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The eastern tropical Pacific has defied the global warming trend. There has
been a debate about whether this observed trend is forced or natural (i.e., the
Interdecadal Pacific Oscillation; IPO) and this study shows that there are two
patterns, one that oscillates along with the IPO, and one that is emerging since
the mid-1950s, herein called the Pacific Climate Change (PCC) pattern. Here we
show these have distinctive and distinguishable atmosphere-ocean signatures.
While the IPO features a meridionally broad wedge-shaped SST pattern, the
PCC pattern is marked by a narrow equatorial cooling band. These different
SST patterns are related to distinct wind-driven ocean dynamical processes.
We further show that the recent trends during the satellite era are a combi-
nation of IPO and PCC. Our findings set a path to distinguish climate change

signals from internal variability through the underlying dynamics of each.

The sea surface temperature (SST) trends over 1980 to 2022, and the
longer period of 1958 to 2022, are shown in Fig. 1a, b. We will show that
the former is largely the well-known pattern of the long-studied
Interdecadal Pacific Oscillation (IPO; see Methods for a definition) and
the latter is a pattern that we will call the Pacific Climate Change (PCC)
pattern. We further show that the ocean dynamics associated with the
two patterns are distinct.

The fact that under greenhouse gas (GHG) -driven global warming
some parts of Earth do not warm, or even cool, presents a fascinating
problem. The surface tropical eastern Pacific stands out as a region
that resists warming'. Whether evaluated over recent decades or back
to 1900, the tropical Pacific exhibited what is often called a “La Nifa-
like” trend pattern with pronounced warming in the west and lack of
warming in the cold tongue region' . This SST pattern is associated
with cooling and shoaling of the tropical Pacific Ocean thermocline
over past decades®®. In contrast, state-of-the-art climate models most
often respond to anthropogenic GHG forcing by warming the eastern
Pacific, a pattern that is often referred to as “El Nifio-like””%. Numerous
studies have sought to reconcile this discrepancy and two primary
arguments have been proposed. One suggests that correcting the cold
tongue bias in the models” mean state would align the models’ trends
with observations, which are argued to be a forced response’. The
other suggests that the recent observed trend is largely due to internal
variability and is within the range of climate model simulations®°.

Although debate persists ™, the Coupled Model Intercomparison
Projects (CMIP) models and Large Ensembles rarely come close to the

observed trends either as a response to radiative forcing, internal
variability or any combination thereof. Alternatively, we may use
observations to estimate the forced climate response. However,
observational analyses come with their own limitations. Beyond ines-
capable observational error/uncertainty'*”, the tropical Pacific is
dynamically active on decadal to multi-decadal timescales, so that
internally generated long-term variability may overwhelm the climate
change signal'®"”. For example, the transition from positive to negative
phases of the IPO— the dominant climate mode in the Pacific ocean on
decadal to multi-decadal time scales and closely related to the Pacific
Decadal Oscillation'® —contributed to the observed La Nifia-like SST
trend pattern over the past four decades'®**?, It has been argued that
some individual ensemble members appear able to reproduce the
observed trend pattern over the recent four decades because their
randomly generated internal variability aligns, by chance, with the
observed IPO phase transition®’. However, long-term change in the
tropical Pacific exhibits distinctive patterns unlike those on these
decadal timescales. While SST anomalies associated with the IPO in the
tropical Pacific typically feature a meridionally broad pattern®, the
long-term lack of warming is found to be narrowly confined to the cold
tongue>**'*, Seager et al.® further elaborate that some individual
model simulations, containing both internal variability and the model’s
forced response, come close to the observations but nonetheless fail
to represent several fundamental elements of the observed long-term
trends, including the distinctive narrowness of the lack of warming and
the underlying subsurface ocean dynamical processes. These findings
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(a) HadISST SST Trend (1980-2022)
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Fig. 1| Recurrent and emerging sea surface temperature (SST) trend patterns in
the tropical Pacific. The SST trend (°C per decade) based on HadISST during (a)
1980-2022 and (b) 1958-2022. Dots in (a, b) indicate the trend exceeding the 95%
confidence level. ¢ Timeseries of raw (black dashed lines) and 15-year running mean
(red solid lines) annual-mean SST anomalies in the cold tongue (top panel; 5°S-5°N,
190°W-270°W) and the warm pool (bottom panel; 5°S-5°N, 140°E-170°W). The SST
anomalies were calculated relative to the climatology of the first 50 years
(1870-1919). d Pattern correlations of 43-year SST trends in the tropical Pacific
region (30°S-30°N, 120°E-270°W) in historical period with the trend during

