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ARTICLE INFO ABSTRACT

Keywords: Currently, the El Nino Southern Oscillation (ENSO) dominates the climate variability in the Pacific basin, while

PDO the Pacific Decadal Oscillation (PDO) is the second dominant mode of variability. Both modes of variability are

ENSO o crucial due to their global roles. However, the response of PDO and ENSO to changes in forcing, such as increased

zi::f;;j;ﬁ:g;g . atmospheric CO5 concentrations or geography, is not fully understood. Past intervals of geological time offer

Pliocene valuable insights to understand their responses to different forcing. Here, we investigate PDO and ENSO

PlioMIP2 behaviour and their relationship in the mid-Pliocene Warm Period (MP; ~3 million years ago) using the Pliocene
Model Intercomparison Project version 2 (PlioMIP2) climate model ensemble. Results show that in the MP,
although ENSO variability is robustly suppressed, PDO variability remains similar to the pre-industrial (PI) in
terms of spatial pattern and multi model mean (MMM) amplitude, although individual models differ. The pre-
dominant frequencies of variability in the Pacific basin shift from interannual (3-4 years) in the PI to decadal
(15-35 years) in the MP. Relative to a weakened ENSO, PDO is a more important mode of Pacific variability in
the MP. The linear relationship between PDO and ENSO decreases by only 18 % in the MP even though ENSO
variability decreases by ~30 %, suggesting that the majority of PDO variability is not directly explained by
changes in ENSO variability. We suggest that these results are driven by MP boundary conditions other than
elevated CO, levels.

1. Introduction

The Pacific basin has two dominant modes of climate variability: the
El Nino-Southern Oscillation (ENSO) and the Pacific Decadal Oscillation
(PDO). Today’s leading mode of variability, ENSO, is located in the
equatorial Pacific basin and is the main global interannual mode of
variability, with typical periods of 2-7 years (McPhaden et al., 2006).
The second mode of variability, PDO, is the dominant decadal mode of
variability in the North Pacific Ocean (Mantua and Hare, 2002),

typically oscillating with a periodicity of 20-30 years. Both ENSO and
PDO are formed by atmosphere-ocean interactions which oscillate be-
tween two extreme phases: a warm phase (El Nino and the positive PDO
phase, respectively) and a cool phase (La Nina and the negative PDO
phase, respectively; McPhaden et al., 2006; Mantua et al., 1997; Mantua
and Hare, 2002). ENSO has global teleconnections that impact natural
systems and human societies, such as increased rates of wildfires in
Australia during El Nino (Wang and Hendon, 2007) or increased
typhoon activity and intensity (Hsu et al., 2013). Meanwhile, PDO also
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has far-reaching links: it is connected to ENSO, where the general view is
that ENSO variability leads PDO variability through oceanic Rossby
waves (Newman et al., 2016; Nidheesh et al., 2017). Furthermore, the
variability of PDO is related to the atmospheric variations in the North
Pacific, namely the variability of the Aleutian low (AL) pressure system,
which is thought to lead PDO variability through surface wind forcing
(Di Lorenzo et al., 2013; Newman et al., 2016). PDO teleconnections can
lead to precipitation changes or multi decadal droughts in North and
South America, Asia, and Australia (Hare and Mantua, 2000). In addi-
tion, the role of the PDO in oceanic energy redistribution is thought to be
important (Trenberth and Fasullo, 2013; Yan et al., 2016).

Although understanding the behaviour of ENSO and PDO is crucial to
comprehend the Earth’s climate system overall, there are still gaps of
knowledge on their behaviour and responses to different perturbations.
It is essential to develop studies that aid the understanding of ENSO and
PDO behaviour to different perturbations because of the worldwide
impact of these two modes of climate variability. In the context of
climate change, it is especially important to understand the responses of
ENSO and PDO to changes in different atmospheric CO; concentrations
that result in a modification of radiative forcing on Earth‘s climate. In
addition, studying ENSO and PDO dynamics at longer time scales than
the current observational period is important towards capturing a more
complete picture of their range of variability.

Much research has addressed ENSO and PDO behaviour at different
atmospheric CO, concentrations with a focus on the future. Studies of
ENSO variability in climate change scenarios show disagreement,
implying that the ENSO responses remain not fully comprehended. For
instance, using the Representative Concentration Pathway 8.5 (RCP8.5),
Cai et al. (2014) found an increased frequency but no substantial change
in the amplitude of the eastern Pacific ENSO towards 2090. Conversely,
using the same RCP8.5, Kim et al. (2014) showed that ENSO response to
global warming is not linear in time, and ENSO amplitude is projected to
increase until ~2040 but to decrease thereafter. Geng et al. (2023)
found that, relative to the historical period, La Nina events occurred
more frequently at a range from 13 to 33 % towards 2099 under a range
of low to high Shared Socioeconomical Pathways (SSPs). PDO changes
are also uncertain. As such, Liguori and Lorenzo (2018) suggested that
the Pacific Decadal Variability might be amplified towards 2100 in the
RCP8.5 high-emission scenario due to the intensification of the North
Pacific Meridional Mode through the winds-evaporation-SST feedback
caused by the anthropic warming effect. Conversely, it is expected to
significantly decrease its amplitude and increase its frequency in
different CO, emission scenarios, possibly related to Rossby waves
speeding up, leaving less time for a complete PDO development (Geng
et al., 2019; S. Li et al., 2020). According to the IPCC AR6, this PDO
change towards decreased amplitude and higher frequency is considered
to have medium confidence under the effect of current levels of global
warming and low confidence for future changes (Lee et al., 2023). The
level of uncertainty emphasizes the need for more detailed investigation
to better understand PDO variability and mechanisms.

The relationship between ENSO and PDO has been mostly studied
with an emphasis on the recent historical and future periods. Studies for
the recent historical period, such as Verdon and Franks (2006), found
that similar phases (cold or warm) of PDO and ENSO tend to coincide.
Hence, when the El Nino is present, a PDO warm phase tends to take
place at an increased frequency and vice versa for PDO cold phases and
La Nina events (Verdon and Franks, 2006). For future climate change
scenarios, the linear relationship between ENSO and PDO could be
stronger (Kwon et al., 2013), which means that the ENSO influence over
PDO is expected to become stronger than in the present. In addition, the
response of PDO to ENSO mainly depends on the amplitude of ENSO (i.
e., a higher ENSO amplitude leads to a stronger correlation with PDO)
and on the strength of the ENSO-AL teleconnection, which in turn de-
pends on specific features of global climate models (Nidheesh et al.,
2017).

To gain a more complete understanding of the climate variability and
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change, we should extend our research on PDO and ENSO variability
beyond the modern and near future period. Past intervals of geological
time could help us better understand the response of modes of climate
variability to perturbation, including increased atmospheric COy con-
centrations. Specifically, the mid-Pliocene Warm Period (MP) is a
geological interval with a continental configuration that is quite similar
to that of today compared to earlier past warm periods. The MP is
characterised by a mean global temperature between 1.7 and 5.2 °C
above the pre-industrial (PI) temperature, with best estimates of atmo-
spheric CO; levels around 400 ppm (Haywood et al., 2020). While the
distribution of land versus sea including topography and bathymetry
was similar to the present, ice sheets were reduced compared to the PI
(Dowsett et al., 2016). These features make the MP an interesting period
to study the climate system in a quasi-equilibrium state of increased CO,
atmospheric concentrations. Furthermore, it is suggested that the MP is
considered an analogue to the possible climate at the end of the 21st
century in terms of temperature and precipitation considering medium
emission scenarios, similar to the RCP4.5 (Burke et al., 2018) or SSP2-
4.5 and SSP3-7.0 scenarios depending on the variable, spatial domain
and temporal aggregation (Burton et al., 2024).

The Pliocene Model Intercomparison Project (PlioMIP) uses model
ensembles to study the MP in detail (Haywood et al., 2010). PlioMIP has
completed two phases of work: PlioMIP1 and 2 (Haywood et al., 2010;
Haywood et al.,, 2016), with the third phase currently underway
(Haywood et al., 2024). PlioMIP2 is focussed on the MIS KM5c inter-
glacial time slice (~3.205 Ma), which has orbital forcing parameters
very similar to the present. In addition, it uses the PRISM4 (Pliocene
Research, Interpretation and Synoptic Mapping version 4; Dowsett et al.,
2016) palaeoenvironmental reconstruction as standardised boundary
conditions (Haywood et al., 2016). PRISM4 includes a sea-land mask
with presence of an above-sea Central American Seaway, closing of
Bering Strait and Canadian Arctic Archipelago and inclusion of inde-
pendent bathymetry and elevation (Dowsett et al., 2016).

