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ABSTRACT

Despite its pronounced global impacts, tropical Pacific decadal variability (TPDV) is poorly
predicted by current climate models due to model deficiencies and a limited understanding of its
underlying mechanisms. Using observational data and a hierarchy of model simulations including
decadal hindcasts, we find that decadal isopycnal depth variability driven by oceanic Rossby
waves in the tropical Pacific provides the most important source of predictability for TPDV. The
predictability arising from initial isopycnal depth conditions is further amplified throughout
decadal predictions by tropical ocean-atmosphere coupling and variations in the strength of
subtropical-tropical cells in the Pacific. Regional initialization experiments that effectively isolate
the impact of different ocean basins on TPDV predictability highlight the essential role of the
tropical Pacific. This study enhances our understanding of the mechanisms governing TPDV

predictability, offering crucial insights for improving the accuracy of decadal predictions.
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Introduction

Decadal variations of sea surface temperature (SST) in the tropical Pacific can affect global
hydroclimate and marine ecosystems >, modulate global mean surface temperature changes 3=,
and interact with the El Nifio-Southern Oscillation (ENSO) phenomenon, the leading mode of
interannual climate variability®!°. However, tropical Pacific decadal SST variations are poorly
predicted by the Coupled Model Intercomparison Project Phase 5/6 (CMIP5/6) decadal
retrospective forecasts, especially the internal tropical Pacific decadal variability (TPDV)
associated with ocean initialization (after removing the effect from external forcings) ''-!3. This
low skill in the Pacific sector contrasts with the high skill for SST in most regions of the Indian
and Atlantic Oceans, which has been attributed to the response to external forcing and/or ocean
initialization!'~!4,

The accuracy of decadal predictions of TPDV relies on the potential predictability provided by
oceanic processes or external forcings, model representations of these mechanisms, and the realism
of oceanic state estimates used to initialize the decadal forecasts. Securing these conditions is
challenging due to the complex processes that could affect TPDV!%!15-18 "and systematic model
biases in simulating the climatology, variability, and forced changes in the tropical Pacific, as well
as their interactions with other ocean basins '°-23. Uncertainties in mechanistic understanding and
model biases of TPDV are challenging to reduce, given limited observational data, particularly for
oceanic fields. Therefore, it remains difficult to determine to what extent the low decadal

prediction skill for Pacific SSTs is due to intrinsic limits or deficiencies of forecast systems.

While numerous studies have investigated the complex origins and mechanisms of TPDV, less
attention has been devoted to understanding whether and how these mechanisms provide sources
of prediction skill in retrospective forecasts. The null hypothesis for TPDV is that it is a residual
of ENSO decadal changes. The leading Empirical Orthogonal Function (EOF) mode of TPDV
shows a basin-wide ENSO-like spatial anomaly pattern (Fig. 1a) and is related to random changes
in the relative number of warm (EI Nifio) and cold (La Nifia) events over different epochs®?*. The
second EOF mode of TPDV displays a zonal dipole pattern in the tropical Pacific (Fig. Sla) and
is associated with decadal modulation of ENSO amplitude or asymmetries®?. In contrast to these
ENSO residual explanations, other studies suggest an extratropical contribution to TPDV from the

North or South Pacific?*°, In the extratropics, stochastic atmospheric variability can be integrated
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by the ocean due to its large thermal inertia, producing low-frequency SST variability®>'—34. The
resulting extratropical low-frequency SST variability can then influence the tropical Pacific via
thermodynamic and dynamical processes, particularly wind-evaporation-SST (WES) and low
cloud-SST feedbacks, which propagate wind stress and SST anomalies associated with the Pacific

meridional mode into the equatorial western-to-central Pacific?®-30-3>-36,

Although the ENSO residual effect and stochastic atmospheric variability lack preferred
timescales and are inherently unpredictable on decadal timescales®’, these random processes can
initiate slow oceanic processes which likely determine the timescale of TPDV and provide a source

of predictability!®17:18.38

. Based on observational and/or modeling studies, several oceanic
mechanisms in the Pacific have been proposed to contribute to TPDV, including off-equatorial
oceanic Rossby wave activity, spiciness advection, and variations in the strength of the subtropical-
tropical cells (STCs). Decadal-scale off-equatorial oceanic Rossby wave reflections at the western
boundary of the Pacific serve as a delayed negative feedback for TPDV by affecting equatorial
Pacific thermocline depth, similar to the dynamics driving ENSO phase transitions on interannual
timescales*®**. STCs are the upper-ocean overturning circulations connecting the subtropical and
equatorial Pacific oceans, which influence tropical Pacific SSTs through mean advection of
temperature anomalies (¥T") or variations of STC strength (v'T). Surface water masses in the
subtropics that are subducted into the pycnocline may move equatorward and upwell to the surface
upon reaching the equator, affecting the equatorial Pacific SSTs*. However, subsequent studies
suggest that this subtropical thermal subduction cannot efficiently reach the equator due to energy
dissipation, dispersion in the form of planetary-scale oceanic waves, and perturbation from winds

at lower latitudes*. Density-compensated temperature anomalies, known as ocean “spiciness™’,

can propagate more effectively along isopycnal surfaces from the subtropics to the tropics*s->!.
Alternatively, variations in STC strength can affect the rate of transport of the relatively constant
water masses, influencing the equatorial Pacific upwelling, with enhanced upwelling bringing
colder subsurface water to the surface and reduced upwelling having the opposite effect 43253,
The extent to which these various slow oceanic processes contribute to the predictability of TPDV

and their relative importance remains unclear.

Other ocean basins may also influence tropical Pacific decadal climate through both
atmospheric and oceanic pathways!'®>*, For example, decadal-scale cooling in the central-eastern

tropical Pacific, a main factor driving global surface warming slowdowns, has been linked to
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tropical Atlantic SST warming?*->3->?

. However, some studies suggest that the tropical Atlantic’s
impact on the tropical Pacific might be overstated in regional SST-restoring experiments, which
can overestimate the upward net surface heat fluxes in the tropical Atlantic compared to
observations®*!, Further, the Atlantic-Pacific connection may be artificially amplified by the way
in which internal variability is defined, leading to spurious linkages®?. Investigations using an
empirical model of the tropical Pacific-Atlantic systems, where the inter-basin feedbacks can
cleanly be removed, indicate that Atlantic-Pacific coupling damps TPDV®, Other studies also
argue for the role of the tropical Indian Ocean in affecting tropical Pacific decadal climate®+®, Tt
is plausible that inter-basin interactions could play a role in TPDV predictions, but these linkages

and causalities need to be verified with appropriate sensitivity experiments.

