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ABSTRACT: Natural decadal climate variability in the Pacific, such as the Pacific decadal oscillation (PDO) or the inter-

decadal Pacific oscillation (IPO), plays a powerful role in evolving global hydroclimate on decadal time scales. Recent gen-

erations of general circulation models (GCMs) have been found to simulate the spatial pattern of the PDO well but

struggle to capture temporal variability on decadal time scales. To use GCMs to project future climate, we must understand

the degree to which climate models can successfully reproduce historical PDO and IPO spatial patterns, temporal behavior,

and influence on hydroclimate. We calculate PDO and IPO spatial patterns and time series using 16 models within the

CMIP6 archive, all with large (n $ 10) ensembles, and compare them to observations in an integrated assessment of mod-

els’ ability to represent Pacific decadal variability spatiotemporally. All models underestimate decadal variability in the

PDO and IPO and have a westward bias in their PDO and IPO North Pacific SST anomalies. We also evaluate hydrocli-

mate teleconnections of the PDO and IPO in models using PDO- and IPO-associated precipitation, circulation, low-cloud,

and vapor pressure deficit anomalies. We show that models’ underpowered decadal variability in the Pacific is consistent

with their inability to reproduce large-amplitude decadal swings in precipitation in southwestern North America and that

models are virtually unable to produce a 30-yr precipitation trend in the southwest of the magnitude observed from 1982 to

2011. We emphasize the importance of model fidelity in simulating Pacific decadal variability for accurate representation

of decadal-scale hydroclimate change in Pacific-teleconnected land regions.

KEYWORDS: Teleconnections; Pacific decadal oscillation; Climate models; Model evaluation/performance;

Decadal variability

1. Introduction

The Pacific decadal oscillation (PDO) is a natural mode of cli-

mate variability first identified in 1997 by Mantua et al. (1997) as

a pattern of sea surface temperatures (SSTs) corresponding to

dramatic changes in salmon production in the North Pacific

basin. Large reversals of salmon production in the North Pacific

had previously been noted by fishermen in the 1920s, 1940s,

and 1970s, with typically opposing salmon conditions for

Alaskan versus Pacific Northwest fisheries. In particular, the

reversal in the late 1970s was widely described by oceanog-

raphers, fishermen, and biologists: Nitta and Yamada (1989)

and Trenberth (1990) first noted the late-1970s climate regime

shift in the Pacific basin, Venrick et al. (1987) linked increases

in total column chlorophyll in the central North Pacific to

decadal-scale climate changes, and Ebbesmeyer et al. (1991)

synthesized 40 climatological and biological variables to con-

firm a significant change in the overall state of the Pacific basin

between 1976 and 1977. If North Pacific salmon population

fluctuations were the only known impact of the Pacific decadal

oscillation, it would still be a worthy subject of study; never-

theless, it was quickly shown to be linked to a pan-Pacific phe-

nomenon with global hydroclimate impacts.

The Pacific decadal oscillation is the dominant year-round

pattern of variability of SSTs in the North Pacific, typically de-

fined as the leading empirical orthogonal function (EOF) of

SSTs in the Pacific north of 208N (Mantua et al. 1997). During

a positive PDO phase, SSTs in the central and western North

Pacific basins are anomalously cold, while eastern equatorial

and eastern North Pacific SST anomalies are anomalously

warm. This is associated with a deeper low pressure system in

winter over the Aleutian Islands (the “Aleutian low”) in the

North Pacific. Warm SSTs are also found in the Indian Ocean

and subtropical Atlantic basin. SST variability in the North

Pacific is strongly related to variability in the entire Pacific

basin, and although the PDO is typically defined statistically,

the PDO index and pattern come about as a result of interact-

ing physical processes across the Pacific, such as Aleutian low

variability, stochastic weather forcing, gyre adjustments in the

North Pacific, and El Niño–Southern Oscillation (ENSO) tele-

connections (Zebiak and Cane 1987; Garreaud and Battisti

1999; Newman et al. 2016; Di Lorenzo et al. 2023). The SST

fingerprint of the PDO is similar to that of ENSO; however,

the equatorial SST anomalies extend further into the subtrop-

ics and the magnitude of extratropical anomalies is relatively

greater. The Pacific-wide expression of Pacific decadal vari-

ability is known as the interdecadal Pacific oscillation (IPO)

(Power et al. 1999), characterized by a distinct tripole pattern

in the North, equatorial, and South Pacific (Henley et al.