End year of the trend

1980-2022 based on HadISST (black solid line), ERSSTv5 (green dashed line),
Kaplan (red dotted line) and COBE (blue dashed line). Shading in (d) indicates
pattern correlations of 43-year SST trends in the tropical Pacific region with the
Interdecadal Pacific Oscillation (IPO) pattern based on HadISST. e Similar to (d) but
for 65-year SST trends with the trend during 1958-2022. Arrows labeled P1
(1870-1912), P2 (1914-1956) and P3 (1942-1984) indicate the periods with strongest
positive and negative correlations in (d) and P4 (1870-1934) with strongest nega-
tive correlation in (e).

suggest that the tropical Pacific’s responses to anthropogenic forcing
might present unique characteristics that set them apart from those
typically associated with internal decadal variability.

Results

Recurrent IPO pattern and emerging pattern related to Pacific
Climate Change (PCC)

The SST trend pattern after the satellite data become available
(1980-2022) is often used as the observational reference for assessing
climate model simulations of the forced response (Fig. 1a). This SST
trend pattern is characterized by meridionally broad negative
anomalies in the tropical Pacific, particularly south of the equator, and
positive anomalies in the northwestern and southwestern Pacific. It is
akin to that of the typical IPO variability on decadal to multi-decadal
scale’®?°?*% (Fig. Sla). If this trend is the positive to negative phase
transition of the IPO, then it should appear in earlier historical periods,
given that the IPO has experienced several phase transitions from 1870
to 2022 (Fig. S1b). In Fig. 1d we show pattern correlations of this short-
term trend during 1980-2022 with tropical Pacific SST trends across all
time spans of 43 years in the observational record (e.g., 1979 to 2021,
1978 to 2020, ... 1870 to 1912) over 30°S-30°N, 120°E-270°W. The
pattern correlations range from around —0.8 to 1, demonstrating an
oscillatory behavior matching the IPO’s phase transitions over the last
century (Fig. SIb). Analyses for the whole Pacific (60°S-60°N,
120°E-270°W) or the equatorial Pacific (10°S-10°N, 120°E-270°W)
yield similar conclusion.

A different SST trend pattern beginning in the mid-1950s is shown
in Fig. 1b. The start year 1958 is chosen to approximate the time when
the tropical Pacific warm pool starts to warm up>*® (Fig. 1c, lower panel),
and because it is the start year of the Ocean ReAnalysis System-5
(ORAs5)”. The lack of warming in the tropical Pacific is still evident in

this longer trend pattern (Fig. 1b). However, it is markedly confined
meridionally to the equatorial region, unlike the much broader mer-
idional distribution in Fig. 1a that is indicative of the IPO. Also, the
warm anomalies in the northwestern and southwestern Pacific are less
pronounced. This long-term trend pattern during 1958-2022 shows an
emerging feature as evidenced in its pattern correlation with historical
trends for equivalent earlier 65-year spans. As the end year of the trend
is adjusted backward, the pattern correlation shows a rapid decline
and lingers around zero in earlier periods (Fig. 1e). It suggests that this
long-term trend pattern has no close historical analogues or anti-ana-
logues, and we herein referred to the trend pattern during 1958-2022,
which emerges from the background “noise” of internal variability, as
the PCC pattern.

In Fig. 1d we identify periods with the strongest negative
(P1:1870-1912 and P3:1942-1984) and strongest positive (P2:
1914-1956) pattern correlations with the short-term trend during
1980-2022. However, the recent southward-displaced center of the
cooling in the eastern Pacific (Fig. 1a) is less apparent in these historical
periods, suggesting that it might be due to climate change rather than
internal variability’*”’. Additionally, we show pattern correlations of
the IPO pattern (Fig. S1a) with all 43-year SST trends in the tropical
Pacific (shadings in Fig. 1d), which are strongly consistent with those
related to the short-term trend during 1980-2022, though less so in
the most recent periods. It suggests that while the IPO generally
dominates the short-term trend patterns, the PCC leaves discernable
imprints on the short-term trends in recent decades.