Despite the low real-world prediction skill, earlier studies based on perfect model experiments
suggest potential multiyear predictability in the Pacific**%. Recent studies underscore the
degradation of tropical Pacific decadal prediction skill by volcanic eruptions due to inadequate
model representation of volcanic forcing and response, while forecast systems that exclude
volcanic eruptions show high skill’-7°, Case studies indicate that particular phase transitions of
TPDV can be retrospectively predicted when a model is properly initialized from strong ENSO
event’!’2, Other studies indicate that spurious ENSO conditions due to initialization shock in the
first forecast year will degrade the long-range skill of decadal hindcasts’>7*. Increasing the spatial
resolution of decadal forecasts to resolve ocean eddies also improves the prediction skill in the
eastern tropical Pacific because of a more realistic prediction of the SST trend in the Southern
Ocean and associated teleconnections”. These findings collectively imply the presence of
potential predictability for TPDV, which could arise from internal climate processes both within

and beyond the Pacific.

Several important questions remain. What are the external (greenhouse gas, aerosols, and
volcanic eruptions) and internal (oceanic initialization) factors affecting decadal prediction skill in
the tropical Pacific? For the skill arising from internal oceanic initial conditions, what is the relative
importance of the various mechanisms discussed above? Do other ocean basins play a role in
affecting TPDV predictions? To answer these questions, we make use of observational and
reanalysis data and a hierarchy of model simulations conducted with the Community Earth System
Model version 1 (CESM1) at 1° horizontal resolution. In particular, we first evaluate the CESM1

simulation of TPDV in the free-running coupled preindustrial control simulation and in historical
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ocean-only simulations forced with observed surface conditions. We investigate both external and
internal influences on TPDV prediction skill by comparing uninitialized historical simulations and
initialized decadal retrospective forecasts. We focus on the initialized hindcasts conducted without
volcanic forcing as these exhibit high prediction skill in the tropical Pacific®, and attribute the
predictability arising from initialization to specific oceanic processes. Finally, the impacts of

different ocean basins on TPDV are established using a set of regional initialization experiments.
Results

a. Predictability and prediction skill of TPDV

We evaluate how observed TPDV during 1955-2022 is reproduced by a series of CESM1
simulations with varying levels of observational constraints (Fig. 1). We define TPDV as the
leading EOF of quadratically-detrended 10-year running mean SST anomalies in the tropical
Pacific (20°S-20°N; 120°E—-80°W). This 10-year running mean is used to facilitate comparisons
between observations and initialized forecasts as explained below, and it yields results similar to
that using an 8-40-year band-pass filter'"). During 1955-2022, observed TPDV exhibits basin-
wide SST anomalies in the tropical Pacific (Fig. 1a), fluctuating between warm and cold phases
on decadal timescales (Fig. 1b). During the positive phase of TPDV, the thermocline becomes
deeper in the eastern equatorial Pacific but shallower in the western part (Fig. 1¢). The observed
temporal and spatial features of TPDV are well reproduced by the ocean-sea ice simulation forced
with observed surface forcing and fluxes (FOSI; Methods). Decadal Prediction Large Ensemble
(DPLE) and DPLE without volcanic forcing (DPLE NoVolc; Methods) are initialized from the
FOSI oceanic and sea ice states on Nov 1 of each year during 1954-2015, and the ensemble-mean
hindcasts are averaged over forecast year (FY) 1-10 for each initialization date, in order to examine
the predictability of decadal anomalies. At FY1-10, DPLE NoVolc shows a correlation skill
[anomaly correlation coefficient (ACC) = 0.57) in predicting the observed (standardized) first
principal component (PC1) timeseries of TPDV during 1955-2022, which is substantially higher
than that for DPLE (ACC = 0.22). The 0.57 PCl1 correlation between DPLE NoVolc and
observations indicates that over 30% of the observed PCI1 variance is predictable with ocean
initialization. The lower skill of DPLE compared to DPLE NoVolc is related to an excessive
tropical Pacific cooling response to large volcanic eruptions in the 1960s and 1980s®. In contrast

to the initialized decadal forecasts, the ensemble mean of the uninitialized CESM1 large ensemble
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(LE; Methods), which represents the model’s response to external forcings, shows a negative
correlation (-0.33) with the observed TPDV PC1 timeseries, and the magnitude of the externally
forced TPDV PC1 is much weaker than TPDV PC1 in both the observations and initialized
forecasts. This contrast between initialized and uninitialized simulations suggests that the observed
TPDV during the last ~70 years is largely driven by internal climate variability rather than external
radiative forcing. We also present the same analysis for the second EOF mode in Fig. S1, which
exhibits a zonal-dipole SST pattern over the tropical Pacific in observations and accounts for only
16% of the total decadal variance. The second PC (PC2) is linked to the decadal modulation of
ENSO characteristics and is poorly predicted by the decadal forecasts and the uninitialized
simulations (Fig. S1h—j).

EOF1 of tropical Pacific decadal SST anomalies, quadratically detrended
a.  ERSSTV5 10yr running mean
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Fig. 1 Tropical Pacific decadal variability from 1955 to 2022 in observations and CESM1
simulations/hindcasts. (a—e) Global SST and (k—o) equatorial Pacific subsurface ocean
temperature patterns associated with TPDV in (a, f, and k) observations (SST in ERSSTv5 and
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ocean temperature in EN4), (b, g, and 1) the forced ocean-sea ice simulation (FOSI), and the
ensemble-means of (c, h, and m) CESM1 DPLE, (d, I, and n) DPLE _NoVolc, and (e, j, and 0) LE.
The EOF analysis is conducted for quadratically detrended and 10-yr running-mean SST
anomalies in the tropical Pacific (20°S—20°N, 120°E-80°W; outlined by the black box in a. to
calculate (f—) the timeseries of the standardized first principal component (PC1). The numbers in
the top-right corner in a—e denote the percentage of total decadal variance explained by the leading
EOF mode in each dataset. The associated pattern is displayed using the regression of quadratically
detrended and 10-yr running-mean (a—e) SST anomalies and (k—o0) equatorial Pacific (3°S—3°N)
subsurface ocean temperature anomalies onto PC1. The abscissa in f—j represents the start year of
the 10-yr averaging window (e.g., 1955 represents 10-yr average anomalies spanning from 1955
to 1964 for observation, FOSI, and LE, and corresponds to the hindcasts averaged across FY1-10
initialized in Nov 1954 for DPLE and DPLE NoVolc). The r value indicates the correlations of
each model simulation with observed PCI.