2015). The PDO and IPO are closely related in their global

spatial (r . 0.8) and temporal expressions as well as in their

global hydroclimate teleconnections, though the PDO is calcu-

lated using North Pacific SSTs and the IPO explicitly takes
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into account tropical and South Pacific SSTs as well, leading to

a more hemispherically symmetric spatial pattern. The South

Pacific decadal contribution to the IPO pattern is referred to

as the South Pacific decadal oscillation (SPDO), and despite

explaining a smaller fraction of total SST variance than the

PDO, the SPDO has been shown to have distinct Southern

Hemisphere local drivers in the atmosphere and subsurface

ocean (Lou et al. 2019; Chen and Wallace 2015).

The PDO and IPO are associated with significant signals in

hydroclimate through precipitation and temperature telecon-

nections. A positive PDO and IPO phase corresponds with

warmer than usual surface air temperatures over western North

America due to the strengthened Aleutian low and anomalous

warm southerly wind advection, as well as warmer surface tem-

peratures over South America, northern East Asia, and most of

Africa and Australia, though the strongest temperature anoma-

lies are found over North America (Mantua and Hare 2002).

Pacific decadal variability has also been linked to changes in

global mean surface temperature}the twenty-first-century

“global-warming hiatus” has been attributed in part to

PDO-related cool SSTs in the Pacific (Kosaka and Xie 2013;

Delworth et al. 2015; Xie and Kosaka 2017).

The negative phase of the PDO is associated with decadal-

scale droughts in western and central North America (Nigam

et al. 1999; Dai 2013b, 2021; Seager and Ting 2017). The re-

cent shift in southwestern North America from wetter and

colder conditions in the 1980s to drier and warmer conditions

in the 2000s is primarily a result of the shift from the positive

phase to the negative phase of the PDO inducing a reduction

in precipitation (Seager and Hoerling 2014; Delworth et al.

2015; Seager and Ting 2017; Zhao et al. 2017; Lehner et al.

2017; Seager et al. 2022b, 2023). Anthropogenic warming in-

duces changes in the hydrological cycle in the southwestern

United States that could amplify the impacts of the decadal

shift in the Pacific, such as increased evaporative demand due

to warming and reduced snowpack (Dai 2013a; Diffenbaugh

et al. 2015; Shukla et al. 2015;Williams et al. 2015b), but these

effects are for now secondary to the decadal swings in precipita-

tion associated with the PDO in modulating the precipitation–

evaporation–runoff balance (Seager et al. 2023).

Pacific decadal variability also impacts hydroclimate out-

side of southwestern North America. The positive phase of

the PDO is associated with reduced precipitation in northern

South America, sub-Saharan Africa, eastern Australia, India,

and coastal East Asia (Mantua and Hare 2002). During the

positive phase of the PDO, the Indian and African monsoons

are weakened (Yoon and Yeh 2010; Meehl and Hu 2006;

Vishnu et al. 2018; Lüdecke et al. 2021). During the negative

phase of the PDO, the summer monsoon in eastern China is

weakened (Zhu et al. 2015; Yang et al. 2017). In addition, de-

cadal variability of tropical cyclone activity in the Pacific and

Atlantic basins has been linked to the PDO, with more tropical

cyclones making landfall in East Asia during the negative phase

of the PDO (Lee et al. 2012; Wang et al. 2015; Yang et al. 2018;

Lee et al. 2021; Wang and Toumi 2021; Wang et al. 2023).

Recent generations of general circulation models (GCMs)

reproduce the observed spatial pattern of the PDO but strug-

gle to capture its temporal variability and multidecadal swings.