In Fig. 1e we identify the strongest negative pattern correlation
(P4:1870-1934) with the PCC pattern (Fig. Slc—f). The trend pattern in
P4 (Fig. SIf) appears to be a weak reflection of the IPO pattern rather
than a negative analogue of the PCC pattern, again confirming the
distinctiveness of the PCC SST trend pattern that has emerged

Nature Communications | (2024)15:8291


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-024-52731-6

(a) 43-year trend distribution for pattern correlation
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Fig. 2 | Quantification of internally-generated and emerging Pacific Climate
Change (PCC) sea surface temperature (SST) trends. a Histograms of pattern
correlations of 43-year SST trend patterns over the tropical Pacific (30°S-30°N,
120°E-270°W) in historical period with that during 1980-2022. b Similar to (a) but
for the 65-year SST trend. ¢ Quantification of the Interdecadal Pacific Oscillation
(IPO)’s contribution to the trend of zonal SST gradient in the equatorial Pacific (see

(d) SST Trend 1970-2012 (near-zero IPO Contribution)
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Methods). The red solid line indicates the 43-year trend, and the red dashed line
indicates the IPO’s contribution. Similarly, the blue solid line and dashed line
indicate the 65-year trend and the IPO’s contribution, respectively. d The 43-year
SST trend (°C per decade) in1970-2012 with near-zero IPO contribution. Dots in (d)
indicate the trend exceeding the 95% confidence level.

recently. The recurring feature of the short-term trend and the emer-
ging feature of the long-term trend identified in HadISST data were
consistently found across different SST datasets (ERSSTv5, Kaplan,
COBE; Fig. 1d, e and S2). Further, Fig. 2a, b shows the histogram of
historical period pattern correlations with short-term trend pattern
during 1980-2022 and the PCC pattern, respectively. The overall dis-
tribution for the pattern correlations with the short-term trend is an
approximately symmetrical distribution around zero over time. Trend
patterns of both the same and opposite signs appear in earlier and later
decades. In contrast, pattern correlations with the PCC pattern
increasingly skew towards positive values in recent decades and there
are no past anti-analogues of the PCC pattern.

Next we quantified the IPO’s contribution to the short- and long-
term SST trends (Fig. 2¢) by comparing the total trend in the tropical
Pacific zonal SST gradient with the IPO’s contribution. The latter
is calculated as the product of the trend in the IPO index over
different time spans and the IPO-related zonal SST gradient as
shown in Fig. S1 (see Methods). Consistent with Fig. 2a, b, the IPO
variability predominantly shapes both the short-term and long-term
trends during the earlier period when the climate change signal is
relatively weak. In the recent period, however, the imprints of cli-
mate change are distinctly reflected in both short-term and long-
term trends (Fig. 2¢). As shown in Fig. 2¢c, the IPO accounts for over
half of the observed zonal SST gradient trend during 1980-2022
(Fig. 2c), suggesting that the trend over the past four decades is a
combination of IPO and PCC. In contrast, the impact of the IPO on
the most recent long-term trend during 1958-2022 is minor. More-
over, short-term trends with a negligible IPO impact, such as that
from 1970 to 2012 (Fig. 2d), closely resembles the emerging PCC SST
pattern (Fig. 1b).

Distinct ocean dynamics for the IPO and the PCC

A closed Bjerknes feedback loop requires changes in the surface wind
stress and the subsurface thermocline depth, to accompany the SST
variations®®*%, In Fig. 3, we show a recent short-term dipole-like pattern
of thermocline depth (Fig. 3a) that recurs historically (Fig. 3e). In
contrast, the emerging PCC SST trend pattern is accompanied by an
overall shoaling throughout the tropical Pacific (Fig. 3b-e). Also, the
recurring surface wind stress pattern in the equatorial Pacific features a
broad strengthening of the zonal wind stress across the basin
(Fig. 3c-e), while the PCC wind stress trend pattern in the equatorial
Pacific displays a dipole structure with strengthened wind stress in the
central Pacific and weakened wind stress in the eastern Pacific
(Fig. 3d-f). We also examined the variability of the surface wind stress
and the subsurface thermocline depth that are directly linked to the
IPO (Fig. S3). These IPO-related patterns with dipole-like thermocline
variability and same-signed wind stress variability in the tropical Pacific
bear a close resemblance to the short-term trends (Fig. 3a—c). This
supports the argument that the short-term trends over the span of
approximately an IPO cycle predominantly reflect the internal varia-
bility of the IPO, manifest across the tropical Pacific upper ocean and
atmosphere.