The ensemble-mean decadal hindcasts show weaker amplitude and excessive westward
extension of TPDV SST anomalies compared to observations (Fig. 1a—d), due to the predictability
limit and/or inherent model bias. The magnitude of the global SST regression onto the standardized
PC1 in the decadal hindcasts is weaker than observed for most of the ocean basins, mostly because
the ensemble averaging reduces variance by isolating the predictable component of variance’®. The
free-running simulation of CESM1 under preindustrial conditions shows an amplitude of TPDV
natural variability more comparable to that in observations (Fig. S2). The pattern bias of TPDV,
however, exists even in the preindustrial control simulation (Fig. S2), suggesting that it arises from
inherent biases in CESM177. We also evaluate the SST and subsurface ocean temperature
variability associated with TPDV in other observational or reanalysis datasets. ERSSTv5 and
HadISST give similar results for SST, while EN4 and ORAS4 show differences in the amplitude
and structure of equatorial Pacific subsurface temperature anomalies (cf. Fig. 1 and S2). In the
following sections, we will present the results based on FOSI in the main text, and those based on

observational datasets in the supplementary materials.

Consistent with the spatiotemporal features of TPDV captured by EOF analysis in the different
simulations (Fig. 1), the anomaly correlation skill (ACC) for detrended decadal SST anomalies in
the tropical Pacific is increased by including ocean initialization (DPLE minus LE; Fig. 2e and j)
or excluding volcanic forcing (DPLE_NoVolc minus DPLE; Fig. 2d and i). The ACC results are
overall similar whether verifying against FOSI (Fig. 2) or observations (ERSSTv5 and EN4; Fig.
S3). The increased skill in DPLE NoVolc compared to DPLE is most pronounced over the central

tropical Pacific, where the solar radiation reduction associated with volcanic aerosol forcing can
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most effectively influence the ocean mixed layer heat budget and SST®. The skill enhancement
by ocean initialization in DPLE relative to LE is confined to the eastern Pacific, due to intrinsic
model bias in simulating excessive westward extension of TPDV SST anomalies. The local
correlation skill for SST in the central-eastern Pacific reaches ~0.7 in DPLE NoVolc, higher than
that for EOF PC1 (0.57; Fig. 1).

We further investigate the ACC skill of ocean temperature in the equatorial Pacific as a
function of depth and longitude (Fig. 2). The significant impact of volcanic forcing is limited to
the upper ~100 meters in the central equatorial Pacific (Fig. 2i), which is generally above the
thermocline depth (black curve in Supplemental Fig. S4a). The influence of volcanic forcing on
ocean temperatures is largely confined above the thermocline depth and acts primarily through
shortwave radiation and ENSO dynamical processes®®. This suggests that the same subsurface
oceanic process may operate in both DPLE and DPLE NoVolc, but cannot provide a source of
predictability for upper layer temperature and SST when the tropical Pacific system is perturbed
by volcanic forcing. Related to the western Pacific pattern bias in subsurface temperatures (Fig.
1), ACC is insignificant (or even negative) in the western Pacific for the upper 250 meters. In
subsequent sections, we will explore the oceanic processes contributing to the predictable

component of TPDV.
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ACC of annual mean SST, FY1-10, quadratically detrended, verification data: FOSI 1955-2015
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Fig. 2 Decadal prediction skill is improved by ocean initialization and excluding volcanic
forcing. Anomaly correlation coefficient (ACC) of quadratically detrended 10-yr running-mean
(a—e) SST and (f—) equatorial Pacific (3°S—3°N) subsurface ocean temperature during 1955-2022
in the ensemble-mean forecasts averaged over FY1-10 for (a and f) DPLE and (b and g)
DPLE NoVolc, and 10-yr running-mean ensemble mean of (c and h) LE, and their differences [(d
and 1) DPLE NoVolc minus DPLE, and (e and j) DPLE minus LE]. The ACC skill is verified
against FOSI (see Fig. S3 for ACC skill verified against observations). Stippling indicates values
that are not significant at the 90% confidence level, based on bootstrapping across both time and
ensemble members (see Methods).

b. Pacific oceanic mechanisms contributing to TPDV predictability

In this section, we will explore the influence of three leading oceanic mechanisms (Rossby
waves, spiciness, and STCs) on TPDV in both FOSI and hindcasts. We illustrate the characteristics
of the Rossby wave reflection mechanism by showing variability of the depth of the ¢ o= 25.5 kg
m™ isopycnal (Fig. S4). The climatological depth of this isopycnal aligns closely with the depth
where large variability of subsurface ocean temperature is observed for both equatorial (3°S—3°N;

Fig. S4b) and off-equatorial Pacific regions (15°S—-20°N; Fig. S4f). Its vertical displacement

10
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mostly reflects adiabatic temperature variability associated with oceanic wave propagation, which
is most pronounced at 10°-15° latitude as shown in Fig. S3j and consistent with earlier studies’®".
Additionally, this isopycnal (¢ o= 25.5 kg m™) lies below the equatorial Pacific thermocline and
can remain unaffected by volcanic forcing during a 10-year forecast period (Fig. 2; Fig. S4a). To
isolate the low-frequency variability associated with TPDV (Fig. 3a), we use a 10-year running
mean filter to smooth the annual mean fields that are dominated by ENSO variance (Fig. S5).
However, in contrast to the equatorial Pacific where ENSO variability dominates, off-equatorial
Pacific subsurface temperature shows more pronounced decadal variability (Fig. S4h). In addition,

off-equatorial Pacific isopycnal depth shows robust decadal variations even in unfiltered data (Fig.

S5).

During the positive phase of TPDV, decadal SST warming in the central-to-eastern equatorial
Pacific (3°S—3°N; ~160°E-80°W) is concurrent with isopycnal deepening and vice versa during
the negative phase of TPDV in FOSI (Fig. 3a). Phase changes of TPDV SST anomalies occurred
around 1962, 1977, and 1997 (note that the year in the y-axis in Fig. 3a denotes the start year of
the 10-year average). These SST phase changes were preceded by isopycnal depth anomalies
propagating along the equator from the western to the eastern Pacific. These precursor isopycnal
depth anomalies in the western equatorial Pacific are further linked to off-equatorial (10°—15°)
isopycnal depth anomalies. The results suggest that there might be a delayed oceanic feedback
contributing to TPDV phase changes. During the positive phase of TPDV, positive (10°-15°N)
and negative (15°-10°S) wind stress curl anomalies generate off-equatorial upwelling Rossby
waves. These waves propagate toward the western boundary of the Pacific, then travel equatorward
along the western boundary (130°-135°E or 155°-160°E zonally averaged) and reflect as
upwelling equatorial Kelvin waves (3°S—-3°N), which may cause thermocline shoaling and SST

cooling in the eastern equatorial Pacific.