Various studies analysing proxy data have contributed to gaining an
understanding of ENSO during the MP, however, significant uncertainty
remains in terms of ENSO behaviour. For example, some studies suggest
a small zonal sea surface temperature (SST) gradient in the tropical
Pacific (a ‘permanent El Nino-like’ mean state) or even no ENSO vari-
ability (e.g., Molnar and Cane, 2002; Wara et al., 2005; Fedorov et al.,
2006; Ravelo et al., 2006; Seki et al., 2012). On the other hand, Wata-
nabe et al. (2011) reconstructed marked ENSO variability, similar to
Scroxton et al. (2011). More recently, White and Ravelo (2020) used
proxy data corresponding to the early Pliocene and found a reduced
ENSO amplitude. Initial modelling efforts confirmed the existence of an
interannual variability of ENSO with a deep thermocline in the tropical
Pacific (Scroxton et al., 2011). In addition, marked ENSO variability was
shown, no matter the equatorial Pacific mean state using fully coupled
climate model experiments (e.g., Bonham et al., 2009; Haywood et al.,
2007; von der Heydt et al., 2011).

Studies using fully coupled models from the PlioMIP1 project (phase
one of PlioMIP) investigated ENSO, PDO and their linkages. Using the
NorESM-L model, Zhang et al. (2012) detected a weak ENSO in the MP.
Furthermore, Brierley (2015) obtained a reduced ENSO amplitude in 8
out of 9 models. Meanwhile, using the HadCM3 model, Tindall et al.
(2016) found overall increased ENSO amplitudes but with a strong
centennial scale variability of ENSO. Regarding the frequency, Brierley
(2015) found that the power spectrum peaks at 5-7 years in the MP
versus 3-4 years in the PIL. Similarly, Tindall et al. (2016) observed that
the MP ENSO in HadCM3 was characterized by longer periodicity than
for the PI by ~12 %. In addition, no prevalent ENSO type or flavour was
consistently found among the MP model ensemble (Brierley, 2015). For
HadCM3 only, however, the prevalent ENSO type tends to be located in
the central Pacific (Tindall et al., 2016). The relationship between ENSO
and PDO in the MP was also explored using PlioMIP1 models. Specif-
ically, Brierley (2015) found no consistency in PDO amplitude or fre-
quency changes. Meanwhile, Tindall et al. (2016) found a stronger PDO
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amplitude, as well as a stronger ENSO and PDO relationship using the
PlioMIP1 HadCM3 model at a multi centennial scale.

More recently, the PlioMIP2 model ensemble has been employed to
study ENSO and AL variability. The MP ENSO simulated in PlioMIP2
shows a consistent interannual variability with reduced amplitudes by
~24 % compared to the PI (Oldeman et al., 2021; Pontes et al., 2022).
No clear changes in the dominant frequency were found (Oldeman et al.,
2021). The mechanisms associated with the reduced ENSO amplitude
were explored by Pontes et al. (2022), who found that a higher relative
warmth in the Northern Hemisphere than in the Southern Hemisphere
may have played a key role. This asymmetrical temperature anomaly
induces an intensification of the subtropical South Pacific Anticyclone,
which in turn shifts the Intertropical Convergence Zone (ITCZ) north-
ward, suppressing processes that allow the El Nino or La Nina devel-
opment. Most recently, Oldeman et al. (2024) showed that atmospheric
variability in the North Pacific (i.e. the AL variability) in PlioMIP2 is
similar to the PI even with ENSO variability being suppressed. They
show that the ENSO-AL teleconnection is similar but find that the main
contribution to the AL variability, internal stochastic variability in the
atmosphere, is largely unchanged. Even though all these studies are
related to ENSO, the North Pacific atmosphere and their link, an
investigation of PDO and the ENSO-PDO link using the PlioMIP2
ensemble has not been conducted. In this paper we attempt to fill this
gap.

In the present study, our main research question is: How does the
behaviour of ENSO and PDO change in the MP according to the PlioMIP2
ensemble? We answer this question by addressing these three specific
questions: 1) Do the spatial and temporal properties of ENSO and PDO
differ in the MP from the PI? 2) Is ENSO or PDO the dominant mode of
variability of the Pacific Ocean in the MP? 3) How does the interaction
between ENSO and PDO differ in the MP with respect to PI? To answer
these questions, we will analyse datasets that are longer than the typi-
cally employed in similar single model and multi-model ensemble
studies. These very long datasets allow us to address centennial vari-
ability to robustly study the frequency and spatial patterns of SSTs in the
Pacific basin in the PlioMIP2 simulations, determine the correlation
between ENSO and PDO and identify the multi model differences be-
tween ENSO and PDO variability by examining each model.

Our manuscript is structured as follows: Section 2 contains a
description of the considered PlioMIP2 models and of the methods that
we follow to examine PDO and ENSO. The general perspective is to
perform a multi model analysis while considering that, although all
models belong to the PlioMIP2, each one of them has particularities that
may carry importance for the interpretation of their simulated climate
states. Towards gaining an impression of the agreement between models
and reconstructions, in Section 3 we first analyse the PI PlioMIP2 models
against observational data of recent climate (Section 3.1). After that, we
investigate the dominant modes of variability in the Pacific basin
(Sections 3.2 and 3.3) and calculate the correlations between the two
modes of variability to analyse their relationship (Section 3.4). Finally,
we discuss our results (Section 4) and summarise and conclude with

Table 1
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final remarks and implications (Section 5).
2. Data and methods
2.1. The PlioMIP2 models

In PlioMIP2, all modelling groups followed the modelling protocols
described in Haywood et al. (2016). Further details of simulations pro-
vided by any single model can be found in the references provided in
Table 1. The PlioMIP2 modelling groups performed at least two main
simulations: the mid-Pliocene (named as Eoi4oo, here referred to as MP)
and the pre-industrial control run (named as E280, here referred to as PI).
The orbital configuration (eccentricity, obliquity, and precession) for
MP and PI was set to the conditions of the PI (1850 CE). This configu-
ration was set so that modelling results from the MP can be easily
employed in the context of using paleoclimate to interpret potential
future environmental conditions given that the KM5c interglacial time
slice used for MP has a very similar orbital forcing to near-modern
(Haywood et al., 2016). For models taking part in the fourth iteration
of the Paleoclimate Model Intercomparison Project (PMIP4), orbital
forcing settings, and the full definition of the PI setup, are described by
Otto-Bliesner et al. (2017b). MP and PI simulations were run with CO,
atmospheric concentrations of 400 ppmv and 280 ppmv, respectively
(Haywood et al., 2016) or with the respective settings defined by Otto-
Bliesner et al. (2017b) for PMIP4 models. Other greenhouse gases and
atmospheric aerosols for MP remain the same as for PI but these might
vary between groups. Vegetation has two options to use: static pre-
scribed or dynamic. Only COSMOS used dynamic vegetation (Stepanek
et al., 2020), while the rest of the groups used reconstructed vegetation
from the Pliocene Research, Interpretation and Synoptic Mapping
version 3 (PRISM3; Salzmann et al., 2008), also used in PlioMIP1.

The PlioMIP2 MP paleogeography used in models in this study is
overall similar to modern but with important changes that influence
atmosphere and ocean circulation. These changes include the closure of
the Bering Strait, Hudson Bay and Canadian Archipelago, as well as the
presence of the subaerial Sunda and Sahul shelves in Oceania and a
closed Central American Seaway (Dowsett et al., 2016; Haywood et al.,
2016). The Bering Strait closure might result in a warmer North Atlantic
but a cooler North Pacific (Hu et al., 2015), a mechanism related to the
intensification of Atlantic Meridional Overturning Circulation (AMOC;
Otto-Bliesner et al., 2017a; Weiffenbach et al., 2023). Meanwhile, the
presence of Sunda and Sahul shelves created effects on ocean and at-
mospheric circulation. In specific, the MP Indonesian throughflow is
enhanced in 10 out of 15 PlioMIP2 models and the trade winds amplify
their intensity over the western Pacific Ocean (Ren et al., 2023). ENSO
and PDO may play a role in modulating Indonesian throughflow changes
(Wang, 2019). In addition, at high latitudes, energy balance and circu-
lation are influenced by prescribing ice sheet extent that is dramatically
decreased with respect to modern conditions in Greenland and the
Antarctic (Dowsett et al., 2016; Haywood et al., 2020).

In this study, we use the MP and PI simulations from 7 (Table 1) of

PlioMIP2 models used in this paper with indication of the number of years computed in simulations, years analysed by us (last model years of each model simulation)

and spatial resolution of the ocean grid.