In the tropical Pacific, the thermocline depth and SSH are closely
linked to each other and exhibit similar interannual fluctuations
associated with El Nifo-Southern Oscillation”*°. On decadal time-
scales, the dipole-like pattern is characterized by much higher SSH in
the tropical western Pacific compared to the east (Fig. S3b), and
thermocline deepening in the west and shoaling in the east (Fig. S3a).
These are also present in the short-term trends during 1980-2022
(Fig. 3a—c). Unlike the short-term trend of SSH, the PCC trend exhibits
an overall, but small, sea level fall in the central-to-eastern equatorial
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Fig. 3 | Recurrent and emerging signals in thermocline depth, surface wind
stress and sea surface height (SSH). The thermocline depth trend (m/decade)
based on ORAs5 subsurface temperature during (a) 1980-2022 and (b) 1958-2022.
The surface wind stress (vectors; N/m?) and SSH (contours; m/decade) trend during
(c) 1980-2022 and (d) 1958-2022. Dots in (a, b) and (c, d) indicate the trend in
thermocline depth and SSH exceeding the 95% confidence level, respectively.
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e Pattern correlations of 43-year trend patterns in historical period for the ther-
mocline depth (red lines), SSH (blue lines) and zonal wind stress (green lines) in the
tropical Pacific region (30°S-30°N, 120°E-270°W) based on SODA (solid lines) and
ORAsS5 (dashed lines) with the corresponding trend during 1980-2022 based on
ORASS. f Similar to (e) but for 65-year trend with the trend during 1958-2022 based
on SODA.

Pacific region, which is accompanied by sea level rise in the off-
equatorial regions (Fig. 3d). The PCC thermocline depth trend is also
different from the short-term trend in that it has shoaling or little
change across the basin, though the shoaling is greater in the east
(Fig. 3b). The short-term trends of thermocline depth-SSH-wind stress
associated with the IPO oscillate back and forth together (Fig. 3e) but
those associated with the PCC trend are collectively emerging over
time (Fig. 3f).

These observed SSH and thermocline trends were previously
demonstrated to be some combination of wind-driving, thermal
expansion and the influence of changes in the Earth’s gravity field due
to loss of land ice® . While there is general consensus on zonal dipole-
like SSH change being related to internal variability in both
observations® and CMIP models®, the anthropogenic contribution to
SSH change remains elusive™**, Our subsequent analyses use a
simple 1.5-layer reduced-gravity model to investigate the wind-driven
component of SSH, thermocline depth, and circulation (see details in
Methods; note that the same dynamics can be formulated as

describing a single baroclinic vertical mode and hence have more
general applicability***). We simplify further by solving an equilibrium
version of the reduced gravity system analytically (see Methods, Eq.
(6)). As shown in Fig. 4a, b, both the IPO-related short-term trend and
the PCC-related long-term trend can be simulated quite realistically
with this simple model by prescribing their corresponding surface
wind stress trend patterns. The pattern correlations between obser-
vations and model for the observed and wind stress-driven SSH trend
patterns are 0.87 for the short-term trend during 1980-2022 and 0.72
for the PCC trend in the tropical Pacific: 76% and 52% of the variance,
respectively. This demonstrates the dominant role of the wind-driven
redistribution of the heat content in the tropical Pacific upper ocean
for both IPO-related variability and the emerging PCC signal. Accord-
ing to Eq. (6), variations in SSH are determined by the surface wind
stress and its horizontal gradients zonally integrated from the eastern
boundary. The spatial distribution of the wind stress effects (B in Eq.
(6); Fig. 4c, d) underscores that it is the wind stress and its horizonal
gradients in the central tropical Pacific that are most important in
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(b) Wind-driven SSH Trend 1958-2022 (R= 0.72)
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Fig. 4 | Wind-driven sea surface height (SSH) change for decadal variability and
climate change. The wind stress-driven SSH trend (m per decade) during (a)
1980-2022 and (b) 1958-2022 based on Eq. (6). The pattern correlations between
the wind stress-driven and observed SSH trend pattern over the region of
20°S-20°N, 120°E-270°W are also displayed. The wind stress effect (m per decade)

at each grid point (defined as B= ‘ﬁcurl(}), in Eq. (6)) during (c) 1980-2022 and
(d) 1958-2022. The integrated wind stress effect from the eastern boundary in
combination with the damping effect yields the wind stress-driven SSH change
pattern.

redistributing the heat content and driving the SSH changes in the
tropical Pacific, for both climate change and decadal variability.

The different wind stress patterns also drive different ocean cir-
culation changes. Figure 5a-c presents the zonally averaged ocean
current trends over 3°S-3°N, 150°E-90°W associated with the recur-
rent short-term (red lines) and emerging PCC-related long-term (blue
lines) trends. We also display the IPO-related ocean current trends
during 1980-2022 (gray lines in Fig. 5a-c), which exhibit a strong
consistency with the short-term trends. The most striking difference
between the PCC trends (blue line in Fig. 5a) and trends contributed by
the IPO phase transition (gray line in Fig. 5a) is the opposite-signed
surface zonal currents in the equatorial and north off-equatorial
regions. There is a significant strengthening of the surface westward
zonal currents in the central equatorial Pacific for the decadal IPO
variability (gray line in Fig. 5a and shadings in Fig. 5d). In contrast, the
emerging pattern shows a weakening of westward surface currents in
the central-to-eastern Pacific (blue line in Fig. 5a and shadings in
Fig. 5e). The changes in surface zonal currents in the tropical Pacific are
predominantly governed by its geostrophic component (Egs. (7-8);
contours in Fig. 5d, e), determined by the wind-driven SSH (Fig. 4).
Wind stress also impacts Ekman pumping (Eq. (11)). While the decadal
IPO upwelling pattern is approximately symmetric around the equator
(gray line in Fig. 5¢), the meridional center of the emerging upwelling
pattern is displaced to near 5°S (blue line in Fig. 5c). The overall
strengthening of zonal wind stress across the equatorial Pacific linked
to decadal variability fosters pronounced upwelling from the western
to eastern equatorial Pacific (Fig. 5f). In comparison, the emerging PCC