Wei et al. (2018) found that Coupled Model Intercomparison

Project phase 5 (CMIP5) models accurately simulate the

PDO–precipitation teleconnection in North America but are

not able to correctly simulate the PDO’s impact on the west-

ern North Pacific subtropical high. Most CMIP3 and CMIP5

models are able to reproduce the PDO-like leading mode of

North Pacific sea surface temperature variability but underes-

timate the temporal variability of the PDO (Wang and Miao

2018; Fleming and Anchukaitis 2016; Farneti 2017). CMIP6

models have been shown to reproduce the spatial pattern of

the PDO to a high degree but underestimate the temporal var-

iability of the PDO at all time scales (Coburn and Pryor 2021;

Ma et al. 2023).

Future changes in Pacific decadal variability will play a large

role in the evolution of global climate on decadal time scales.

Therefore, to use GCMs to project future climate, we need to

assess how successfully climate models reproduce historical

spatial patterns and temporal behavior of Pacific decadal

variability and its influence on hydroclimate. Properly simu-

lating decadal variability is also important for explaining and at-

tributing past changes to anthropogenic climate change (Hegerl

and Zwiers 2011). Improving decadal prediction in climate

models is a target of ongoing research, particularly in the Pacific

(Cassou et al. 2018). Here, we examine and calculate PDO and

IPO spatial patterns and principal component (PC) time series

using the historical runs of sixteen models within the Coupled

Model Intercomparison Project phase 6 (CMIP6) archive, cho-

sen as those with large (n $ 10) ensembles. We choose to pre-

sent both model PDOs and IPOs to comprehensively evaluate

both North Pacific and pan-Pacific variability in these models.

Many existing studies assessing the representation of modes of

climate variability in models use a single realization from each

model to represent that model, yet the spread in fidelity be-

tween different realizations is often just as large or larger than

the spread between different models (Coburn and Pryor 2021).

To the best of our knowledge, this study comprises the most

comprehensive assessment to date of the spatiotemporal fea-

tures of Pacific decadal variability in a broad range of large-

ensemble models within the current generation (CMIP6) and

their hydroclimate teleconnections, including global teleconnec-

tions to precipitation, vapor pressure deficit (VPD), circulation,

and low clouds. Section 2 introduces the CMIP6 models and

observational products used in this study as well as our methods

of analysis and preprocessing. In section 3, we present the spa-

tial and temporal characteristics of model PDOs and IPOs and

compare them to observed. In section 4, we evaluate model tel-

econnections between Pacific decadal variability and global hy-

droclimate anomalies, and in section 5, we show that temporal

biases in modeled PDOs and IPOs are accompanied by tempo-

ral biases in models’ southwestern North America precipitation

variability. In section 6, we discuss the possible mechanisms be-

hind, and implications of, model uncertainty in Pacific decadal

variability and present our conclusions.

2. Data and methodology

The 16 models from the CMIP6 archive used in this study

are shown in Table 1. We choose these models based on their
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ensemble size (n $ 10) of readily available ensemble mem-

bers in the historical runs, for a grand ensemble size of

n 5 422 runs with SST data. In calculating CMIP6 PDOs, we

focus on the 1870–2014 period to compare to observations.

SST fields from each model and ensemble run are first re-

gridded to a common 18 latitude3 18 longitude grid.

For SST observations, we use the NOAA Extended Recon-

structed SST version 5 (ERSSTv5) (Huang et al. 2017) and the

Met Office Hadley Centre Sea Ice and SST dataset (HadISST)

