacific (Supple-
mentary Fig. 4a, c¢). Consequently, the positive Ekman pumping
(Supplementary Fig. 4b, d) induces surface divergence and generates
negative subsurface temperature anomalies in the off-equatorial wes-
tern Pacific (Fig. 3i). We further quantify the impacts of local wind

forcing on subsurface temperature changes through the lead-lag cor-
relation between Ekman pumping and subsurface temperature
anomalies averaged in the NW box at interannual (Supplementary Fig.
8, gray line) and decadal (Supplementary Fig. 9, gray line) timescales.
At both timescales, the contribution of Ekman pumping to subsurface
temperature changes is strong, particularly at low-frequency bands®”
(correlation coefficient reaches 0.88 when Ekman pumping leads
subsurface temperature by 13 months), highlighting the crucial role of
local wind forcing in the formation of NW box subsurface temperature
anomalies.

Apart from the impacts of local wind forcing, thermocline
displacements-induced subsurface temperature anomalies may
potentially result from westward propagating oceanic Rossby waves
originating in the off-equatorial eastern basin*"***. Supplementary
Fig. 10 depicts the connection between NW box subsurface temperature
anomalies and SSH variability averaged across different longitudinal
bands in the North Pacific. Noticeable SSH signals capable of reaching
the western boundary are primarily observed west of 160°W (Supple-
mentary Fig. 10b-e). The estimated speed of Rossby wave propagation
from 160°W to 160°E is approximately 14-17 cm/s at 13°N, qualita-
tively aligning with previous findings''. At 6°N, the speed of Rossby
wave propagation is much faster, requiring fewer months to reach the
western boundary from 160°W.

To further assess the impact of Rossby wave-induced subsurface
temperature anomalies, we calculate lead-lag correlation coefficients
between NW box subsurface temperature and SSH anomalies averaged
across different longitudinal bands (Supplementary Figs. 8 and 9). At
timescales shorter than a year, SSH variability west of 170°W exhibits a
strong correlation with changes in NW box subsurface temperature, leading
by approximately one month (black line in Supplementary Fig. 8, correla-
tion coefficient reaches 0.56), consistent with the estimated cross-basin
timescale depicted in Supplementary Fig. 10e. In contrast, east of 170°W the
correlation diminishes significantly, suggesting that Rossby waves origi-
nating in the off-equatorial eastern Pacific are not the primary contributor to
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Fig. 6 | Off-equatorial subsurface temperature anomalies and extratropical-
tropical ocean-atmosphere interaction determine the preferred timescale

of TPDV. a Warm phase of TPDV is characterized by the strongest surface warming
in the Nifio4 region, off-equatorial western Pacific Gill-response and strong

subsurface cooling, and extratropical cyclonic circulation. b Surfacing of oft-
equatorial northwestern subsurface temperature anomalies in the Nifio4 region.

¢ PMM (with contribution from KE) enhances the subsurface-produced equatorial
disturbance in the Nifo4 region. d Same as the warm phase but the sign reversed.

interannual subsurface temperature changes in the off-equatorial north-
western Pacific. However, at decadal timescales, SSH variability east of
170°W is predominantly out of phase with changes in NW box subsurface
temperature anomalies while west of 170°W the correlation between SSH
anomalies and subsurface temperature weakens (Supplementary Fig. 9).
These findings indicate that off-equatorial Rossby waves do not play a
central role in driving subsurface temperature changes in the northwestern
Pacific at the decadal timescale. Consequently, the primary contributor to
decadal-scale NW box subsurface temperature anomalies appears to be local
wind forcing rather than Rossby wave propagation (Supplementary Fig. 9,
comparing the gray line and black line at negative lags).