wind stress pattern contributes to enhanced upwelling in the central
equatorial Pacific and weakened upwelling to the east, while stronger
trade winds south of the equator contribute to increased local
upwelling (Fig. 5g), thereby accounting for the different meridional
locations of upwelling change (Fig. 5c). The meridional currents aver-
aged in the mixed layer, indicative of the strength of the shallow
overturning circulation, are quite similar for the short-term and long-
term trends, showing a consistent strengthening of the poleward
transport in both hemispheres, though of different magni-
tudes (Fig. 5b).

The IPO and PCC-related temperature changes (Eqs. (12-13)) in
the equatorial Pacific occur via different wind-driven ocean dynamical
processes (Fig. 6). The IPO-related short-term cooling in the equatorial
eastern Pacific (Fig. 1a) is primarily driven by a strengthened zonal
current (Fig. 5d) and advective cooling (UaTc) (Fig. 6a). Enhanced
poleward transport (VaTc) and thermocline shoaling (WcTa) also
contribute to the IPO-related cooling in the equatorial region. The PCC
cooling is relatively weaker because warming due to a weaker zonal
current in the east largely offsets the cooling effect related to the
thermocline feedback due to the thermocline shoaling (Fig. 6b). The
meridional temperature gradient strengthens more for the narrow
PCC than the broad IPO (Fig. 1b), such that only for the PCC does
meridional temperature gradient (VcTa) contribute cooling in the
central-to-eastern Pacific (Fig. 6a, b). Although the vertical upwelling
changes are evident for the equatorial region, the Ekman pumping
term’s (WaTc) contributions to the wider equatorial Pacific (5°S-5°N)
temperature change are minor for both the IPO and the PCC, which
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might be due to the immediate opposite-signed effect off the equator
for both.

Discussion

Much recent work focused on whether equatorial Pacific cooling over
past decades is driven by anthropogenic effects or arises from
internally-generated climate variability, like the IPO. A definitive
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anthropogenic link to the recent trends would allow us to reliably
predict a cooler tropical Pacific. As the tropical Pacific is known to be a
climatic pacemaker, for (at least) the near-future this would mitigate
global warming via ocean heat uptake and low-level cloud feedbacks.
Instead, if the cyclic IPO dominates the recent cooling, we may expect
astrong warming when it reverses. In support of the first possibility, we
have identified an emerging climate change signal in the tropical
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Fig. 5 | Ocean dynamics for differences in ocean current trend patterns. Zonal
mean (3°S-3°N) trend of (a) surface zonal current (m/s per decade), (b) upper 50-m
averaged meridional current (m/s per decade) and (c) vertical current at the 50-m
depth (m/day per decade) over the tropical central-to-eastern Pacific (150°E-90°W)
during 1980-2022 (blue lines) and 1958-2022 (red lines). The Interdecadal Pacific
Oscillation (IPO)-related trend during 1980-2022 in surface zonal current (m/s per
decade), upper 50-m averaged meridional current (m/s per decade) and vertical
current at the 50-m depth (m/day per decade) are also shown in gray lines for
comparison (see details for IPO-related trends in Methods). d The IPO-related trend

during 1980-2022 in surface zonal current (shadings; m/s per decade) and its
geostrophic component (i, outside the equatorial region and ug, at the equator;
contours; m/s per decade, at 0.01 m/s intervals with the zero line omitted) calcu-
lated based on Egs. (7-8) using ORAsS data. e The surface zonal current trend
(shadings; m/s per decade) and its geostrophic component during 1958-2022
(contours; m/s per decade, at 0.01 m/s per decade intervals with the zero line
omitted). Dots in (d, e) indicate the observed trend exceeding the 95% confidence
level. f, g Similar to (d, e) but for the Ekman pumping (w;) calculated based on Eqs.
(9-11). Dots in (f, g) indicate the values exceeding the 95% confidence level.
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Fig. 6 | Ocean dynamics for the central-to-eastern Pacific cooling linked to the
Interdecadal Pacific Oscillation (IPO) and the Pacific Climate Change (PCC).
Heat budget terms for the mixed layer temperature averaged over the eastern
equatorial Pacific (5°S-5°N, 190°W-270°W; left box in Fig. 1b) including ocean
current change (UaTc, VaTc, WaTc), temperature gradient change (UcTa, VcTa,