Model Total years of MP Total years of PI Number of years analysed Number of years analysed Spatial Reference
simulation simulation of MP of PI resolution
CCSM4-Utr 2000 3100 ~200 200 1.25° x 0.9° (Baatsen et al., 2022)
CESM1.2 1200 806 599 306 ~1° x ~1° (Feng et al., 2020)
COSMOS 1950 1950 500 500 3.0° x 1.8° (Stepanek et al., 2020)
HadCM3 2500 2500 500 500 1.25° x 1.25° (Hunter et al., 2019)
IPSLCM6A- 1100 1450 200 200 1.0° x 1.0° (Lurton et al., 2020)
LR
MIROC4m 4000 2220 500 500 1.4° x 1.4° (Chan and Abe-Ouchi,
2020)
NorESM-L 2200 1200 198 200 ~3° x ~3° (X. Li et al., 2020)
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the total ensemble of 17 PlioMIP2 models. The PI and MP simulations
were both run for at least 500 years (longer in most models) so that the
simulations are in a quasi-equilibrium state with the boundary condi-
tions. In this study, we use models that have supplied at least close to
200 years of monthly SSTs model output after spin-up for analysis, as
shorter periods may be insufficient to fully investigate multi decadal
oscillations. The length of the model output time series employed by us
is beyond the typical analysis period in model intercomparisons.
Consequently, we used only 7 models from the whole PlioMIP2
ensemble, most of them obtained by direct request to the modelling
group leaders. The only exception was for IPSLCM6A-LR data, which
was downloaded in full from the CMIP6 repository (ESGF). The datasets
described in Table 1 were regridded to a common resolution of 1°x1°
using linear interpolation to aid the comparison between models and to
analyse the multi model mean (MMM). After that, the SST anomalies
were calculated by removing the mean annual cycle from each grid cell.

2.2. Model evaluation

PI SSTs were evaluated using the reconstructed gridded product
NOAA Extended Reconstructed Sea Surface Temperature (ERSST)
version 5 (NOAA ERSSTv5). The NOAA ERSSTV5 is a historical recon-
struct observational product containing different input datasets of ocean
surface and near-surface observations and sea ice concentration that
were interpolated and bias-adjusted with realistic spatiotemporal vari-
ations for 1854—present (Huang et al., 2017). Here, we use the monthly
NOAA ERSSTv5 for 149 years (1870-2018). As the reconstructed
observational 1870-2018 period is not exactly the pre-industrial period
and includes the anthropogenic warming effect, we detrended this
dataset using a linear regression method.

The evaluation aims at analysing the variance of the SST anomalies
of the PI simulation with respect to reconstructed observational data. To
verify that SST variability in the PI simulation is realistic for our domain
of interest, we compared the variance of the SST anomalies of NOAA
ERSSTv5 and the PI simulations in three regions: tropical Pacific (150°
E-80° W; 20° S-20° N), North Pacific (120° E-120° W; 20° N-70° N) and
the Pacific basin (120° E-70° W; 60° S-70° N). We also computed the
relative change in variance in the MP relative to the PI.

Although it would be desirable to also verify the variability in the MP
simulations against model independent sources of information, proxy
data from the Pliocene is insufficient for analysing temporal variability
or spatial SST patterns related to ENSO or the PDO. Nevertheless, the MP
mean state of PlioMIP2 simulations has been previously evaluated by
comparison against mean temperatures from proxies (Foley and Dows-
ett, 2019; Haywood et al., 2020; McClymont et al., 2020; Tindall et al.,
2022), including from 5 sites in the equatorial Pacific and 4 in the North
Pacific. Oldeman et al. (2021) also performed a model-proxy compari-
son of SSTs at 6 sites in the tropical Pacific based on reconstructions by
(Foley and Dowsett, 2019; McClymont et al., 2020) and found a
reasonable general agreement. In particular, the MP multi model
ensemble has shown close agreement to proxy data in the eastern
tropical Pacific.

2.3. Spatial patterns and temporal behaviour analysis

Our first approach to analyse ENSO and PDO in the MP is through
computing the spatial-weighted leading empirical orthogonal function
(EOF1) of the SST anomalies of the MP and PI simulations in the North
Pacific and tropical Pacific regions to compare their differentiated be-
haviours. The North Pacific and the tropical Pacific regions we use are
the same as the ones defined in the section above (2.2 Model evalua-
tion). These spatial-weighted EOFs are normalised by their spatial
standard deviations following Power et al. (2013), used in Brierley
(2015) and Oldeman et al. (2021). The EOF calculation allows us to
visually identify the main patterns of variability (regions with the largest
loadings or temperature variability) in the Pacific basin and to analyse

Global and Planetary Change 253 (2025) 104932

the characteristics of ENSO and PDO variability. We also perform
spectral analysis of the principal components (PCs) of these two regions
to analyse and compare their dominant frequencies.

The leading EOF for the whole Pacific basin is also analysed using the
regions described in Section 2.2. Additionally, we perform a spectral
analysis to obtain the dominant frequencies of the PC. For the spectral
analysis, we use in all sections of this paper a multi taper spectral
method with 10 tapers and a bandwidth of 6 with a previously nor-
malised and detrended SST anomalies datasets, following Ghil et al.
(2002), who suggested using more than 3 tapers in large datasets, such
as centennial ones. We investigate whether the spectral power is sig-
nificant at a 95 % confidence level. Confidence intervals have been
computed using a first-order autoregressive (AR(1)) model with Monte
Carlo generated surrogates, following the method by Oldeman (2021).
The MMM for the spatial pattern was calculated by averaging the EOF1
for individual models. For the spectral analysis, the MMM was computed
by first calculating the power spectrum and corresponding confidence
intervals of the leading principal component (PC1) time series from each
model individually and then averaging these spectra and confidence
levels across all models.

2.4. El Nino and PDO indices analysis

We use two indices, one for ENSO and another for PDO. For ENSO,
the Oceanic Nino Index (ONI) was calculated. This index is defined as
the 3-month running mean of SST anomalies in the Nino 3.4 region
(170° W-120° W; 5° S-5° N; e.g., Glantz and Ramirez, 2020). For the
PDO, we computed the PDO index. This index is defined as the PC
corresponding to the (spatial-weighted) first EOF of SST anomalies in
the North Pacific basin (here, the same as the North Pacific region, 120°
E-120° W; 20° N-70° N; Mantua et al., 1997).

The ONI and PDO indices were analysed in different ways based on
their time series. Firstly, we calculated the amplitudes of the ONI and
PDO indices by computing their standard deviation in the MP and PI.
Then, we computed the relative changes in MP amplitudes compared to
the PI. Secondly, we calculated correlations between ENSO and PDO in
two ways. First, we calculated Pearson correlation coefficients between
ENSO and PDO indices and statistical significance at p-value < 0.05. We
also computed the relative changes in the MP compared to the PI. Sec-
ond, we performed cross-correlations of the PDO and ENSO times series
on a monthly basis for the entire period of each model. The MMM cor-
relation coefficient was computed by averaging indices for ENSO and
PDO retrieved for individual models and then calculating the cross-
correlation.

3. Results
3.1. PlioMIP2 variance evaluation

The variance of the SST anomalies in the Pacific basin for MMM MP
and PI, NOAA ERSSTv5 and the difference of variance MP-PI are shown
in Fig. 1. The NOAA ERSSTv5 variance (Fig. 1a) is enhanced (i.e., has the
highest variance) in two regions: in the tropical Pacific and the North
Pacific, where we find enhanced variance in the PI and MP MMM
(Fig. 1b and c). The NOAA ERSSTV5 tropical Pacific variance is large at
the east, while the North Pacific variance is spread out. Differences are
found in the Pl and MP MMM (Fig. 1b and c, respectively), which exhibit
a concentrated variance more to the west and central tropical Pacific
than NOAA ERSSTv5 and a high North Pacific variance centred to the
western North Pacific. Another difference based on NOAA ERSSTVS5 is
that the P MMM variance is underestimated along the Bering Strait and
the coast of North America, while it is overestimated in the tropical
Pacific between around 130° W-100° W.

Variance in individual models is shown in Fig. S1. In general, the
variance for individual models and MMM compare well to NOAA
ERSSTV5, but there is a spread between them. COSMOS stands out due
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(a) NOAA ERSSTV5

(b) PI multi-model mean
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(c) MP multi-model mean (d) MP-PI multi-model mean
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Fig. 1. MMM of SST anomalies (° C?) in the (a) NOAA ERSSTv5 (reconstruction, 1870-2018), (b) PI MMM, (c) MP MMM and (d) the difference of the MMM variance
(MP-PI). The stippling indicates areas where 5 or more models (~70 %) agree on the decease of variance in the MP compared to the PIL

to its relatively large variance (~2 °C2) along the tropical Pacific in the
PI and MP (Fig. S1c and j, respectively). MIROC4m also stands out due to
the relatively small variability in the tropical Pacific (~0.6 °C2) in the PI
and MP (Fig. S1f and m, respectively).

The variance in the MP is reduced compared to the PI in the MMM
(Fig. 1b, ¢ and d) and in most individual models (Figs. S1 and S2).
Compared to the PI, in the tropical region, the MMM MP variance (35 %)
is much more reduced than in the North Pacific (8 %), as shown in
Table 2 and Fig. 1d. Among models, in the MP North Pacific, HadCM3
shows a very increased variance (Table 2, Fig. S2d). Spatially, the dif-
ference in variance between the MP and PI (Fig. S2) reveals a general
decrease of variance in the MP, with some models showing an increased
MP variance located in the North or northeastern Pacific. The stipple
shown in Fig. 1d indicates regions where at least 70 % of the models (5
out of 7 models) agree on the same direction of change of variance in the
MP. These regions are mainly located in the tropical Pacific, implying
that this is the region where most models agree on a decrease of variance
in the MP.