The negative temperature anomalies in the off-equatorial south-
western Pacific are relatively weaker compared to the northern coun-
terpart (Fig. 3i). While previous modeling studies*® and observational
analysis™ have suggested the critical role of the South Pacific in driving
the phase transition of the TPDV, we highlight the larger contribution
from the northern hemisphere than the southern part. This difference
can be attributed to two main causes. Firstly, the use of shallower iso-
pycnal levels in our analysis effectively captures the direct impact of
subsurface anomalies on Niflo4 surface temperature variability. This
contrasts with previous studies based on deeper isopycnal levels™.
Consequently, our framework aligns with the observed decadal time-
scale oscillation (Figs. 1 and 2) rather than the approximately 14-year
periods found in previous observational study”. Secondly, our analysis
is consistent with recent findings that the off-equatorial northwestern
Pacific plays a more substantial role in the equatorial heat budget at the
decadal timescale*”®. Furthermore, the weaker signal in the south-
western Pacific might be related to the structure of the wind forcing.
Specifically, the zonal coherency of the Ekman pumping has been
proposed as the primary factor determining the low-frequency varia-
bility while local maxima of the forcing only affects the sharpness of the
variability”. In Fig. 4d, the northern off-equatorial Ekman pumping is
elongated from around 130°W to the western boundary while the
southern off-equatorial Ekman pumping is only extended from around
140°W to 150°E with the occurrence of a band of negative Ekman
pumping centered around 10°S and 150°E. Therefore, the specific

structure of the forcing might be a significant factor explaining the
weaker signal from the South Pacific in the TPDV.

Overall TPDV framework with phase reversal
The decadal oscillation framework in the tropical Pacific can be summarized
as follows:

(a) Positive phase. strongest positive temperature anomalies in the
Nifio4 region (Figs. 3a, 6a). Ensemble atmospheric modeling experi-
ments with prescribed additional 2 °C SST forcing (see Methods) fur-
ther confirm that surface warming in the Niflo4 region can induce
cyclonic circulation in the northwestern and southwestern Pacific
(Fig. 4e, g), respectively, leading to the corresponding positive and
negative wind stress curl anomalies in the 2-15°N and 2-15°S latitu-
dinal bands (Supplementary Fig. 4a, c). The resulting positive Ekman
pumping (Supplementary Fig. 4b, d) drives negative subsurface tem-
perature with the strongest signals in the off-equatorial northwestern
Pacific (Fig. 31). This is also confirmed by the ensemble oceanic mod-
eling experiments when TPDV-associated wind fields (Fig. 3a) were
prescribed (Fig. 4f, h).

(b) Transition phase. Off-equatorial northwestern subsurface tem-
perature anomalies gradually migrate toward the central basin along the
NECC pathway (Fig. 5a-f and Supplementary Fig. 6). As the isopycnal
shoals toward the east, negative subsurface temperature anomalies are
accumulated in the Nifio4 region around three years later (Figs.
3d, 1 and 6b).

(c) Strengthening phase. During the positive phase of TPDV, warming
in the equatorial central Pacific triggers a train of atmospheric Rossby
waves to induce extratropical atmospheric circulation anomalies
(around 3 months)*™, driving the westward propagating oceanic
Rossby waves that affect the KE system (around 2.5-3 years)”**". The
change of the KE state then induces a downstream atmospheric
response that projects onto the forcing pattern of the PMM® (Supple-
mentary Fig. 5). The PMM further strengthens the subsurface-induced
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SST anomalies in the central equatorial Pacific 0-12 months before the
peak of the cold phase (Figs. 3f~h and 6¢)™.

(d) Cold phase. The accumulation of subsurface temperature anomalies
in the Nifio4 region originated from the off-equatorial northwestern
Pacific subsurface anomalies, along with the enhancement of the KE and
thus PMM contribution, result in the cold phase of TPDV after around
5-6 years (Figs. 3h and 6d), setting up a half cycle of the decadal oscil-
lation. The remaining opposite cycle is simply the reverse of the processes
mentioned above (Fig. 6).