WcTa), nonlinear terms (UaTa, VaTa, WaTa) and their sum (SUM) related to (a)
the IPO-related and (b) the emerging PCC-related sea surface temperature (SST)
trend (°C/month per decade; see Mixed layer heat budget analysis for the long-term
SST Change in Methods for detailed explanation). Dotted bars indicate heat budget
terms exceeding 90% significance tests.

Pacific across different observational datasets and we call it the PCC.
The PCC has distinctive ocean-atmosphere dynamics that differ from
those associated with the IPO. We further demonstrate that the recent
trends during the satellite era, which have been the focus of significant
attention, result from a combination of IPO and PCC. The emerging
PCC SST trend pattern features a narrow band of cooling in the eastern
equatorial Pacific and warming elsewhere. This SST change is linked to
thermocline shoaling/SSH decreases in the central-to-eastern Pacific
and dipole-like changes in zonal surface wind stress. In contrast, the
recurrent IPO-driven SST trend pattern is characterized by a mer-
idionally broader cooling in the eastern Pacific, zonal dipole-like
thermocline/SSH changes and an overall strengthening of tropical
Pacific zonal wind stress. We have shown that these distinct ocean
circulation changes are a response to different wind stress patterns.
These oceanic responses account for surface cooling in the eastern

Pacific, with the thermocline shoaling playing a dominant role in the
PCC cooling and enhanced zonal advective cooling mainly driving the
IPO-related cooling.

While basic geophysical fluid dynamics proved sufficient to
attribute the observed oceanic changes to surface wind stress, we have
not addressed the origins of the wind stress patterns associated with
the PCC and the IPO. New research is needed to elucidate the wind
changes, but our leading hypothesis is as follows. In response to GHG
forcings®*° temperature change in the upper troposphere are stron-
ger than at the surface (Fig. S4), increasing atmospheric static stability.
Consequently, the initial SST and surface wind response to rising GHGs
might not be amplified as efficiently via Bjerknes feedback as is that for
the internal modes on interannual to decadal timescales. Given the
differences in thermocline and ocean current patterns associated with
the PCC and the IPO, the coupled feedbacks related to ocean dynamics
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are also expected to differ, potentially contributing to distinct climate
pattern formations for decadal variability and climate change. Addi-
tionally, climate variations outside of the tropical Pacific may influence
the tropical Pacific trade winds?*****, Further, it has been argued that
pronounced decadal-to-multidecadal SST variability in the Atlantic
Ocean is also dominated by the response to the same external forcing
that the tropical Pacific encounters®. Perhaps the co-occurrence of
these long-term trends in different regions is not simply a direct
response to rising GHGs but is influenced by inter-basin interactions.
More work is needed to disentangle causal relationships among the
long-term changes in different basins***.

Throughout this paper we have taken for granted the widespread
assumption that the IPO is an internal mode of the climate system.
However, while we worked to distinguish between the recurrent IPO-
related decadal variability and the emerging PCC signal, we are open to
the possibility that these two may have become coupled together by
anthropogenic forcing. They have much in common: shoaling of the
thermocline in the east, enhanced upwelling somewhere in the central-
to-eastern equatorial Pacific and an enhanced zonal SST gradient
across the equatorial Pacific. It seems reasonable to postulate that if
the response to radiative forcing is the emerging PCC pattern seen
here, then it could initiate coupled ocean-atmosphere feedbacks that
favor a negative IPO state that also has an enhanced SST gradient.
This might explain why the most recent IPO swing has been extreme
and robust (Fig. SIb). If so, this suggests that in nature forcing is pro-
jecting onto natural modes of variability, while it is not clear whether
climate models can reproduce this behavior. A new perspective on
how internal variability interacts with the climate change signal will be
needed in future studies.