version 1.1 (Rayner et al. 2003) monthly average SSTs. We

present these two SST observations because both are com-

monly used but may have systemic differences in their North

Pacific SST records that may affect their representation of the

PDO (Wen et al. 2014). For observations of precipitation over

land from 1901 to 2014, we use monthly mean precipitation

from the Climatic Research Unit Time Series, version 4

(CRU TS) (Harris et al. 2020), and for satellite observations

of precipitation, we use monthly means from the Global

Precipitation Climatology Project (GPCP) dataset version

2.3 (Adler et al. 2018). Observed total cloud cover is taken

from the International Satellite Cloud Climatology Project

(ISCCP) data (Schiffer and Rossow 1983) bias corrected for

temporal artifacts (Norris and Evan 2015) and monthly

means for 1984–2009. Observed low-cloud cover is then esti-

mated using monthly subsidence at 700 hPa (v700) from the

European Centre for Medium-Range Weather Forecasts

(ECMWF) ERA5 reanalysis product (Hersbach et al. 2020) to

mask ISCCP data to only subsidence regions where v700 . 0.

Low-cloud cover in CMIP6 is calculated using the total cloud

data and similarly masking out regions where climatological

v700 is negative in the model (Figs. S12 and S13 in the online

supplemental material). For geopotential height at 300 hPa,

we use monthly data from version 3 of the Twentieth Century

Reanalysis (20CR) (Compo et al. 2011), and for sea level pres-

sure, we use the Hadley Centre Sea Level Pressure dataset

version 2 (HadSLP2) (Allan and Ansell 2006). Vapor pressure

deficit is calculated using monthly mean temperature and

vapor pressure from 20CR and ERA5, as the difference be-

tween surface saturation vapor pressure (a function of temper-

ature) and vapor pressure as in Seager et al. (2015). In CMIP6

models, VPD is calculated from the monthly mean surface air

temperature and surface relative humidity. Observed net

downward heat flux at the surface is calculated from monthly

means of surface shortwave, longwave, and turbulent fluxes

from ERA5. In calculating teleconnections, some model real-

izations available for SSTs were not available for certain varia-

bles, leading to ensemble sizes of n5 419 for precipitation and

VPD, n 5 420 for sea level pressure, n 5 399 for geopotential

height at 300 hPa, n 5 407 for low-cloud cover, and n 5 332

for downward heat flux at the surface.

To calculate the PDO spatial patterns and time series, we

use EOF analysis. First, SST anomalies from 1870 to 2014 in

the North Pacific are calculated as departures from both the

global mean SST and the monthly climatology between 208

and 708N and 1008E–1108W. Then, EOFs and PC time series

are calculated (for CMIP6 models, on each run) using the xeofs

Python package (Rieger and Levang 2024). The first EOF and

PC time series are selected, and the PC time series is standard-

ized. The global SST anomaly is regressed onto the standard-

ized PC1 to make global maps of the PDO SST anomaly

(SSTA) fingerprint. In calculating the IPO spatial patterns and

time series in observations and models, we calculate the tripole

index (TPI) for the IPO as described in Henley et al. (2015), as

the 13-yr low-pass Chebyshev filtered difference between cen-

tral equatorial Pacific (108S–108N, 1708E–908W) SSTAs and the

average of the SSTAs in the northwest (258–458N, 1408E–

1458W) and southwest (508–158S, 1508E–1608W) Pacific. Due to

edge effects of the 13-yr low-pass filter applied in the calculation

of the TPI, the IPO time series is calculated from 1877 to 2008.

PDO SSTA regression maps calculated using the 13-yr low-

pass-filtered PDO are available in the supplemental material

(Fig. S1). Periodograms in section 3b and the appendix are cal-

culated using the Lomb–Scargle method due to the smooth de-

cadal-to-interannual signal produced, though our core findings

TABLE 1. CMIP6 models used in this study, their associated institutions (abbreviated), ensemble size of SST data, nominal ocean

resolutions, and relevant references.