Discussion

Based on available observational and reanalysis products and ensemble
model experiments, this study presents a modified framework of TPDV
involving ~ off-equatorial ~subsurface temperature anomalies and
extratropical-tropical ocean-atmosphere interaction. The combined con-
tribution of off-equatorial subsurface temperature propagation and PMM
eventually leads to the mature cold phase after five years. The center of
equatorial negative SST anomalies then forces anomalous atmospheric
circulation, resulting in positive subsurface temperature anomalies in the
off-equatorial western area and potentially reversing the state of TPDV.
Thus, a periodic oscillation of around 10 years is achieved.

The impact of the PMM in strengthening TPDV during the transition
state remains a subject of debate. A recent study indicated that while the
causal relationship between PMM and TPDV is apparent, the influence of
PMM might have been overestimated in the previous literature”. Further
analysis is required to investigate the extent to which PMM contributes to
the strengthening of equatorial SST anomalies during the transition state.
Another noteworthy issue concerns the decadal phase change of PMM.
While KE can partially explain PMM forcing, uncertainties persist regarding
whether PMM is influenced by factors within and/or outside the Pacific.
Some studies indicate that the decadal PMM is primarily driven by a tripole
mode pattern of SLP anomalies extending from northeastern Asia to the
northeastern Pacific*’. Conversely, others suggest that the positive phase of
the Atlantic Multidecadal Oscillation can weaken the Aleutian Low via
atmospheric teleconnection, thereby contributing to PMM’'. Further
investigations are necessary to discern the fraction of decadal PMM varia-
bility driven by intra-basin factors versus inter-basin factors. Moreover, it is
crucial to explore how these physical processes activate the preferred decadal
time-scale variability of PMM. Unraveling the intricacies of the decadal
phase change of PMM extends beyond the scope of the present study and
may be explored more thoroughly in our future research.

TPDV-associated SST anomalies can induce extratropical anomalous
wind fields, generating off-equatorial Rossby waves in both the North and
South Pacific. These waves then propagate westward and may potentially
contribute to the phase transition of TPDV**”. We show the temporal
evolution of SSH anomalies along a specific circuit'', westward along 13°N
(Supplementary Fig. 11a), then equatorward along the western boundary at
130°E (Supplementary Fig. 11b), and eastward along the equator (Supple-
mentary Fig. 11c). Most of the SSH anomalies originating west of 160°W
appear to reach the western boundary at 13°N after 2-3 years (Supple-
mentary Fig. 11a), then follow the western boundary to reach the equatorial
western Pacific (Supplementary Fig. 11b), and propagate eastward to the
central basin along the equator at much-reduced amplitude (Supplementary
Fig. 11c). Along the equator, we also observe the propagating SSH signals
disconnect abruptly around 160°E, suggesting that off-equatorial Rossby
waves might not be the primary contributor to the phase reversal of TPDV
(Supplementary Fig. 11d, e). Furthermore, a recent study postulated that
robust ENSO events could potentially influence the phase transition of
TPDV*. However, we have identified only two distinct ENSO events that
could play a role in the phase transition of TPDV within the scope of our
analysis: the 1965/66 El Nino and 2007/08 La Nifia (Supplementary Fig.
11d, e). The former may contribute to the transition from a negative to a
positive phase, while the latter may contribute to the transition from a
positive to a negative phase of TPDV. Nonetheless, a more comprehensive

analysis is necessary to accurately quantify the degree to which ENSO events
contribute to the phase transition of TPDV.

Methods

Observational and reanalysis datasets

For subsurface temperature and salinity, we utilize the latest EN.4.2.2
(EN422) from the Met Office Hadley Centre”. The EN422 has four
ensemble members which are different in the scheme used to adjust bias in
Mechanical Bathythermograph and Expendable Bathythermographs data.
These ensembles are distributed on a 1° horizontal resolution over 42
irregularly spaced depth levels spanning from 1900 to present at monthly
intervals. The ensemble of EN.4.2.2.analyses.g10 from 1950 to 2021 is used
here. Similar results are obtained in the other three ensembles. For the SSH
data, the Estimating the Circulation and Climate of the Ocean project,
version 3 (GECCO3)"" is utilized. This data set has 1° horizontal resolutions
and 40 vertical levels from 1948 to 2018. For the ocean currents, the Global
Ocean Data Assimilation System (GODAS)>" with 0.33° latitudex1°®
longitude during 1980-2020 is used.