Methods

Datasets

The SST data used here are the Hadley Centre data HadISST version 1.1
with horizontal resolutions of 1°x1°*, the National Oceanic and
Atmospheric Administration ERSSTv5 data with horizontal resolutions
of 2°x 2°* the Centennial in Situ Observation Based Estimates of SST
(COBE) from the Japanese Meteorological Agency with horizontal
resolutions of 1°x1°°°, and Kaplan Extended SST version 2 with hor-
izontal resolutions of 5°x5°%, HadISST, ERSSTvS, and Kaplan were
used from 1870 to 2022 and COBE from 1890 to 2022. We utilized
subsurface temperature, surface wind stress, SSH, zonal and mer-
idional currents from ORAs5 during 1958-2022 with horizontal reso-
lutions of 0.25° x 0.25° and 75 vertical levels, the latest ocean reanalysis
products provided by the European Centre for Medium-Range
Weather Forecasts”. The vertical velocity for ORAs5 was derived
from zonal and meridional currents based on mass continuity*’. We
also used subsurface temperature and surface wind stress from the
Simple Ocean Data Assimilation (SODA), version 2.2.4 with horizontal
resolutions of 0.25°x 0.25° and 40 vertical layers during 1871-1979%,
in conjunction with the version 3.3.2 with horizontal resolutions of
0.25° % 0.25° and 50 vertical layers during 1980-2018. The air tem-
perature data was obtained from the National Centers for the Envir-
onmental Prediction-National Center for the Atmospheric Research
(NCEP-NCAR) reanalysis 1 during 1958-2022 with horizontal resolu-
tions of 2.5°x2.5° and 17 vertical layers™. All datasets were inter-
polated onto a horizontal grid of 1° x 1° to enable comparison among
datasets.

Statistical methods and definitions of indices

Anomalies for all variables were calculated as departures from the
monthly climatology unless specified otherwise. Statistical sig-
nificance tests were performed based on the two-tailed Student’s ¢
test with n-2 degrees of freedom, where n is the sample size. The
qualitative conclusions for the significance remain consistent when
evaluated using the non-parametric Mann-Kendall test*”. The

thermocline depth was identified as the depth of the 20 °C isotherm.
The qualitative conclusion in Fig. 3a, b remains similar based on the
thermocline depth defined by the maximum vertical temperature
gradient. The zonal SST gradient in the tropical Pacific was defined
as the temperature difference between the western Pacific (5°S-5°N,
140°E-170°E, indicated by the left box in Fig. 1b) and the eastern
Pacific (5°S-5°N, 190°W-270°W, indicated by the right box in
Fig. 1b). The IPO index was calculated based on the difference
between the SST anomalies averaged over the central equatorial
Pacific (10°S-10°N, 170°E-90°W) and the average of the SST
anomalies in the northwest (25°N-45°N, 140°E-145°W) and south-
west Pacific (50°S-15°S, 150°E-160°W) following Henley et al.'®. Then
a13-year low-pass filter based on Fast Fourier Transform was applied
to extract the decadal-scale component of IPO variability. Trends
evaluated over time periods in which the IPO phases vary can be
influenced by the IPO. To assess the IPO’s contribution to the 43-year
trends and 65-year trends of SST in the historical periods (Fig. 3), we
regress the detrended SST against the IPO index and then multiply
this by the IPO index’s linear trend for the corresponding time
period. Besides, we calculate the IPO-related trends in ocean cur-
rents and Ekman pumping during 1980-2022 by regressing the
detrended variables against the IPO index and then multiplying this
by the IPO index’s linear trend for this period.

Reduced gravity system linking SSH and thermocline depth to
surface wind stress

A 1.5-layer linear steady state reduced-gravity system on an equa-
torial S-plane (f =By, in which f the Coriolis parameter and =
2.3 % 10™ m’'s™) is used to relate the changes in the surface wind
stress to changes in the SSH and thermocline depth. Denote the wind
stress by 7=(7*, 7). Specifying a spatially-uniform climatological
upper layer thickness (A =150 m)*’***** and taking Ap = 2.7 kg/m? as
the density contrast between upper and bottom layers yields a first
baroclinic mode gravity wave speed of c-~2.0m/s, where ?=g’h,
g gp" , and p, = 1025 kg/m” is the reference density. The governing
equations on an equatorial S-plane are:

g oh 1
—fV= ha+% )
6h ry
U= —gh— 2
f ghay . 2)
ou oV
ey 3)

in which h is the upper layer thickness between SSH (h;; m) and ther-
moclme depth (h,;m), r= 1/5.5 year! is the damping coefficient,
U= [h udz (u the zonal current; m/s), and V = [h vdz (v the meridional
current m/s). Cross-differentiating Eq. (1-2) and using Eq. (3), we
obtain:

2 X -y X
on_Byr, .y & 0P o @)
ox gh pogh'y Ox 9y
Let A= ‘2” %ixy—%—fyx—pghcurl(f)
Equation (4) can be solved as:
X
h=e&0p + / Be M= gy’ 5)
JXe

in which x, indicates the eastern boundary, &, the layer thickness at the
eastern boundary. The change in the SSH can then be directly linked to
the change in the surface wind stress if the change of SSH near the
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eastern boundary is neglected (which is approximately justified on the
basis of the changes in Fig. 3):