Institution Ensemble size (n) Ocean resolution Reference

ACCESS-ESM1-5 CSIRO 30 18 3 18 Ziehn et al. (2019)

CESM2 NCAR 11 18 3 18 Danabasoglu (2019)

CNRM-CM6-1 CNRM-CERFACS 30 18 3 18 Voldoire (2018)

CNRM-ESM2-1 CNRM-CERFACS 11 18 3 18 Seferian (2018)

CanESM5 CCCma 65 18 3 18 Swart et al. (2019)

EC-Earth3 EC-Earth Consortium 23 18 3 18 EC-Earth (2019)

GISS-E2-1-G NASA-GISS 46 1.258 3 18 NASA/GISS (2018)

GISS-E2-1-H NASA-GISS 25 18 3 18 NASA/GISS (2019)

INM-CM5-0 INM 10 0.58 3 0.258 Volodin et al. (2019)

IPSL-CM6A-LR IPSL 32 18 3 18 Boucher et al. (2018)

MIROC-ES2L MIROC 31 18 3 18 Hajima et al. (2019)

MIROC6 MIROC 50 18 3 18 Tatebe and Watanabe (2018)

MPI-ESM1-2-HR MPI-M 10 0.48 3 0.48 Jungclaus et al. (2019)

MPI-ESM1-2-LR MPI-M 10 1.58 3 1.58 Wieners et al. (2019)

NorCPM1 NCC 21 18 3 18 Bethke et al. (2019)

UKESM1-0-LL MOHC 17 18 3 18 Tang et al. (2019)
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do not differ using Fourier transforms to calculate power

spectra.

In section 3d, we calculate three metrics to quantify model

performance in simulating spatiotemporal features of the

PDO and IPO. The relative magnitude of PDO and IPO sig-

nals in the tropical versus extratropical Pacific is calculated as

the ratio of the root-mean-square (RMS) magnitude of SSTAs

in the equatorial Pacific (1008E–608W and 58S–58N) to the

RMS of SSTAs in the North Pacific (1008E–1108W and

358–458N). The index representing model accuracy is then cal-

culated as the ratio of this ratio in models to this ratio in obser-

vations (ERSSTv5). Thus, a score closer to 1 would represent

models having a close match to the observed tropical–

extratropical signal ratio, a score greater than 1 would indicate

that models overrepresent tropical variability compared to

North Pacific variability, and a score less than 1 indicates that

models underrepresent tropical variability compared to North

Pacific variability. For the IPO, this metric is calculated as the

ratio of the RMS of SSTAs in the North (258–458N, 1408E–

1458W) and South (508–158S, 1508E–1608W) Pacific to the

equatorial Pacific (108S–108N, 1708E–908W) regions of the

TPI. To correct the pattern correlation score of models (shown

in Fig. 1) for accuracy in representing the magnitude of the

PDO/IPO pattern, we implement a correction factor to the pat-

tern correlation r based on the RMS SSTA in the entire Pacific

basin (1008E–608W):

r′ 5

r 3 exp 2
|RMSobs 2 RMSmodel|

RMSobs

( )
, if RMSmodel $ RMSobs

r 3 exp 2
|RMSobs 2 RMSmodel|

RMSmodel

( )
, if RMSmodel , RMSobs

,

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(1)

where r′ is the corrected pattern correlation, r is the area-

weighted global pattern correlation between the observed

pattern and the ensemble-mean model pattern, RMSobs is the

RMS SSTA in the Pacific in the observed PDO/IPO pattern,

and RMSmodel is the RMS SSTA in the Pacific in the model’s

ensemble-mean PDO/IPO pattern. In this way, a given mod-

el’s pattern correlation is reduced by the correction factor if

the overall magnitude of the pattern is too large or too small

(see Fig. S2). Finally, the ability of a given model to represent

observed temporal variability of the PDO/IPO in the decadal

band (20–50 years) is quantified by the percentile of the ob-

served power density within that model ensemble’s distribu-

tion of decadal-band-averaged power densities. For the IPO,

power spectra are calculated on the unfiltered TPI time series

(Fig. S7).

3. Spatiotemporal evaluation of model PDOs and IPOs

a. Spatial features of the PDO

Here, we assess the ability of CMIP6 models to recreate the

spatial features of the PDO and IPO as compared to observa-

tions. ERSSTv5 and HadISST PDO spatial patterns are

highly correlated (r 5 0.96, uncentered pattern correlation).