3.2. Analysis of the tropical Pacific and North Pacific regions

In this section, we analyse the spatial and temporal properties of the
SST anomalies in the MP compared to the PI. We show the spatial pat-
terns and spectral analysis in the tropical Pacific and North Pacific re-
gions separately, as well as in the whole Pacific basin. Plots shown in this
section are divided into three columns, where the first column shows
results from MP simulations including the MMM (letters a-h), the sec-
ond column shows results from PI simulations including the MMM and
the observational reconstructed NOAA ERSSTv5 for reference (letters
i-q) and the third column (letters r-z) shows the power spectra of
variability (periodograms) for the MP, PI and the observational recon-
struct. In this study, we focus our analysis on the EOF1 and the first
principal component (PC1) only, which represent the most relevant
component of variability.

3.2.1. The spatial patterns in the tropical Pacific and North Pacific regions
Spatial patterns of EOF1 in the tropical Pacific show an ENSO pattern
in all models in MP and PI simulations (Fig. 2 a—p). The PI simulations

Table 2

Variance change (MP-PI) in the PlioMIP2 PI simulation models and MMM in the
tropical Pacific (150°E-80°W; 20°S-20°N), North Pacific (120°E-120°W; 20°
N-70° N) and the whole Pacific (120° E-70°W; 60°S-70°N).

Model Relative change of
variance (%) in the

tropical Pacific

Relative change of
variance (%) in the
North Pacific

Relative change of
variance (%) in the
whole Pacific

CCSM4-Utr -70 -39 —46
CESM1.2 —46 2 —22
COSMOS -20 -10 -14
HadCM3 —-16 30 7
IPSLCM6A- 1 -9 -9
LR
MIROC4m -41 -8 -21
NorESM-L —56 —23 -37
MMM —35.4 -8.1 —20.3

show a similar pattern to the NOAA ERSSTv5 (Fig. 2q), although the
simulated ENSO pattern is extended to the central and west tropical
Pacific in all models and the SST variability is underestimated in the
eastern tropical Pacific. The tropical Pacific patterns of the MP vary
slightly from the PI mainly in two ways. First, patterns are slightly
extended polewards in 5 models (CCSM4-Utr, CESM1.2, HadCM3,
MIROC4m and NorESM-L) and the MMM. This meridional elongation in
the MP ENSO patterns is similar to that found in the multi model
ensemble on an interannual scale of PlioMIP2 (Oldeman et al., 2021)
and PlioMIP1 (Brierley, 2015). Second, 4 models (CCSM4-Utr, CESM1.2,
HadCM3 and IPSLCM6A-LR) show that the ENSO pattern is zonally
extended. Depending on the models, this zonal elongation is extended to
the east, west, or both sides; however, most models show a pattern
slightly shifted to the west. This westward shift is also found in the
PlioMIP1 HadCM3 model on a multi centennial scale (Tindall et al.,
2016).

The percentage of the variance explained by the first EOF is mostly
reduced in the MP (Fig. 2, numbers on the top right of each figure). Our
results show a decrease of the percentage of the variance explained (by
10 %) in the MP MMM, and also a decrease in most models, albeit with a
large spread of change among them. Oldeman et al. (2021) showed a
decrease in the MP MMM of 8 % with 14 out of 17 models, which is
consistent with our results despite using more extended simulations’
datasets. Between single models, in CCSM4-Utr the first EOF explains a
much lower proportion of the variance in the MP compared to the PI (a
difference of 31 %).

The spectral analysis of the leading EOF in the tropical Pacific shows
peaks of power on multi annual and decadal time scales (Fig. 2 r-z). The
MMM indicates that the peak of power is located between 5 and 6 years
both in PI and MP simulations. In most models, significant portions of
the power spectra (i.e., exceeding the 95 % confidence, shaded areas)
indicate that the significant spectral peaks occur mostly on a multi
annual time scale of 2-7 years, consistent with ENSO variability. A
detailed analysis on an interannual time scale can be found in Oldeman
et al. (2021), where no clear shift to lower frequencies was found in the
MP. On a decadal time scale, NOAA ERSSTv5 does not show significant
power. Similarly, the majority of the models show no significant power,
both in the PI and MP. However, we do observe some important peaks at
low frequencies (>10 years) in the MP in 4 models (CCSM4-Utr,
HadCM3, MIROC4m and NorESM-L). Moreover, a clear shift of power
peaks from an interannual scale in the PI to a decadal scale in the MP is
shown in HadCM3.

In the North Pacific region, all models and simulations show that the
first EOF of SST variability has the typical horseshoe pattern of PDO
(Fig. 3 a—q) with only small differences between models. In general, the
PI models compare well with the NOAA ERSSTv5 data. Patterns in the PI
and MP are very similar.

The percentage of the variance explained by the first EOF in MP, that
we attribute to PDO, is similar to the PI in the MMM (Fig. 3, numbers on
the top right of each figure). We find that in 3 models (CESM-1.2,
COSMOS and HadCM3), the percentage of variance in the North Pacific
increases. This increase is also reflected in the MP MMM (by 2 %).
Meanwhile, CESM4-Utr shows a decrease, and other models show only
minor changes. Compared to the tropical Pacific region, in both
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Fig. 2. Spatial patterns obtained from EOF1 of SST anomalies over the tropical Pacific region in the MP and PI simulations of all 7 considered PlioMIP2 models and
their MMM. For each model, the variability explained by the EOF1 is shown in brackets. The right column (r-z) shows the periodograms of the EOF1 in the MP (red),
PI (blue) and the observational reconstruct (grey). Dashed lines in the periodograms indicate the 95 % confidence level, while shaded areas in the periodograms
indicate power spectra above the 95 % confidence level. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of
this article.)



K.V. Canal-Solis et al. Global and Planetary Change 253 (2025) 104932

(a) CCSM4-Utr MP  (21%) (i) CCSM4-Utr PI (36%) (r) CCSM4-Utr
60°N | * 60°N E — wp o G r0.03
50°N 1 s 50°N s — P 10.02 ¢
40°N & 40°N S
30°N 30°N | 0.01&
20°N - 20°N : ? —— — . . )
120°E 150°E 180° 150°W 120°W 120°E 150°E 180° 150°W 120°W 2 3 5 7 10 1520 30 50 75100
Period (years)
(b) CESM-1.2 MP  (29%) (j) CESM-1.2 PI (23%) (s) CESM-1.2
60°N A ot 60°N i
50°N A 5 50°N &
40°N‘, ’ 40°N‘, —
30°N+ 30°N
20°N : 20°N : ———t0
120°E 150°E 180° 150°W 120°W 120°E 150°E 180° 150°W 120°W 2 3 5 7 10 1520 30 50 75100
Period (years)
(c) COSMOS MP  (38%) (k) COSMOS PI (22%)
60°N A " 60°N . =
50°N s 50°N e
40°N ¢ 40°N
30°N+ 30°NH
20°N - 20°N : : . ———t0
120°E 150°E 180° 150°W 120°W 120°E 150°E 180° 150°W 120°W 2 3 5 7 10 1520 30 50 75100
Period (years)
(d) HadCM3 MP (23%) (I) HadCM3 PI (16%)
60°N A - 60°N - ¢
50°N A > 50°N *
40°N & 40°N -—
30°N A 30°N
20°N £ . —a 20°N ; —n -~ 10
120°E 150°E 180° 150°W 120°W 120°E 150°E 180° 150°W 120°W 2 3 5 7 10 1520 30 50 75100
Period (years)
(e) IPSLCM6A-LR MR18%) (m) IPSLCM6A-LR PI(17%) (v) IPSLCM6A-LR
60°N 1 < 60°N 1 B r0.03
50°N s 50°N s B £0.02 ¢
40°N £% 40°N &5 e A S
30°N] ENCYE S R \ 1001
20°N - 20°N , = : ——t0
120°E 150°E 180° 150°W 120°W 120°E 150°E 180° 150°W 120°W 2 3 5 7 10 1520 30 50 75100
Period (years)
(f) MIROC4m MP  (20%) (n) MIROC4m PI (21%) (w) MIROC4m
60°N 3 60°N b’
50°N 4 : 50°N 1 :
40°N % 40°N 7™ —
30°N 30°N
20°N . 20°N . ——t0
120°E 150°E 180° 150°W 120°W 120°E 150°E 180° 150°W 120°W 2 3 5 7 10 1520 30 50 75100
Period (years)
(g) NorESM-L MP  (20%) (0) NorESM-L PI (23%) (x) NorESM-L
60°N 60°N 1 Z 0.03
50°N A 50°N 1 N st 0.02 2
40°N 40°N & - PG Bees o sl ss S
30°N 30N T | ] 0.01
20°N . - - 20°N . ‘ — . . — . . —t0
120°E 150°E 180° 150°W 120°W 120°E 150°E 180° 150°W 120°W 2 3 5 7 10 1520 30 50 75100
Period (years)
(h) MMM MP (24%) (p) MMM PI (22%)
60°N " 60°N 5
50°N 3 50°N N
40°N & = 40°N &
30°N 30°N
0°N . 20°N : 0
120°E 150°E 180° 150°W 120°W 120°E 150°E 180° 150°W 120°W 2 3 5 7 10 1520 30 50 75100
Period (years)
(q) NOAAERSSTV5 (18%) (z) NOAAERSSTV5S
60°N - —— Obs L _emess r0.03
50°N b - C195% Obs __--=="""" B 0028
SST anomalies EOF1 40°N & -— 0.018
30°N :
20°N : 0
-4-3-2-10 1 2 3 4 120°E 150°E 180° 150°W 120°W 2 3 5 7 10 1520 30 50 75100