In FOSI, equatorial Pacific decadal SST anomalies are significantly correlated with the state
of western equatorial Pacific isopycnal depth anomalies occurring more than 7 years earlier and
with even 13 years earlier precursory isopycnal conditions in the off-equatorial Pacific (Fig. 3b
and c). Similar results are found for decadal SST anomalies in the tropical Pacific (20°S—-20°N;
not shown). Analysis of observational data (ERSSTvS5/EN4/ERAS5 in Fig. Se6;
HadISST/ORAS4/NOAA20CR in Fig. S7) shows similar results regarding preceding isopycnal

depth conditions in the western equatorial Pacific influencing TPDV equatorial Pacific SST

11
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anomalies. However, in both EN4 and ORAS4, isopycnal variability south of the equator makes a
more important contribution to western equatorial Pacific isopycnal depth variability (Figs. S6 and
S7), in contrast to FOSI which shows a stronger contribution from the north (Fig. 3). This
discrepancy in the relative importance of oceanic conditions in the south vs. the north between
FOSI and observations is likely related to uncertainties in the wind stress data used to force the
ocean model component of CESM1!4# (¢f. Fig. 3 and Figs. S6 and 7), and differences in the ocean
solutions, assimilation, and statistical correction methods used in the observational datasets.
Considerable differences also exist in subsurface temperature and salinity fields between EN4 and
ORAS4, surface wind stress between ERAS and 20CR, and SST fields between ERSSTv5 and
HadISST (Figs. S6-7). These observational uncertainties emphasize the need for improved ocean

observations and data assimilation methods to better understand the mechanisms of TPDV.

a. Decadal variations in isopycnal depth (25.5)/SST/surface wind stress curl anomalies, FOSI
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Fig. 3 Relation of oceanic Rossby wave reflection to TPDV. a. Longitude-time sections of
quadratically detrended and 10-yr running-mean isopycnal depth anomalies (m; shading) along the
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off-equatorial (10°-15°N and 15°S-10°S), western Pacific boundary (130°-135°E and 155°-
160°E), and equatorial (3°S—3°N) waveguides during 1948-2015 (The year value in the y-axis
represents the start year of any 10-yr averaging window). In the equatorial segment, SST anomalies
(°C, contours at intervals of 0.1; positive contours in red solid, negative contours in blue dashed,
and zero contours in thick gray) are overlaid. In the off-equatorial segment, wind stress curl
anomalies (N m™; contours at intervals of 0.5*10%; positive contours in black solid, negative
contours in black dashed, zero contours in thick gray) are overlaid and smoothed with a nine-point
local smoothing. Note that the longitude axis is reversed for the off-equatorial segment to show
Rossby wave reflection at the western boundary. b. Timeseries of quadratically detrended and 10-
yr running-mean filtered SST anomalies (°C) in the equatorial Pacific (3°S—-3°N, 180°-80°W;
thickened black curve; right y-axis), isopycnal depth anomalies (m) in the western equatorial
Pacific (3°S—3°N, 120°E-160°W; blue curve; left y-axis), in the northern off-equatorial western
Pacific (10°-15°N, 120°E-160°W; orange curve) and southern off-equatorial western Pacific
(15°-10°S, 155°E-160°W; green curve). c. Lead-lag correlation of the 10-yr running-mean
equatorial Pacific SST anomalies with the 10-yr running-mean equatorial Pacific SST anomalies
(black), isopycnal depth anomalies in the western equatorial Pacific (blue curve), in the northern
off-equatorial western Pacific (orange curve) and southern off-equatorial western Pacific (green
curve) during a range of 20 lead to lag years. Negative lags correspond to isopycnal depth
anomalies leading the TPDV event peak; positive lags correspond to isopycnal depth anomalies
lagging the TPDV event peak. The filled circles indicate correlations that are statistically
significant at the 90% confidence level, based on a bootstrapping method (Methods).

Next, we compare TPDV SST anomalies with STC strength, estimated using the maximum of
the Pacific zonally-averaged meridional overturning streamfunction as a function of latitude in
FOSI (Fig. 4a; positive/negative overturning streamfunction anomalies north/south of the Equator
indicate poleward anomalous near-surface transport and intensification of STC). The vertical
structure of STC climatology and anomalies during different TPDV phases are shown in Fig. S8.
During the positive phase of TPDV, the STC slows down, with the near-surface flow exhibiting
anomalous equatorward convergence, and vice versa during the negative phase of TPDV. The total
near-surface meridional transport convergence or divergence (near-surface meridional transport
values at 9°S minus 9°N; Fig. 4b) tends to significantly lag the equatorial Pacific decadal SST
anomalies by 2—3 years (Fig. 4b,c) and may act to strengthen TPDV SST anomalies via modulation
of equatorial upwelling once a TPDV phase is initiated. Changes in the STC strength are not
independent of the westward propagation of Rossby waves, which alter the zonal slope of the
pycnocline and create meridional geostrophic current anomalies. Consequently, the collective
effect of Rossby wave propagation leads to a lag in zonally integrated meridional streamfunction
variations relative to SST variations®®. Here, we use the Pacific zonally integrated transport, which

may better capture the equilibrium STC response to surface wind stress forcing, while the zonally
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interior transport (excluding the western boundary current) reflects the transient STC response and

may shorten the lag between STC and SST decadal variability.

To illustrate the role of spiciness advection on TPDV, we present a latitude-time diagram of

decadal temperature anomalies on the time-varying isopycnal depth (o o= 25.5 kg m™; Fig. 4d).