In the positive phase of the observed PDO, a characteristic

cold anomaly maximizes in the central/eastern North Pacific

of around 0.7 K (per standard deviation of the PC time series)

which expands westward to Japan and the basin edge (Fig. 1).

This North Pacific cold anomaly is flanked to the east by a

c-shaped warm anomaly along the west coast of North America.

In the equatorial Pacific, the classic positive PDO pattern has a

warm anomaly in the central–eastern equatorial Pacific to the

west coast of South America, flanked to the west by a weak

cold anomaly in the far western equatorial Pacific (Power et al.

2021; Capotondi et al. 2023). The observed PDOs have a cold

anomaly in the western and central South Pacific, relatively

weak compared to that in the North Pacific.

Most model PDOs spatially correlate highly (r . 0.8

globally) with observed PDOs and are able to capture both

a cold anomaly in the western North Pacific and a warm

anomaly in the eastern/central equatorial Pacific with vary-

ing degrees of similarity to the observations (Fig. 1). Model

PDOs are a statistical mode of variability calculated using

EOF analysis and resulting from different dynamical pro-

cesses, which may differ across models. Still, model PDO time

series correlate significantly with North Pacific SST anomaly

time series for all models (Fig. S3), indicating that these PDO

indices are indeed representative of physical changes in SST in

the North Pacific. The South Pacific cool anomaly is less con-

sistently present in model PDOs. INM-CM5-0 is the only

model that fails to produce an equatorial signal in its PDO pat-

tern. Many of the model PDOs disagree with observations on

the location of the maxima in the North Pacific and equatorial

Pacific, with models showing a preference for the North Pacific

cool anomaly to maximize just off the coast of Japan in the

Kuroshio–Oyashio extension (KOE) region rather than in the

eastern-central basin. CESM2 has the strongest pattern corre-

lation with observations (r 5 0.91 with ERSSTv5 and r 5 0.90

with HadISST), yet in the North Pacific the ensemble-mean

PDO pattern has maximum cooling in the KOE region with a

secondary maximum in the eastern-central basin.

We use three metrics to quantitatively assess the accuracy of

models in recreating the spatial pattern of the PDO: the longi-

tudes of the North Pacific and equatorial Pacific extrema, the

SST gradients across the North Pacific and equatorial Pacific,

and the latitudinally weighted RMS SST anomaly (SSTA) in

the North Pacific and the equatorial Pacific (Fig. 2). While al-

most every model PDO captures a cool anomaly in the North

Pacific and a warm anomaly in the equatorial Pacific, there is a

broad range of longitudes over which these features maximize

among the models and their individual ensemble members.

PDOs calculated from ERSST and HadISST have North Pacific

cool anomalies that are strongest around 1608, far on the east-

ward tail of the distribution for the grand ensemble of CMIP6

models examined. The ERSST longitude is in the 99th percen-

tile, and the HadISST longitude is further east than any ensem-

ble members. The 25% of model realizations have maximum

cool extrema at 144.58E off the coast of Japan. All models ex-

cept for MIROC6 and MIROC-ES2L have their ensemble-

mean North Pacific extrema between 1408 and 1508E. Some

models, namely, CESM2, CNRM-CM6-1, MIROC6, MIROC-

ES2L, and NorCPM1, have secondary maxima in the central/

eastern North Pacific despite their largest cool anomalies
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occurring in the KOE region (Fig. 1). The observed PDO max-

ima in the equatorial region sit more within the model range of

longitudes; model PDOs have a bimodal distribution of equato-

rial extrema, with most models peaking between 1608E and

1808 and another group of models peaking east of 1408W. The

two observed PDOs differ slightly in this metric as well, with

the ERSSTv5 warm maximum around 1388W and the HadISST

warm maximum around 1128W, both further east of where

most of the models and ensemble members tend to have their

equatorial maxima.