Period (years)

Fig. 3. Spatial patterns obtained from EOF1 of SST anomalies over the North Pacific region in the MP and PI simulations of all 7 considered PlioMIP2 models and
their MMM. For each model, the variability explained by the EOF1 is shown in brackets. The right column (r-z) shows the periodograms of the EOF1 in the MP (red),
PI (blue) and the observational reconstruct (grey). Dashed lines in the periodograms indicate the 95 % confidence level, while shaded areas in the periodograms
indicate power spectra above the 95 % confidence level. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of
this article.)
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simulations, the variance explained by the leading EOF in the North
Pacific region is smaller by around half.

The spectral analysis in the North Pacific region indicates power
peaks on a decadal scale, consistent with the PDO variability (Fig. 3 r-z),
with some models showing changes towards lower frequencies in the
MP. NOAA ERSSTv5 shows a non-significant peak at 25 years and a peak
at 50 years that is just significant. However, due to this dataset’s limited
length (shorter than 200 years), these frequency peaks should be
interpreted with caution, as the dataset may not reliably capture low-
frequency variability. In contrast, frequencies in PI simulations are
higher than those observed in NOAA ERSSTvV5, peaking at 15-30 years
mostly. The MMM shows that spectral power lines are overall flat, with
barely noticeable peaks located between 18 and 30 years in both PI and
MP simulations. Compared to the PI, some models show in the MP a
power increase on a decadal scale (e.g., CESM-1.2, HadCM3).
Conversely, other models show a decrease of power in this frequency
range (e.g., COSMOS or CCSM4-Utr). One prevalent behaviour in the
power spectra is that in 5 models (CESM-1.2, COSMOS, HadCM3,
IPSLCM6A and MIROC4m), the MP shows their highest peaks at lower
frequencies than in the PI, with a shift from about 10-25 to about 15-30
years. Although only in the case of HadCM3 and NorESM-L there is
significance on this decadal period.

3.3. The main spatial pattern in the whole Pacific basin

Before exploring the differences between MP and PI variability, we
focus on the agreement of PI simulations with the reconstructed obser-
vations. The leading Pacific basin EOF of the MP and PI simulations
shows two main spatial patterns in the tropical and North Pacific, as
does the NOAA ERSSTv5 reconstruction (Fig. 4 a—q). Nevertheless, we
observe some differences between the PI MMM and the NOAA ERSSTv5
reconstruction data. Firstly, the tropical Pacific pattern of positive
loadings (or temperature variability) in EOF1 along the equator extends
too far to the west in the PI MMM and in every individual model. The
distribution of this pattern in meridional direction has large spread,
where some models show a too narrow tongue, and some show one that
is too wide. The MMM captures the meridional extent of the observa-
tional pattern relatively well, suggesting that individual model biases
seem to cancel out each other relatively well. Secondly, the simulated PI
signal in the North Pacific is slightly weaker than the observed one, with
several models (CCSM4-Utr, HadCM3, and MIROC4m) being relatively
close to observations. Despite those differences between PI simulations
and observations, models and their MMM capture important charac-
teristics and the main signals of variability in EOF1 of the Pacific basin.

Some of the MP simulations and MMM show interesting differences
in the main patterns compared to PI simulations. The MMM MP shows
that the North Pacific pattern becomes more important than in the PI
(Fig. 4 h and p, respectively), as the MMM MP shows large loadings in
this region. However, this North Pacific pattern does not have the largest
loadings of the whole Pacific basin in all models, as the pattern with the
largest loadings still located (although reduced in comparison to the PI)
in the tropical Pacific. Among models, we observe two different be-
haviours, and we group them accordingly: group I (CCSM4-Utr, CESM-
1.2, HadCM3 and MIROC4m) and group II (COSMOS, IPSLCM6A and
NorESM-L). Models in group I show a pattern with increased loadings in
the North Pacific and a pattern with decreased loadings in the tropical
Pacific compared to the PI. Furthermore, for 3 models in group I
(CCSM4-Utr, HadCM3, and MIROC4m), the main pattern of the Pacific
in the MP is located rather in the North Pacific than in the tropical Pa-
cific. Conversely, in group II, differences in loadings of the MP patterns
are minor compared to the PI (especially in COSMOS and IPSLCM6A). In
this group, the tropical Pacific pattern is still the main pattern in the
Pacific basin in the MP (similar to the PI) with a damped North Pacific
loading.

Patterns of the whole Pacific basin show differences compared to
patterns for the isolated North Pacific and tropical Pacific regions shown
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in Fig. 2 and Fig. 3, respectively. Patterns found in the whole Pacific
basin (Fig. 4) show that, compared to the PI, the tropical Pacific has
reduced loadings in EOF1. In contrast, when analysing the isolated
tropical Pacific region, the tropical Pacific does not show this decrease.
In addition, when analysing the whole Pacific basin, the North Pacific
shows an enhanced MP North Pacific pattern. Conversely, there is no
large change in the isolated North Pacific region.

It appears that for MP simulations, EOF1 of the whole Pacific region
explains less temperature variability. The percentage of variance
explained by EOF1 decreases in the MP simulations (Fig. 4, numbers on
the top right of each figure). For the MMM, this percentage of variance is
smaller in the MP than in the PI (by 7 %). In group I models (except
HadCM3), this percentage of variance in the MP is much smaller than in
the PI, especially in CCSM4-Utr and CESM-1.2. In contrast to group I,
group II models show only small changes. Compared to the percentage
of variance explained in the MP tropical Pacific (reduced in the MMM)
and the MP North Pacific (slightly increased in the MMM) regions, the
percentage of variance of the MP for the whole Pacific basin is reduced
and close to that found in the North Pacific region.

When focusing on the frequency of variability of the entire Pacific
basin, we find that the NOAA ERSSTv5 reconstruction shows significant
peaks on an interannual scale (3-6 years). The MMM PI simulations
show a similar power behaviour to NOAA ERSSTv5 in the periodicity
between 5 and 6 years. When comparing the frequencies between
models (Fig. 4 r—y), we find appreciable differences in the dominant
peaks between groups I and II. In the MP, power peaks shift to lower
frequencies (longer periods) in the MMM, in group I models (CCSM4-
Utr, CESM-1.2, HadCM3) and in NorESM-L. In these models, we find the
dominant peaks on a decadal time scale, between 15 and 35 years,
representing a dominant decadal frequency, typical of PDO frequency.
Note that most power in low frequency variability is not significant
above the 95 % confidence level. On the contrary, two of the models of
group II, COSMOS and IPSL-CM6A, show a MP dominant power peaking
at interannual frequencies (3-5 years), very similar to the variability
simulated for the PI.

Compared to PI, power peaks in the MP shift to lower frequencies
(longer periods) in the MMM. In group I models (CCSM4-Utr, CESM-1.2,
HadCM3) and NorESM-L, we find the dominant peaks on a decadal time
scale, between 15 and 35 years, representing a dominant decadal fre-
quency, typical of PDO frequency. On the contrary, COSMOS and IPSL-
CM6A show a MP dominant power peaking at interannual frequencies
(3-5 years), very similar to the PI. On the other hand, MIROC4m shows
increased power on a decadal scale in MP and PI, with peaks between 15
and 25 years in both simulations. Compared to the spectral power of the
solely tropical and North Pacific regions, in the Pacific basin we find
similar results to that found in the PDO with a shift to lower frequencies
in the MP. On the other hand, MIROC4m shows increased power on a
decadal scale in both MP and PI simulations, with peaks between 15 and
25 years in both simulations. Compared to the spectral power found
when analysing variability in the isolated tropical and North Pacific
regions, our results for the entire Pacific basin are similar to that found
in the PDO, with a shift to lower frequencies in the MP.