Spiciness anomalies originate in the subtropical eastern Pacific and propagate to the western

tropical Pacific (the pathway is denoted in Fig. S41). The spiciness of the western equatorial Pacific

(5°S—5°N) is largely controlled by the advection from the South Pacific (5°S—0°; Fig. 4¢) and tends

to be out-of-phase with the equatorial Pacific SST anomalies (Fig. 4f). These subsurface spiciness

anomalies thus damp TPDV SST anomalies induced by anomalous equatorial upwelling. Based

on the diagnostic analyses shown in Figs 3 and 4, isopycnal depth variability and associated

Rossby wave activity appear to be the most important precursors for TPDV during 1948-2015 in

FOSI.
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Fig. 4 Relation of Pacific STC and spiciness anomalies to TPDV. a. Latitude-time sections of
quadratically detrended and 10-yr running-mean filtered vertical maximum of the Pacific zonal
average meridional overturning streamfunction (Sv; shading) and tropical Pacific (160°E—120°W)
SST (°C; contours at intervals at 0.1; positive contours in red solid, negative contours in blue
dashed, and zero contours in gray thickened) during 1948-2015 (The abscissa represents the start
year of each 10-yr averaging window). b. Timeseries of quadratically detrended and 10-yr running-
mean filtered SST (°C) anomalies in the equatorial Pacific (3°S—3°N, 180°-80°W; thickened black
curve; right y-axis), STC (Sv) strength at 9°N (orange curve; sign flipped so that positive/negative
values denote equatorward/poleward near-surface transport; left y-axis), 9°S (green curve), and
the total convergence/divergence between 9°N and 9°S (blue curve). ¢. Lead-lag correlation of the
equatorial Pacific SST anomalies in year 0 with the equatorial Pacific SST anomalies (black), STC
strength at 9°N (orange curve), 9°S (green curve), and in total (blue curve) during a range of 20
lead to lag years. Positive (negative) lags indicate that TPDV leads (lags) the STC strength
anomalies. The filled circles indicate correlations that are statistically significant at the 90%
confidence level based on a bootstrapping method. d. As in a., but the shading indicates the
spiciness anomalies (°C; left y-axis) along the path denoted by dots in Fig. S41. e. Timeseries of
quadratically detrended and 10-year running-mean filtered SST (°C) anomalies in the equatorial
Pacific as in panel b, and spiciness anomalies (°C) along the advection pathway from panel d,
meridionally averaged in the northern equatorial Pacific (0°-5°N; orange curve), southern
equatorial Pacific (5°S—0°; green curve), and the total equatorial Pacific (5°S—5°N; blue curve). f.
As in c., but spiciness anomalies in e.

To confirm the role of different oceanic processes in the decadal hindcasts, we correlate the
predicted equatorial Pacific SST in FY1-10 during 1955-2016 with concurrent oceanic fields in
FY1-10 of DPLE NoVolc (Fig. 5a—) and the corresponding initial conditions in November
(Nov0) in FOSI during 1954-2015 (Fig. 5d—f). In FY1-10, positive decadal SST anomalies in the
tropical Pacific are associated with isopycnal deepening in the eastern equatorial Pacific and
shoaling in the west (Fig. 5a—c). The predicted equatorial Pacific SST index in FY1-10 does not
show significant correlations with the initial SST anomalies over most regions in the tropical
Pacific. In contrast, it shows significant correlations with subsurface temperature anomalies in the
western equatorial Pacific and with isopycnal depth anomalies not only over the equatorial western
Pacific but also in the off-equatorial Pacific region (10°-20° latitude), suggesting the critical role

of Rossby wave initialization.

To show the propagation and influence of subsurface processes through the 10-year forecast
period in DPLE NoVolc, we correlate the predicted equatorial Pacific SST index in FY5-10 with
several fields at the concurrent (FY5-10) and earlier 6-year forecast periods (FY4-9, 3-8, 2—7,
and 1-6). This analysis reveals that equatorial Pacific SST anomalies in FY5-10 (Fig. 5g5) can be

traced back to subsurface temperature anomalies in the equatorial Pacific (Fig. Shl), along with
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off-equatorial and equatorial isopycnal depth anomalies in FY1-6 (Fig. 5il). As significant SST
correlations intensify in FY2-7 (Fig. 5g2), surface westerly anomalies start to develop over the
western equatorial Pacific in FY3-8 (Fig. 5i2), deepening the isopycnal in the eastern equatorial
Pacific (Fig. 5i2). The coupling of SST, wind, and isopycnal depth can enhance the predictability
provided by the initial subsurface temperature anomalies. The equatorial Pacific SST index in
FY5-10 also shows significant correlations with the Pacific STC overturning streamfunction,
originating in the South Pacific (20°S°~10°S) in FY 1-6 (Fig. 5j1). When a positive TPDV starts
to develop at FY1-6, the positive overturning streamfunction anomalies in the subsurface South
Pacific weaken the south Pacific branch of anticlockwise STC (with negative values in dashed
contours), amplifying TPDV SST anomalies in the later lead times. In DPLE, however, the tropical
Pacific SST anomalies at FY5-10 show much weaker correlations with oceanic conditions at
earlier lead times than in DPLE NoVolec, suggesting that volcanic forcing perturbs the linkage

between the initial condition memory and SST variability at late lead times (Fig. S9).
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Fig. 5 Source and persistence of predictability in initialized decadal forecasts. (a—f)
Correlation maps with detrended SST anomalies in the central-eastern equatorial Pacific (3°S—3°N,
180°E—120°W; denoted by the white box in a) averaged in FY1-10 during 1955-2016 in
DPLE NoVolc. Correlations (color shading) are calculated with the quadratically detrended (a and
d) global SST, (b and e) ocean temperature in the equatorial Pacific (3°S-3°N), and (c and f)
tropical Pacific isopycnal depth (6 ¢= 25.5 kg m™) anomalies at (a—) FY 1-10 during 1955-2016,
and (d—f) the corresponding FOSI initial conditions in Nov0 during 1954-2015. (g—j) Correlation
maps with detrended SST anomalies in the central-eastern equatorial Pacific (3°S—3°N, 180°E—
120°W; denoted by the white box in g5) averaged in FY5—-10 during 1955-2016 in DPLE_NoVolc.
Correlations (color shading) are calculated with the detrended (g1-5) global SST, (h1-5) ocean
temperature in the equatorial Pacific (3°S—3°N), (i1-5) tropical Pacific isopycnal depth (¢ ¢=25.5
kg m™), surface winds, and (j1-5) STC overturning streamfunction at FY1-6, FY2-7, FY3-38,
FY4-9, and FY5-10 during 1955-2016. STC climatology during 1964-2015 in Fig. S8 are
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overlaid in j1-5 using black contours at intervals of 8 Sv [positive (negative) contours in solid
(dashed) contours and zero contours thickened]. The stippling indicates shaded values that are not
significant at the 90% confidence level, based on a two-tailed Student’s t-fest. Only significant
correlations for surface wind vectors are shown.