For atmospheric variables, monthly SLP and 10-m winds are from the
National Centers for Environmental Prediction-National Center for
Atmospheric Research Reanalysis 1 dataset””. These data are distributed on a
2.5°x 2.5° latitude-longitude grid, covering the period from 1948 to the
present. In addition, the global 1° gridded monthly SST from the Hadley
Centre Global Sea Ice and Sea Surface Temperature (HadISST)”® dataset
is used.

Subsurface temperature coordinate transformation and NECC
pathway

All data are linearly detrended before conducting analyses and anomalies
are defined as deviations from the climatology of the whole period of the
respective dataset. As the focus of the study is on the decadal timescale, an
8-20 year Lanczos bandpass filter is used”. For subsurface data, the tem-
perature on pressure coordinates is converted to time-mean sigma coor-
dinates with an increment of 0.02kgm™> by linear interpolation (the
resulting isopycnal temperature is not necessarily salinity compensated).
We then define two isopycnal ranges of the 22-24.5 gy and 24.5-26 0y to
identify the origin of the TPDV. This separation aims to quantify the former
as the tropical origin® and the latter as extratropical origin™ (Supplementary
Fig. 2). Our result is similar regardless of the chosen upper isopycnal ranges
(22.4-245 0y, 22.5-24.5 0y or 23-24.5 0p) as well as lower isopycnals
(24.5-25.5 0, 25-25.5 gy or 25-26 0p). The ocean pathway is represented by
the mean acceleration potential” (the geostrophic streamfunction for flow
in a specific volume anomaly surface) referenced to 1000 dbar and mean
currents evaluated on the isopycnal surface.

Wavelet analysis

As the widely used Morlet wavelet analysis® exhibits bias in the estimate of
wavelet power spectra of geophysical time series, we use the bias-rectified
wavelet approach®. We also perform wavelet coherence analysis™ to detect
the phase relationship between surface and subsurface variability in the
Nifio4 region.

MTM-SVD

We employ the MTM-SVD which is a powerful multivariate signal pro-
cessing method ideal for extracting narrowband spatial-temporal variability
in a red noise background™*. The feature of decadal variability is then
explored by performing MTM-SVD analysis of joint normalized raw
detrended oceanic and atmospheric fields in the domain of 40°S-40°N and
120°E-80°W. Our result is not sensitive to the domain or combined fields
used for the analysis. The MTM-SVD analysis was performed using K =3
data tapers (windowing functions) and a time-frequency bandwidth pro-
duct of NW =2. The significant level of the resulting LFV spectrum is
estimated by 300 synthetic time series of the original dataset obtained by
temporal shuffling. The 95% confidence level is used to distinguish the LFV
peak from the “locally white” noise background.
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Random phase test

To identify the causal relationship between the fields, lagged correlation and
regression are used. Because bandpass filtering strongly reduces the effective
sample size of the time series and the degree of reduction is hard to estimate
accurately, we use a non-parameter method (random-phase)® to test the
significance of our statistical analysis. Supposedly, r(A, B) is the regression
between two time series A and B at a certain lag. The statistical significance
of regression can be tested via two steps. First is the generation of
8000 synthetic time series from A that has the same length and same power
spectrum but differences in temporal phases. Second, we calculate the lagged
regression of the reconstructed time series with B. If the magnitude of r(A, B)
is equal to or greater than a certain percentage (at least 90% in this study) of
the regressions from the random-phase time series, we assume that r(A, B)
passes the confidence level.