3.4. ENSO and PDO indices analysis

We calculated the amplitude of the ONI and PDO indices to under-
stand the differences in the SST behaviour observed in Sections 3.2 and
3.3. As previously described in Section 2.4, here we analyse ENSO and
PDO amplitudes represented by the ONI and PDO indices, respectively.

ONI amplitudes are reduced in the MP in comparison to PI simula-
tions (Fig. 5). Compared to NOAA ERSSTv5, PI models show similar
amplitude, although COSMOS shows a large overestimation. The ONI
MMM amplitude is decreased in the MP (by 30 %) compared to PI. All
models except IPSLCM6A show a reduced amplitude in the MP. CCSM4-
Utr stands out because of its large amplitude reduction (by 68 %).
Overall, our results coincide with results found in Oldeman et al. (2021),
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Fig. 4. Spatial patterns obtained from EOF1 of SST anomalies over the Pacific basin in the PlioMIP2 MP and PI simulations of all 7 considered PlioMIP2 models and
the MMM. The variability explained by the EOF1 in each model is shown in brackets. The right column (r-z) shows the periodograms of the EOF1 in the MP (red), PI
(blue) and the observational reconstruct (grey). Shaded areas indicate power spectra above the 95 % confidence level. Models from group II are denoted with a %,
while the rest of them correspond to group I. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of

this article.)
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who show an ONI amplitude reduction in 15 out of 17 models, with an
ensemble mean decrease of 24 %. Furthermore, our results show a
general amplitude reduction by 10-68 %, which coincides with the
unanimous reduction by 10-55 % in amplitude in the MP found in
Brierley (2015) using PlioMIP1 model simulations.

Amplitudes of the PDO index show only small changes in most
models and there is no clear consistency of the differences between the
MP and PI (Fig. 6). PDO amplitudes in the PI are mostly similar to that of
NOAA ERSSTV5, except for CCSM4-Utr, which largely overestimates it.
The MMM indicates no change in amplitude between MP and PI.
Nevertheless, individual models show increases or decreases of PDO
variability. More than half of the models (CCSM4-Utr, IPSLCM6A,
MIROC4m and NorESM-L) indicate a PDO mean amplitude reduction of
17 % in the MP. On the contrary, the other 3 models (CESM1.2, COSMOS
and HadCM3) indicate an increased mean amplitude of PDO of 23 % in
the MP. Largest changes in amplitude are seen in CCSM4-Utr (—42 %).
Brierley (2015) also showed increases and decreases in PDO amplitudes
in PlioMIP1 models.

The MP ENSO shows larger and more consistent changes in ampli-
tude than the PDO does. A clear amplitude reduction in the MP is shown
in 6 out of 7 models. Yet, PDO amplitude changes between the MP and PI
do not have a clear direction of change. One might suspect that these
differences between ENSO and PDO could be related to the nature of the
index used. While the ONI is based on the direct use of SST anomalies in
the tropical Pacific region, the PDO index is based on the first PC in the
North Pacific region. As a way of contrasting the possible difference in
the nature of the index, we computed the amplitude of variability in the

0.5

El Nino 3.4 region (same region used by the ONI) using the SST anom-
alies’ first PC (Fig. S3) and using a high-pass index following Wu and Liu
(2020) in Fig. S4. We find that ONI amplitudes, amplitudes of the PC1
and amplitudes for the high-pass index in the tropical Pacific region
show very similar changes in amplitude in the same direction. In addi-
tion, we used the low-pass SST anomalies index described by Wu and Liu
(2020) to compute PDO amplitudes. Amplitude values and changes (MP-
PI) using this index are generally smaller than using PC1. Even though a
spread between models still exists, the MMM indicates little change. This
way, we show that the nature of the index does not considerably impact
our inferences of different behaviour between ENSO and PDO amplitude
change between MP and PI simulations.

3.5. ENSO and PDO correlations

The Pearson correlation coefficients between ENSO and PDO, based
on the ONI and PDO index, respectively, are shown in Fig. 7. The NOAA
ERSSTV5 reconstruction shows a correlation coefficient of 0.35 between
both modes of variability. PI simulations show reasonably similar cor-
relation coefficients to NOAA ERSSTv5, although CCSM4-Utr and
MIROC4m overestimate it. The MMM shows a larger correlation coef-
ficient in the PI (0.3) than in the MP (0.24), corresponding to a decrease
in correlations coefficients by 18 %. More than the half of the models
(CCSM4-Utr, CESM-1.2, COSMOS and MIROC4m) show decreases in
correlations in the MP, which are especially large in CCSM4-Utr (—63
%). Meanwhile, the rest of the models show increases, especially large in
HadCM3 (39 %). The correlations between ONI and PDO index in both
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simulations are all statistically significant at p-value < 0.05.

Compared to ENSO-PDO correlation coefficients computed with
observation for the recent climate (1900-2002), our results (Fig. 7)
show small Pearson correlation coefficients. For instance, the correla-
tion coefficient shown in Newman (2007) is around 0.7, while for
NOAAERSSTV5, it is around 0.35. Meanwhile, for the MMM PI it is close
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to 0.3. These large differences compared to observations might be
related to the fact that we detrended NOAAERSSTV5 so that recent
warming trends affect as little as possible our results.

Results shown in Fig. 7 have some spread and do not show a
consistent direction of change. To test if the nature of the index might
play a role in this spread, we computed the Pearson correlation
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coefficients of ENSO and PDO both based on the SST anomalies’ PC1
(Fig. S6). We find similar values of correlation coefficients and the same
direction of change. This way, we show that the nature of the index does
not considerably impact our inferences of correlation changes between
MP and PI simulations.

The mechanistic link between ENSO and PDO variability is explored
through analysing the lagged correlation coefficients shown in Fig. 8. In
all MP and PI simulations, ENSO leads PDO. In NOAA ERSSTv5, ENSO
leads by 3 months and has a maximum lag correlation coefficient of
0.39. The MMM shows a very similar lag of PDO in the MP and PI
simulations (5 months) and a maximum correlation coefficient of 0.45 in
both simulations. In single models, we find lags of PDO with respect to
ENSO of 4-8 months in the MP and PI simulations. Results for the MP
HadCM3 (correlation coefficient of 0.38) are similar to that found in the
PlioMIP1 HadCM3, as Tindall et al. (2016) found that PDO in the
HadCM3 model has a higher correlation coefficient with ENSO in the MP
than in the PI, and that ENSO leads PDO by ~6 months.

4. Discussion
4.1. PI model performance and groups formation

The PlioMIP2 PI MMM of the 7 models considered by us captures
well the patterns of SST variance observed in the NOAA ERSSTv5
observational reconstructions (Fig. 1). Variance along the coast of South
America is underestimated in the models. This underestimation might be
related to the fact that (the variability of) coastal currents, upwelling
and marine stratus cloud cover are not well resolved in the models,
which is a known bias related to model resolution (Colas et al., 2012; Li
and Xie, 2012; Ma et al., 1996). SST variability along the Bering Strait
and Alaskan peninsula is also underestimated. Nevertheless, SST vari-
ability in the Arctic is strongly linked to sea-ice variability (Carvalho and
Wang, 2020) and influenced by large scale SST variability via the AMOC
(Vaideanu et al., 2023), which is different in recent decades than in the
PL It is worth remarking that any discrepancies could result from the
fact that we are comparing PI simulations with reconstructed historical
and PI data. Even if the latter have been detrended to remove the
anthropogenic warming trend, an anthropogenic effect might still exist.

To assess any detectable differences between models, we define two
groups based on EOF1 (Fig. 4). This grouping exercise helps us examine
differences in model responses to forcing and sensitivity to better
comprehend the spread of spatial patterns and frequencies. While our
grouping is not fully consistent, possibly due to the small ensemble (only
7 out of 17 PlioMIP2 models), it still provides a useful comparison to
past studies with more comprehensive classifications. For example,
Oldeman et al. (2021) identified two SST-based groups: group A
(including COSMOS, IPSLCM6A) and group B (including CESM4-Utr).
Similar to our group II, group A showed no ENSO amplitude change
and enhanced variability. Ren et al. (2023), using pattern correlations
and hierarchical clustering, identified five clusters and a multi-cluster
mean (MCM) instead of a MMM. Cluster 4 (with IPSLCM6A-LR,
COSMOS) matches our group II, while clusters 2 and 3 (including
MIROC4m, HadCM3, CESM1.2) align with our group I. So, we can see
that PlioMIP2 models do show marked differences among groups in their
response to Pliocene boundary conditions. Ideally, these differences
should be quantified using appropriate methods as in Ren et al. (2023).