Insignificant correlations between predicted TPDV SST anomalies at FY1-10 and initial
tropical Pacific SST anomalies in NovO (Fig. 5) suggest that the initial ENSO state does not affect
the overall TPDV predictability at 10-year lead. The minor role of ENSO is further examined using
a Singular Value Decomposition (SVD) analysis®! between predicted tropical Pacific SST and the
global SST initial conditions in Nov0 (Fig. S10). The leading SVD mode (SVDI) explains 59%
of the total squared covariance between predicted tropical Pacific SST and the global SST initial
conditions. The timeseries of the two expansion coefficients of SVD1 show decadal variations,
and the associated heterogeneous correlation maps onto the SVD timeseries closely mirror the
linear correlation analysis in Fig. 5. In contrast, the two expansion coefficients of SVD2 show
strong interannual variability associated with ENSO, accounting for 15% of the covariance. This
result suggests that there is only a weak interannual component in the predicted tropical Pacific
SST anomalies in FY'1-10, manifesting as an equatorial mode affected by the initial ENSO states
in Nov0.

¢. Role of Interbasin interactions in affecting TPDV prediction during 1999—2008

In Fig. 5d, we also identify significant correlations between the predicted TPDV index and the
initial SST conditions in several remote ocean areas, including negative correlations over the North
Atlantic and positive correlations over the extratropical oceans of the Southern Hemisphere. To
test if these correlations indicate causality, and to separate the effects of initial conditions in
different ocean basins on the tropical Pacific predictions, we conduct a set of regional initialization
experiments for the period 1999-2008 (Fig. 6b—e; Methods). During this period, the tropical
Pacific shows negative decadal SST anomalies in observations (Fig. S11a) and FOSI (Fig. 6f),
which are well predicted by the DPLE NoVolc forecasts initialized on Nov 1, 1998 in Fig. S11b
& Fig. 6g with different drift correction methods (See Methods). The comparisons among the
sensitivity forecasts with regional ocean initialization suggest that this skillful prediction of
tropical Pacific decadal cooling is mainly associated with tropical Pacific initialization (Fig. 6h),
which shows negative isopycnal depth anomalies in the tropical Pacific in the initial conditions

(Fig. S11c). The North Atlantic (20°N-60°N) initialization experiment produces positive SST
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anomalies over both the North and northern tropical Atlantic (0°-20°N; Fig. 6d and i). In contrast
to previous SST-restoring experiments®->?, the tropical Atlantic induced warming does not
generate tropical Pacific cooling. This is because the net surface heat flux over the tropical Atlantic
is downward (Fig. 6n), and so SST warming there is not an active forcing that can affect

6162 The tropical Atlantic shows

atmospheric teleconnections, consistent with previous studies
insignificant SST anomalies in the Full initialization experiment (Fig. 6g), possibly due to
competing effects from the tropical Pacific (Fig. 6h) and North Atlantic (Fig. 61). The Southern
Hemisphere ocean initialization (Southern Ocean, Indian Ocean, and Atlantic Ocean sectors) is
responsible for the predicted warming over the Southern Ocean in the Full Initialization
experiment (cf. Figs. 6g and j). However, the sign of the predicted ensemble-mean Southern Ocean
warming is opposite to that observed and seen in FOSI (Fig. S11a and Fig. 6f) and might contribute
to the tropical Pacific warming in the SH initialization experiment (Fig. 6j). This suggests that the

predicted tropical Pacific cooling in the Full initialization experiment might be underestimated due

to prediction errors in the Southern Ocean.

Given that interbasin interactions may vary from case to case, additional regional initialization
experiments with more start dates are required to robustly isolate the influence of different ocean
basins on TPDV prediction skill in general. A more refined analysis of the role of different ocean
regions is also necessary. For example, further experiments are needed to distinguish the impacts
of isopycnal initial conditions in the equatorial vs. off-equatorial Pacific on TPDV prediction skill.
Although the correlation analysis does not suggest an influence from initial North Pacific SST
anomalies on TPDV prediction skill (Fig. 5d), this might be due to inherent model underestimation
of the coupling between the extratropics and tropics®?. Similarly, additional experiments are
required to isolate the role of the Indian Ocean. The significant correlations between the predicted
TPDV index and the initial Indian SST conditions are confined to the extratropical South Indian
Ocean, rather than the tropical region, which has been suggested as an important factor for
TPDV%+%°, Notably, most areas of the Indian Ocean exhibit significant prediction skill in detrended
SST in both decadal forecasts and LE, suggesting that the Indian Ocean decadal prediction skill is
largely attributable to external forcing (Figs. S13 and S14). In the selected case study of 1999—
2008, the cooling in the Indian Ocean is not well predicted by any of the experiments (Fig. 6g—),

potentially diminishing its influence on the tropical Pacific.
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Fig. 6 The influence of different ocean basins on TPDV predictability during 1999-2008. SST
(°C) anomalies in November 1998 in (a) ERSSTvS5 and (b) FOSI. (c—¢) The areas with SST values
on November 1 of 1998 denote the ocean regions that have the initialization of full-depth ocean
temperature and salinity anomalies added on the climatology from FOSI; the November 1 FOSI
climatology during 1954-2015 is used everywhere else. Quadratically detrended SST (°C)
anomalies during 1999-2008 in (f) FOSI and 10-member ensemble mean forecasts initialized on
November 1st, 1998, including (g) Full initialization experiment, (h) Tropical Pacific initialization,
(1) North Atlantic initialization, and (j) Southern Ocean initialization. (k—o0) as in (f—) but for the
surface net heat flux (SHF; W m%; positive values heat the ocean). Stippling indicates values that
are not significant at the 90% confidence level, based on bootstrapping across ensemble members
(see Methods).