Lagrangian particle-tracking experiments

To verify the NECC pathway and the associated propagation timescale, we
conducted offline Lagrangian particle-tracking simulations using the long-
term monthly mean currents from GODAS during 1980-2021. Particles
were initialized at various isopycnal surfaces (22.5 0, 23 gp, 23.5 0, and 24
0p) within the region of 4°-6°N and 140°-160°E to ensure the robustness of
our analysis. A total of 24,000 particles were released for each isopycnal
surface, starting in January.

Numerical experiment

The dynamical processes involved in our analysis are further confirmed
using the numerical experiments based on the Community Earth System
Model (CESM) version 1.2.2. To verify the role of TPDV-induced anom-
alous atmospheric circulation (Gill-type response in the off-equatorial
western Pacific), we conduct the specified SST anomaly experiments with
the Community Atmospheric Model version 5 (CAMS5). The prescribed
heat source is within the region 5°S-5°N, 160°E-160°W while outside this
domain the SST is nudged toward climatological value**. We add 2 °C SST
to the climatological value within the defined region. The experiment is run
for 30 years. The anomalies are then defined as deviations from a 30-year
control run with specified climatological SST.

We also perform a 10-member ensemble run of the prescribed 2 °C
SST value in the region mentioned above. Each ensemble member is slightly
different in the initial condition by randomly imposing small perturbations
to the initial temperature fields. Specifically, we set the CESM1.2.2 namelist
variable “pertlim” ranging from 1x 107" to 10x 107 All ensemble
members are then run for 10 years and anomalies are defined as deviations
from a 30-year control run with specified climatological SST.

To demonstrate the role of TPDV-induced off-equatorial subsurface
temperature anomalies, the Pacific anomalous wind field associated with the
positive phase of TPDV (Fig. 3a) is superimposed to force the Parallel Ocean
Program version 2 (POP2)*. We perform a 15-member ensemble run
which is different slightly in the perturbation in addition to the added TPDV
anomalous wind field. The imposed wind field is as follows,

Imposed wind field = Climatological wind
+TPDV associated wind + Perturbed wind

where the perturbed wind is generated by a random matrix of predefined
coefficients (ranging from 0.0001 to 0.0005). We choose to perturb the 10-m
wind field in the zonal, meridional, and both directions corresponding to the
defined coefficients. Each ensemble member is run for 30 years and
anomalies are defined as departures from the 100-year control run with
normal year forcing. All the statistical significance of the modeling results is
based on a Student’s ¢ test.

Data availability

The thermodynamic Equation of Seawater 2020 (TEOS-10) https://www.
teos-10.0org/ The wavelet packages https://paos.colorado.edu/research/
wavelets/ The rectified wavelet codes http://ocgweb.marine.usf.edu/~liu/

wavelet.html The wavelet coherence codes www.pol.ac.uk/home/research/
waveletcoherence/  The MTM-SVD code http://www.meteo.psu.edu/
holocene/public_html/supplements/Mann_MTMSVD_2020/Code/ The
PMM index https://www.aos.wisc.edu/~dvimont/MModes/Real Time/
PMM.RAW.txt The CESMI1.22 code https://www2.cesm.ucar.edu/
models/cesm1.2/ Links to datasets used: HadISST1: https://www.
metoffice.gov.uk/hadobs/hadisst/ NCEP-NCAR Reanalysis 1: https://psl.
noaa.gov/data/gridded/data.ncep.reanalysishtml EN422: https://www.
metoffice.gov.uk/hadobs/en4/download-en4-2-2.html GECCO3: https://
www.cen.uni-hamburg.de/en/icdc/data/ocean/reanalysis-ocean/gecco3.
html GODAS: https://psl.noaa.gov/data/gridded/data.godas.html.

Code availability
Any relevant codes necessary to reproduce the results presented in this study
are available from the corresponding author upon request.
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