4.2. The dominant variability in the Pacific basin

In the MP Pacific basin, we find that models do not show a unani-
mous main pattern in the first EOF or similar frequencies (Fig. 4).
Models in group II have a similar EOF1 in the MP and PI. Meanwhile, in
group I models we find that the EOF1 main pattern in the Pacific is in the
North Pacific, representative of the PDO. In the EOF1 MP of models in
group I, a reduced strength in the tropical Pacific pattern and an
enhanced North Pacific pattern is shown. Partially similar to our
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findings, a main pattern located in the North Pacific in the first and
second EOF of MP simulations was previously found in the NorESM-L
PlioMIP1 model, with no clear pattern in the tropical Pacific (Brierley,
2015). In addition, we find that the possible shift in the main pattern in
the MP is accompanied by an increase in the dominant period from 3-5
years to 15-35 years, which suggests that the decadal scale variability
(PDO) was dominant over the interannual scale variability (ENSO). A
tendency of reduction of frequency (by 12 %) was also found previously
in Tindall et al. (2016) for the HadCM3 PlioMIP1 model over a multi
centennial scale.

MP amplitudes of ENSO and PDO indicate a weaker ENSO and no
consistent changes in the PDO in comparison to PI simulations. In 3
models (CESM1.2, COSMOS and HadCM3), the amplitude of ENSO de-
creases in the MP while the amplitude of the PDO increases (Figs. 5 and
6). Meanwhile, in 1 model (MIROC4m), the ENSO amplitude decreases
in the MP but the PDO amplitude remains similar (Figs. 5 and 6). Do
these amplitude changes mean that the dominance of variability in the
Pacific basin was different in the MP? The decrease in ENSO amplitude
coincides with the reduced pattern of the tropical Pacific in the Pacific
basin in group I models (Fig. 4). However, the large spread in MP PDO
amplitudes does not necessarily coincide with an enhanced North Pacific
pattern. This different behaviour in MP variability (compared to the PI)
suggests that the MP PDO might have gained relative importance in the
Pacific basin as ENSO amplitude decreased, even though PDO amplitude
itself does not change much.

4.3. The ENSO-PDO relationship

In the present day climate, ENSO is known to lead PDO variability
linearly on time scales of a few months primarily through atmospheric
teleconnections and associated oceanic Rossby waves (Newman et al.,
2016; Nidheesh et al., 2017). Here, we analyse the PDO and ENSO
relationship through correlation coefficient analysis. For most models,
the PI simulates a correct and similar lagged but slightly weaker linear
connection between ENSO and PDO, compared to NOAA ERSSTv5.

In the MP, 6 models simulate a weaker ENSO variability (Fig. 5), yet
the change in PDO variability is small. Since PDO is largely driven by
ENSO through a linear process, we might expect that reduced ENSO
amplitudes would lead to weaker linear relationship between ENSO and
PDO reflected in reduced correlation coefficients. However, not all the
models show decreases in the correlation coefficients. Only in 4 models
(CCSM4-Utr, CESM-1.2, COSMOS and MIROC4m) we find smaller cor-
relation coefficients between ENSO and PDO in the MP (Fig. 7). For
these models, the ENSO amplitude is reduced, while the PDO amplitude
either reduces or increases. On the contrary, in 3 models (HadCM3,
IPSLCM6A and NorESM-L), the ENSO-PDO correlation coefficient in-
creases, while ENSO amplitudes decrease or do not change much.
HadCMa3 is the only case of increased correlation in the MP, even though
the ENSO amplitude decreases and the PDO amplitude increases. Even
so, in general, the changes of correlation coefficient are in the same
direction as changes in ENSO amplitude, suggesting that the linear
relation between ENSO and PDO is reduced in the MP. By analysing the
correlation coefficients, we examine how linearly ENSO and PDO are
connected. The strength of this teleconnection was explored in Oldeman
et al. (2024) and they found only a slight change in its strength.

Regarding the lagged correlations, results showed little difference.
For the majority of models (5), the lag for which there is the maximum
correlation is unchanged in the MP, with ENSO leading PDO by 4-8
months. These results suggest that the physical mechanism linking PDO
variability to ENSO is similar in the MP and PI, despite ENSO being
suppressed in the MP and the correlation coefficient being either
reduced or increased.

In studies of future scenarios, the PDO is projected to decrease in
amplitude (Geng et al., 2019; S. Li et al., 2020) or amplify (Liguori and
Lorenzo, 2018), and the ENSO-PDO connection might become more in-
phase with ENSO and more dependent on the ENSO amplitude (Kwon
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et al., 2013; Nidheesh et al., 2017). In PlioMIP2, we find that the MP
amplitude of PDO variability is largely unchanged compared to the PI
(Fig. 6), and its correlation with ENSO is reduced (Fig. 7). These findings
are consistent with results using the earlier PlioMIP1 ensemble (Brierley,
2015). However, previous work and our study illustrate that the PDO
does not respond similarly to MP and future boundary conditions. We
suspect that one of the reasons for this contrast in variability change
between the MP and the future might be related to a different global
climate equilibrium state: while PlioMIP2 MP simulations assume a
long-term quasi-equilibrium, all the analyses for future scenarios cited
here are based on transient states. In other words, quasi-equilibrium
refers to a climate state in which the Earth had already adjusted or is
nearly adjusted to changes in external forcings (e.g., COy changes,
orbital parameters, etc.). In contrast, a transient climate state reflects
one still undergoing change not yet in equilibrium (e.g., King et al.,
2020; Sherwood et al., 2020; PALAEOSENS Project Members, 2012).

4.4. Possible physical mechanisms

In the present day, the PDO is forced by different climate features.
First, ENSO forces PDO variability primarily through atmospheric tele-
connections, which transmit tropical signals to the extratropics via the
atmospheric bridge (Alexander et al., 2002). These teleconnections
affect the AL and associated North Pacific wind stress, expressed through
the Pacific-North American (PNA) pattern (e.g. Di Lorenzo et al., 2013;
Newman et al.,, 2016). Second, the PDO exhibits a re-emergence
mechanism, where subsurface ocean temperature anomalies persist
and resurface seasonally (Newman et al., 2016). Third, extratropical
atmospheric stochastic variability, particularly in the AL, contributes to
PDO variability independently of ENSO. Finally, oceanic Rossby waves
play a role by contributing to long-term adjustments in ocean heat
content and SST patterns in the North Pacific. Oldeman et al. (2024)
investigated the ENSO-AL teleconnection in the PlioMIP2 in more detail
and found that the variability of the MP AL is similar to PI (although
with appreciable spread throughout the ensemble), despite ENSO being
weakened. They found that, similar to the present day, the dominant
forcing of the AL variability is internal atmospheric variability and not
ENSO. This internal variability does not change significantly in the
ensemble mean, leading to little or no overall change in the AL, even
though ENSO is weakened.

How can we explain a similar PDO variability despite a substantially
suppressed ENSO? The explanation is possible by considering a similar
reasoning to the AL variability described in the previous paragraph. In
both simulations, MP and PI, the correlation coefficient between ENSO
and PDO is close to 0.3 (Fig. 7), which means that ~30 % of the
magnitude of PDO variability is explained directly by ENSO, whereas the
rest, ~70 %, is not. The majority of that forcing is related to the vari-
ability of the North Pacific atmosphere (i.e., the variability of the AL; e.
g., Newman et al., 2016; Nidheesh et al., 2017), which is similar to the PI
in the MP ensemble mean (Oldeman et al., 2024). Other features can
impact the behaviour of PDO variability, such as possible changes in the
AL-PDO teleconnection strength (e.g. via the impact of winds on SSTs)
or changes in the ENSO-PDO teleconnection strength (e.g. related to the
speed of ocean waves). Furthermore, the re-emergence mechanism of
the PDO is not investigated in this study.

Even though we can explain the main features of MP SST variability
in the Pacific Ocean in the PlioMIP2 ensemble mean, not all models
simulate ENSO suppression and similar PDO with relation to the PI. For
example, CCSM4-Utr simulated the largest ENSO and PDO suppression.
HadCM3 simulated a substantial ENSO suppression but a substantial
increase in PDO amplitude. Meanwhile, IPSLCM6A shows no important
change overall. Possible reasons to explain some of the spread in the
ensemble in the ENSO and the AL response are explored in Oldeman
et al. (2024). They analysed the relative model sensitivity to either CO2
increases or boundary conditions (e.g. closed Arctic gateways, including
the Bering Strait, and reduced ice sheet extent). They found out that
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models with different sensitivities will have a different atmospheric
response, which will influence the PDO variability in different ways,
despite the unison response of ENSO.

To verify whether the mechanism of the PDO variability obeys CO,
increases in the MP, we used a PlioMIP2 sensitivity experiment designed
to test the impact of this forcing. In specific, we used the E*°° simulation,
which was run with equal configurations as in E2*° (in particular, with PI
geography), except for CO5 atmospheric concentrations, which are set to
400 ppm (Haywood et al., 2016). We calculated the leading EOF for 6
PlioMIP2 models for 100 years. These models are CCSM4-UoT (Chandan
and Peltier, 2017), CESM2 (Feng et al., 2020), COSMOS (Stepanek et al.,
2020), HadCM3 (Hunter et al., 2019), MIROC4m (Chan and Abe-Ouchi,
2020) and NorESM1-F (X. Li et al., 2020). We used this small number of
models and for a reduced period because only these PlioMIP2 models
conducted the E**° simulation, with data availability for 100 years.
Results indicate that the Pacific Ocean SST variability in the E*°
experiment has very similar patterns to the PI (Fig. S7). Moreover, when
comparing results from the MP simulations to those from the E**°,
patterns are very similar to that found in Fig. 4. Consequently, elevated
CO4 does not seem to be the main driver of PDO changes in the MP, but
rather other Pliocene boundary conditions, such as land-sea mask
changes and differences in ice sheets seem to have stronger relevance for
PDO.