Summary and Discussion

Our study investigates a set of oceanic mechanisms that may provide a source of predictability

for TPDV based on observations and a hierarchy of model simulations and hindcasts. The CESM1
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decadal prediction system without volcanic forcing (DPLE NoVolc) shows high skill in predicting
observed TPDV during the 1950s to the present. The high predictability of TPDV arises from the
subsurface ocean initial conditions, particularly decadal isopycnal depth variability associated with
oceanic Rossby wave adjustments in the tropical Pacific. The predictability inherent in the initial
isopycnal conditions is further reinforced by the response of the subtropical cells and ocean-
atmosphere coupling processes in the tropical Pacific throughout the 10-year forecasts. Although
we can rely on the initial isopycnal conditions for useful TPDV prediction skill, the origins of
decadal isopycnal depth variability and the associated surface wind stress fluctuations driving
isopycnal variability remain less clear, as also suggested by Capotondi et al.!s. We also find that
the initial ENSO SST state in a particular year plays a very minor role in affecting the overall
TPDV predictability, but ENSO decadal modulation may contribute to establishing decadal wind
and isopycnal variability associated with TPDV.

To investigate the potential role of inter-basin interactions in TPDV prediction skill, we
conducted regional initialization experiments which suggest that the predictability of TPDV SST
cooling during 1999-2008 arises mainly from initial conditions in the tropical Pacific as opposed
to those in the North Atlantic or tropical Atlantic. This result adds to previous work highlighting
potential issues in using SST-restoring experiments to study the causality of interbasin ocean
interactions®'. During 1999-2008, CESM1 decadal forecasts erroneously predict positive decadal
SST anomalies in the Southern Ocean, which are opposite to those observed and may contribute
to an erroneous tropical Pacific SST warming. The Southern Ocean errors could be reduced by
increasing the model resolution used for decadal hindcasts, which enhances prediction skill in the
tropical Pacific’”. On the other hand, some studies suggest that models may underestimate
Atlantic-Pacific Ocean interactions due to climatological biases, which displace atmospheric
convective regimes and sensitivities’>*3, The influence of interbasin ocean interactions on decadal
predictability needs to be further analyzed using regional experiments with more initialization

dates and other properly designed experiments.

Our results are subject to biases in CESM1 at 1° resolution and to considerable observational
uncertainties. To investigate the dependence of the results on the choice of model and
observational datasets, it will be important to examine other CMIP6 decadal forecasts®* as well as
Ocean Model Intercomparison Project simulations®. Enhancing observational and reanalysis

datasets is crucial for studying decadal ocean variability. Addressing the low CMIP5/6 decadal
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prediction skill in the Pacific Ocean is key for improving the skill of current decadal climate
prediction systems, which bridge the gap between seasonal forecasts and centennial climate
projections and provide useful information on climate adaptation and resilience for decision

makers in many sectors of the economy.
Methods

a. CESM1 simulations and forecasts

We analyze the dynamics and predictability of TPDV using the CESM1, a global Earth system
model consisting of atmosphere, ocean, land, and ice components linked by a flux coupler®. All
experiments are conducted using the same model version as in the 40-member CESM1 Large
Ensemble (CESM1 LE?®’) at nominal 1° latitude-longitude resolution, including the Community
Atmosphere Model, version 5 (CAMS5%®) with 30 vertical levels; the Parallel Ocean Program,
version 2 (POP2%) with 60 vertical levels; the Community Land Model, version 4 (CLM4°°); and
the Los Alamos National Laboratory Community Ice Code, version 4 (CICE4°!). To compensate
for the lack of comprehensive and consistent observations and reanalysis of subsurface oceanic
processes that could influence TPDV, we analyze a forced ocean-sea ice simulation (FOSI), in
which the ocean and sea ice components are forced with observed atmospheric and surface flux
fields. The surface fluxes are derived using bulk formulae based on observed atmospheric fields
from the Coordinated Ocean-Ice Reference Experiment forcing dataset®?. FOSI provides a realistic
simulation of SST variability during 1948-2015, despite some inconsistencies in the Southern
Ocean”? (Fig. S12). Estimates for subsurface ocean temperatures and salinities are subject to larger

observational uncertainties than for SST, as discussed in the following result sections.

FOSI provides the ocean and sea ice conditions needed to initialize the Decadal Prediction
Large Ensemble (DPLE'#) and a parallel decadal forecast set that excludes historical volcanic
aerosol forcing (DPLE_NoVolc®). In DPLE, 40-member forecasts are initialized from identical
oceanic and sea ice conditions from FOSI on November 1st of each year during 1954-2015 and
integrated for 122 months. The atmosphere and land initial conditions are expected to play a very
minor role in contributing to decadal-scale climate predictability, and are obtained from a random
member of the CESM1 LE without any observational constraints except for the historical radiative

forcing. The ensemble spread among individual members is created by adding round-off level
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perturbations to the initial atmospheric temperatures. The CMIPS5 historical forcings for 1954—
2005, and representative concentration pathway (RCP) 8.5 forcings for 2006 and onwards, are
used as the external forcings for the DPLE forecasts. DPLE NoVolc follows the DPLE protocol,
except that it excludes historical volcanic aerosol forcing during 1954-2005 and has a smaller
ensemble size of 10. The comparison between DPLE and DPLE NoVolc isolates the effect of

historical volcanic forcing on decadal prediction skill and predictability®.

To isolate the role of initialization in affecting predictability and prediction skill, we compare
the DPLE with the uninitialized CESM1 LE'Y. The CESM1 LE is comprised of 40-member
historical simulations subject to the CMIP5 forcings during 1920-2100, including the historical
volcanic forcing®”. We quadratically detrend all data sets (observed and simulated) to remove the
forced climate change signal during 1954-2015. Results are very similar if we use other methods
of estimating and removing the forced climate signal, including subtracting a linear trend or the
ensemble mean of the CESM1 LE®. We also evaluate the performance of CESM1 in simulating
intrinsic TPDV variability in an 1801-yr CESMI1 control simulation under preindustrial

atmospheric greenhouse gas concentrations.
b. Observational datasets

We assess the simulation realism and retrospective forecast skill of TPDV using multiple
observational and reanalysis datasets available from the 1950s to 2022. The SSTs are taken from
the National Oceanic and Atmospheric Administration (NOAA) Extended Reconstruction Sea
Surface Temperature version 5% (ERSSTv5) dataset at 2° spatial resolution, and the Hadley Centre
Sea Ice and SST dataset”™ (HadISST) at 1° spatial resolution, during 1954-2022. The ocean
temperature and salinity are taken from the Met Office Hadley Center EN4°¢ (EN4) with bias
correction®’ at 1° horizontal resolution with 42 vertical levels during 1954-2022, and the European
Centre for Medium-Range Weather Forecasts (ECMWF) Ocean Reanalysis System 4°% (ORAS4)
at 1° horizontal resolution with 42 vertical levels during 1958-2017. The ocean potential density
is calculated using the temperature and salinity based on the equation of state for seawater”.
Surface wind stress is taken from the fifth generation ECMWF atmospheric reanalysis of global
climate'’’ (ERAS5) for 1954-2022. Surface wind stress is also calculated based on surface wind

components from the NOAA Twentieth Century Reanalysis version 3'° (NOAA20CRv3) during
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1954-2022 for comparisons. All observational data are re-gridded to the model grid at ~1° using

a bilinear interpolation before comparison.