Dp [ A gy
h = Be M X gy 6
Yoprap ), ©

e

Estimation of geostrophic zonal current and Ekman pumping
The geostrophic component of the surface current can be determined
by considering the balance between the Coriolis force and the pressure
gradient force. The geostrophic zonal current (ug) outside of the
equatorial region is expressed as:

__gon
ug = Foy 7)
At the equator where f =0, an estimate of the equatorial semi-
geostrophic zonal current (u,,) is derived by calculating the second
derivative of the SSH on an equatorial S-plane:

2
g = _%% ®)
which are suggested to be in good agreement with measured
velocities®®®",
Following the approach of Zebiak and Cane®, the Ekman trans-
port (Ug, V) in the tropical region is formulated by incorporating a
frictional component as:

Up=(r@ +f2)/po(f2 +12) )

VE = (rSTy _frx)/po(fz +r52) (10)

where r, indicates the surface layer friction coefficient (1/2 day™). The
Ekman transport away from the equator is consistent with classical
Ekman theory. At the equator where f =0, the friction allows an Ekman
transport in the direction of the wind stress. Ekman pumping velocity
(wg) is thus derived from the divergence of the Ekman transport:

AUy v,
YESox Tay
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Mixed layer heat budget analysis for the long-term SST Change
The heat budget for the mixed layer temperature® can be expressed as

or__,or_,or_,or_,or_,or ,or _,°or ,°o 2T

W —w—

ot 90xc  “Oxa_ “0xa 0 o a0 90z¢  “0za_ “0za
V¢ Ya Ya

UaTc UcTa UaTa VaTc VcTa VaTa WaTc

+R.

WcTa WaTa

12)

in which a denotes anomaly and ¢ denotes climatology. The heat
budget terms include changes in the mean current (UaTc, VaTc,
WaTc), changes in the mean temperature gradient (UcTa, VcTa,
WcTa), and their nonlinear interaction (UaTa, VaTa, WaTa). The
zonal advection and meridional advection terms were averaged over a
uniform mixed layer depth of 50 m. The vertical velocity was calcu-
lated at the bottom of the mixed layer, and the vertical advection
between the 50-100 m and the upper 50 m layers was calculated only
in the presence of upwelling. The residual term (R) for the mixed layer
indicates the surface heat flux and subgrid/submonthly processes.
To evaluate the heat budget related to the PCC-related tempera-
ture changes, we identified two sub-periods during 1958-2022: the first
20 years (1958-1977) as a reference period, and the most recent 20

years (2003-2022) as the period of climate change. We then calculated
the averages of each heat budget term in the quasi-equilibrium period
P1 and climate change period P2 based on Eq. (12), and estimated the
contributions of each term to the observed temperature changes by
calculating their differences:

aT 0T T o e WaTdo. — WaTado + Ror — R
Fr ~ T UaTcpy, —UaTcp + ... +WaTap, — WaTap, + Rpy — Rp;

a3

To reflect the contributions of these terms to the temperature
change over each decade, we normalized their units to °C/month per
decade by dividing by a factor of 6.5. In addition, to analyze the IPO’s
impact on the temperature change on decadal timescales, the
detrended heat budget terms were regressed against the IPO index.
The regression coefficients were then scaled by the linear trend in the
IPO index from 1980 to 2022.

Data availability

The datasets used to reproduce the results of this paper are located at
https://metoffice.gov.uk/hadobs/hadisst/data/download.html
(HadISST data), https://psl.noaa.gov/data/gridded/data.noaa.ersst.v5.
html (ERSSTV5), https://psl.noaa.gov/data/gridded/data.kaplan_sst.
html (Kaplan data) https://psl.noaa.gov/data/gridded/data.cobe.html
(COBE data), https://cds.climate.copernicus.eu/cdsapp#!/dataset/
reanalysis-oras5?tab=overview (ORAs5 data), https://iridl.Ideo.
columbia.edu/SOURCES/.CARTON-GIESE/.SODA/.v2p2p4/.temp/
(SODA2.2.4 data), https://www2.atmos.umd.edu/~ocean/index files/
soda3.3.2. mn_download.htm (SODA3.3.2 data), and https://psl.noaa.
gov/data/gridded/data.ncep.reanalysis.html (NCEP-NCAR data).

Code availability
The analysis scripts used to generate the figures are available at:
https://doi.org/10.6084/m9.figshare.27018271.
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