Our hypothesis that land-sea mask and ice sheet configuration might
be the main drivers of the PDO variability in the MP is also reinforced by
previous studies that assessed the model sensitivity within PlioMIP.
Samakinwa et al. (2020) compared the effects of the different paleoge-
ography in PlioMIP1 and PlioMIP2 (PRISM3D and PRISM4, respec-
tively) for COSMOS. They found that paleogeography is an important
driver that influences SST warming, especially in the Arctic. Using the
CCSM4 model to develop sensitivity experiments, Otto-Bliesner et al.
(2017a) found that, due to the closure of the Bering Strait and Canadian
Arctic Archipelago, less North Pacific freshwater reaches the Arctic
Ocean in the Pliocene, causing a warmer SST in the North Atlantic. In
general, the gateway and ice sheet configuration are important drivers
of climate. However, the specific mechanics of their influence over PDO
may vary between models. Further insight into the mechanisms is
limited by the absence of sensitivity simulations, which could allow to
have more comprehensive understanding of changes in individual
gateways with different boundary conditions.

Lastly, the response of the MP PDO could also be related to the
response of the Arctic climate. Recent work has shown that the PDO has
a complex relationship with Arctic sea-ice variability and regional at-
mospheric circulation (Kim et al., 2020; Simon et al., 2022; Yang et al.,
2020). The PlioMIP2 models simulate a substantially warmer MP Arctic
with a corresponding substantial reduction in sea-ice extent, and most
models simulate sea-ice free conditions in summer (De Nooijer et al.,
2020). Arctic climate changes, particularly polar amplification, which
has a model-dependent factor (Haywood et al., 2020), can influence the
variability of the PDO, and climate variability in different climate
models can therefore have different sensitivities to those changes.
However, exploring the relationship between Arctic sea-ice and PDO
changes in the MP goes outside of the scope of this work.

All analyses and results presented here were performed using simu-
lations from PlioMIP2 models. Given the spread between models, the
outcomes from our analyses should be revisited in the future, ideally
with a larger model ensemble and considering additional sensitivity
simulations. Our results and the inferences we made from our analyses
are still valid for PlioMIP3, which employs the same core experiments as
PlioMIP2 (Haywood et al., 2024). Models and simulations developed
since then should be analysed considering any boundary condition
changes.
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4.5. Advances in understanding the climate over the Pacific basin with
PlioMIP models

Our results are part of an ongoing advancement in the comprehen-
sion of ENSO and related dynamics in the MP. We show a reduction of
ENSO amplitude based on 200-500 year of PlioMIP2 simulations, which
agrees with results based on 50-100 years of PlioMIP2 simulations
(Oldeman et al., 2021; Pontes et al., 2022), as well as with results from
the PlioMIP1 ensemble (Zhang et al., 2012; Brierley, 2015). We also
observe a slight meridional expansion and westward shift of ENSO’s
centre of gravity, which could be related to the westward shift of the
Walker Circulation (Han et al., 2021) and the enhanced easterly wind
stress in the west Pacific (Ren et al., 2023) as reported in previous
studies using the PlioMIP2.

Recent advances in understanding the PDO and its relationship with
ENSO during the MP reveal some changes from previous studies. A
stronger PDO and a robust linear ENSO-PDO relationship in the MP
PlioMIP1 HadCM3 model was shown by Tindall et al. (2016), which
align with our results for PlioMIP2 HadCM3. Conversely, Brierley
(2015) found no consistent changes in PDO amplitude, frequency or
spatial patterns across the PlioMIP1 ensemble, while our PlioMIP2 re-
sults show smaller changes in PDO amplitude. This discrepancy may
relate to the Bering Strait configuration, which shifted from open in
PlioMIP1 to closed in PlioMIP2. More recently, Oldeman et al. (2024)
used the PlioMIP2 ensemble to examine the AL, finding that its vari-
ability was primarily driven by internal atmospheric processes, despite a
weak ENSO.

In our analysis, we show a robust ENSO amplitude, yet PDO vari-
ability remains comparable to the PI, though not consistently across
models. Frequencies tend to be of lower, towards decadal, and while the
ENSO-PDO physical connection persists, their linear correlation
weakens in the MP. Notably, model spread of amplitudes is in general
greater in the North Pacific than in the tropical Pacific across PlioMIP
simulations. This variability highlights the importance of sensitivity
studies for different orographic configurations, atmospheric CO: levels,
and gateway changes. In particular, the closure of the Bering Strait.
Future studies should also consider how spatial ocean resolution may
influence circulation responses to those boundary condition changes.

5. Summary and conclusions

The ENSO and PDO were analysed in the mid-Pliocene warm period
(MP), an interesting geological time to study due to the increased CO,
atmospheric concentrations (400 ppm, similar to modern) and 2-3 °C
warmer mean global temperature than in the pre-industrial (PI). In this
study, we used centennial SST from an ensemble of 7 models from the
Pliocene Model Intercomparison Project phase 2 (PlioMIP2). We inves-
tigated changes in the ENSO and PDO behaviour in the MP. For that
purpose, we analysed the leading EOF and other variability properties
(variance, spatial patterns, frequencies, amplitudes and correlations).
We did not only focus on the Pacific basin as a whole but also applied our
analyses on two isolated regions: the North and tropical Pacific.

SST anomaly patterns in the MP over the whole Pacific basin are
considerably different in comparison to isolated patterns in the tropical
and North Pacific regions. In the isolated tropical Pacific, the ENSO
pattern is similarly represented in the MP and PI simulations in all
models and the multi model mean (MMM), although there are small
changes, such as meridional and/or western shifts or elongations in
patterns of single models (Fig. 2). In turn, the isolated North Pacific
pattern is similarly represented in the MP and PI (Fig. 3). Conversely, in
the whole Pacific basin, the tropical region has a reduced pattern in 4 out
of 7 models, while patterns in the North Pacific (representing the PDO)
gained importance in the same models (Fig. 4). Moreover, in 3 out of 7
models, PDO becomes the main pattern in the Pacific Ocean.

EOF analyses used to observe changes in spatial patterns are useful
mathematical tools but their results should be carefully interpreted, as
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they could misinform physical processes (e.g., inaccurate centres of
action; Dommenget and Latif, 2002). Consequently, results obtained
from EOFs are only indicative. Even with this caveat, the spectral
analysis of the first PC shows a shift of frequency for 4 out of 7 models,
which decreases from interannual (3-5 years) to decadal (15-35 years),
suggesting that in the MP decadal scale variability (PDO) is predominant
over the interannual scale variability (ENSO). Furthermore, when ana-
lysing the amplitude of ENSO and PDO, we find that MP ENSO ampli-
tudes are largely decreased (by 30 % in the MMM) with a robust
weakening ENSO relative to the PI in most (6 out of 7) models but PDO
amplitude remains generally unchanged (0 % in the MMM), although
most models show either increase or decrease. Altogether, these features
suggest that PDO might have been a more relevant mode of climate
variability in the MP than in the PI because ENSO decreased its
importance.

The relationship between ENSO and PDO was analysed through
quantifying correlation coefficients. We find that the linear relation
between ENSO and PDO is reduced in the MP (by 18 % in the MMM) in 4
out of 7 PlioMIP2 models and that ENSO leads PDO by 4-8 months.
Correlation coefficients are reduced, even though ENSO variability is
much more reduced. Furthermore, slight differences in the lagged cor-
relation suggest that the physical mechanism of the ENSO-PDO rela-
tionship is similar in the MP and PI. In consequence, we suggest that the
physical mechanism that explains a similar PDO variability regardless of
ENSO suppression might not be related to ENSO. In addition, using
sensitivity simulations, we find that changes in the MP PDO are largely
driven by the MP boundary conditions other than elevated CO;y (e.g.
closed seaways and reduced ice sheets). A large part of the PDO change
(~70 %) in the MP might be related to changes in the North Pacific
atmospheric variability, which is unchanged in the MP compared to the
PI, as Oldeman et al. (2024) found for the North Pacific variability itself.
Nevertheless, we cannot state whether the teleconnection between the
North Pacific atmosphere and PDO changes. Future work exploring this
physical link is necessary. Meanwhile, we hypothesize that other factors,
such as the Arctic sea-ice variability might have an important impact on
PDO variability that should also be explored.
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