c. Analysis methods

Decadal forecasts are initialized from full-field oceanic states constrained by observations and
will drift toward the model’s biased climatology as the forecasts progress. To obtain forecast
anomalies, forecast lead-dependent climatologies are removed from each ensemble member. For
each forecast year (FY) 1-10, a climatology is determined by averaging the ensemble mean annual
mean forecasts at that lead across 1964—2015. The choice of the 1964-2015 period as the baseline
climatology ensures a consistent sample size (52 years) for each lead time. Anthropogenic climate
change is estimated as a quadratic fit of the ensemble mean forecast anomalies across 19542015,
as a function of lead time (i.e., FY1-10). This estimated climate change signal is then subtracted

from individual drift-corrected ensemble members, to obtain detrended forecast anomalies.

We evaluate the model performance in capturing observed TPDV using EOF analysis, and by
calculating the anomaly correlation coefficient (ACC) between the ensemble-mean forecasts and
observations. Statistical significance of the results is tested using a bootstrapping method!*!92, At
each spatial location, we determine a nonparametric bootstrap distribution of the forecast ACC,
ACC difference, correlation, or composite anomalies by resampling (with replacement) the
forecast ensembles across both the time and/or ensemble member dimensions, and then
recalculating the statistics for each of the 5,000 samples. The calculation of 5,000 values is
performed using 10-member ensembles for all model analyses, considering the varied ensemble
sizes of DPLE (40 ensemble members), DPLE NoVolc (10), and LE (40). A positive value is
deemed significant at the 90% confidence level if its bootstrapped distribution contains fewer than

500 values below zero (p<500/5,000=0.1), and vice versa for a negative value.

Several metrics are used to examine oceanic processes relevant to TPDV. Mixed layer depth
in CESM1-FOSI is a monthly model output defined using a maximum buoyancy gradient
criterion'®. Monthly thermocline depth is calculated as the depth of the maximum vertical
temperature gradient. We use the monthly isopycnal depth where the potential density is equal to
25.5 kg m™ (o 4=25.5 kg m™¥) to capture the evolution of both off-equatorial and equatorial oceanic
wave characteristics. Spiciness is defined using the monthly temperature along the time-dependent

monthly isopycnal surface where 6 4=25.5 kg m™.
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d. Regional initialization experiments

To examine the impact of initial ocean conditions in different ocean basins on TPDV
predictions, we conducted a set of sensitivity experiments with regional initialization. We focus
on the period of 1999-2008, during which the tropical Pacific exhibited negative decadal SST
anomalies in observations. This tropical Pacific decadal cooling is well predicted by the
DPLE NoVolc forecasts initialized from the global oceanic states estimated by FOSI on
November 1, 1998 with a ~10-year lead. We refer to this DPLE NoVolc forecast as the Global
Initialization experiment (Fig. 6). To separate which part of the ocean initialization is more
important to this prediction case, we conducted the following sensitivity experiments (Fig. 6): 1)
A control ensemble initialized with the global FOSI climatology during 1954-2015 (Climatology
initialization); 2) An ensemble initialized with the global FOSI climatology and full-depth ocean
temperature and salinity anomalies in the North Atlantic (North Atlantic initialization; 20°—60°N);
3) Similar to 2), but focusing on Tropical Pacific initialization (20°S—20°N); and 4) Southern
Hemisphere Ocean initialization, including the Southern Ocean, tropical Indian Ocean and tropical
South Atlantic Ocean. To avoid discontinuities in oceanic forcing at the boundaries, we apply a
linear interpolation over 5° latitude bands. Each experiment includes 10-member forecasts subject
to external radiative forcings from November 1998 to December 2008, as was done for the Global
Initialization experiment. Forecast anomalies are computed by subtracting the control simulation
(Experiment 1) from Experiments 2—4 and the Global Initialization experiment. This approach to
calculating forecast anomalies assumes a consistent time-dependent model drift across all
experiments and is used to prevent the extensive computing resources required to reproduce
initialized forecasts for every year from 1954 to 2015 for each experiment. The forecast anomalies
for the Global Initialization experiment, obtained by removing the control simulation, are very
similar to the anomalies calculated using the traditional drift correction (Fig. S11b) and quadratic

detrending (Fig. 6g).

Data availability: NCAR’s Climate Data Gateway provides the output from CESM1 DPLE
(https://www.earthsystemgrid.org/dataset/ucar.cgd.ccsm4. CESM 1-CAMS-DP.html), FOSI
(https://www.earthsystemgrid.org/dataset/ucar.cgd.ccsm4.DPLE-

FOSI.ocn.proc.monthly ave.html), and LE
(https://www.earthsystemgrid.org/dataset/ucar.cgd.ccsm4.cesmLE.html). DPLE NoVolc is
available through https://portal.nersc.gov/archive/home/c/ccsm/www/CESM1-CAMS-DP-NoV.
Observational and reanalysis datasets used in this study are available online: ERSSTv5 SSTs
from https://psl.noaa.gov/data/gridded/data.noaa.ersst.v5.html, HadISST from
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https://www.earthsystemgrid.org/dataset/ucar.cgd.ccsm4.DPLE-FOSI.ocn.proc.monthly_ave.html
https://www.earthsystemgrid.org/dataset/ucar.cgd.ccsm4.cesmLE.html
https://portal.nersc.gov/archive/home/c/ccsm/www/CESM1-CAM5-DP-NoV
https://psl.noaa.gov/data/gridded/data.noaa.ersst.v5.html
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http://www.metoffice.gov.uk/hadobs/, ORAS4 from ftp://ftp-
icdc.cen.unihamburg.de/EASYInit/ORA-S4, EN4 from
https://www.metoffice.gov.uk/hadobs/en4/download.html, ERAS5 from
https://www.ecmwf.int/en/forecasts/dataset/ecmwi{-reanalysis-v5, and NOAA20CRv3 from
https://www.psl.noaa.gov/data/gridded/data.20thC_ReanV3.html.

Code availability: Codes generated during this study are available from the corresponding author
upon reasonable request.
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