FIG. 1. Global SSTA regressed onto PDO time series for observations and models with multiple ensemble members and explained vari-

ance of the PDO PC1 time series. Model SSTA patterns and explained variances are calculated as the overall means of n ensemble mem-

ber’s PDO SSTA patterns. Bottom-left corner of each panel shows the area-weighted pattern correlation with ERSSTv5 and HadISST, re-

spectively. Red box outlines the region over which the EOF is calculated.
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The longitudinal gradients of the PDO patterns in the

North and equatorial Pacific are shown in the top-right panel of

Fig. 2. The North Pacific gradient is calculated as the difference

between the average SST in a western box (1408E–1708W,

358–458N) and an eastern box (1808W–1608, 358–458N), with

these boxes selected to best capture the observed North Pacific

gradient in the PDO. Similarly, the equatorial Pacific gradient

is calculated as the difference between the SST in a western

box (1408–1708E, 38S–38N) and an eastern box (1708–908W,

38S–38N), as in Seager et al. (2022a). The observed PDO pat-

terns have North Pacific gradients of ’20.7 and 20.8 K. Most

model ensemble members have too negative a gradient, with

too large of a cool anomaly, too weak of a warm anomaly, or

both. This is consistent with all models having a cool anomaly

that is too far west compared with observations; in the observed

PDO, the SST becomes less negative westward from the date

line in the North Pacific, while in most models, it decreases to a

cold extreme near Japan (Fig. 1). In the equatorial Pacific, the

observed PDO patterns have gradients of ’20.4 K and are in

the 18th and 22nd percentiles of the model distribution. This

bias is likely related to the well-documented excessive westward

extension in ENSO SST patterns in CMIP models of multiple

generations (Gong et al. 2015; Jiang et al. 2021; Capotondi et al.

2020). Most models have a negative equatorial PDO gradient

that is too weak, due to their warm anomalies being too weak,

too far west, or both. The ACCESS model has the wrong sign

equatorial gradient, and the IPSL, INM, and CanESM models

have nearly no equatorial gradient.

FIG. 2. (a) Longitudes of the maximum magnitude of SSTA within the equatorial Pacific (58S–58N; y axis; green tropical box in lower

right) and North Pacific (308–708N; x axis; red box in lower right) of PDO SSTA patterns for each model ensemble and for ERSSTv5

(black star) and HadISST observations (black cross). (b) West-to-east gradient across the equatorial (y axis) and North (x axis) Pacific.

The equatorial Pacific gradient is calculated as the difference between the SST in a western box (1408–1708E, 38S–38N) and an eastern box

(1708–908W, 38S–38N), and the North Pacific gradient is calculated as the difference between the average SST in a western box (1408E–

1708W, 358–458N) and an eastern box (1408–1208W, 358–458N). These boxes are outlined in black in the lower-right panel. (c) The RMS

magnitude in the equatorial Pacific (1008E–608W and 58S–58N; y axis) and North Pacific (1008E–1108W and 358–458N; x axis). These boxes

are outlined in green in the lower-right panel. Small colored markers show individual ensemble members, while bold colored markers

show the values for the ensemble-mean pattern. Margins show the kernel density estimates (KDEs) of the distribution of the grand en-

semble, and lines and percentile markings indicate the percentiles of the observations within the grand ensemble mean. (bottom right)

The ERSSTv5 PDO pattern from Fig. 1 with key regions outlined.
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Finally, the RMS SSTAs in the North Pacific and equatorial

Pacific give a measure of the magnitude of the spatial variability

in these regions. For our purposes, the North Pacific region is

defined as 1008E–1208W and 358–458N, and the equatorial

Pacific region is defined as 1008E–1208W and 58S–58N. The

observed PDOs have RMS in the North Pacific of between

0.4 and 0.5 K (5th and 22nd percentiles of the model distri-

bution) and RMS in the equatorial Pacific between 0.25 and

0.3 K (61st and 65th percentiles of the model distribution).

Most models have too weak spatial variance in the equatorial

Pacific and too strong spatial variance in the North Pacific. The

exceptions in this regard are MIROC6, MIROC-ES2L, GISS-

E2-1-G, and CESM2, which have stronger spatial variance in

both the North Pacific and the equatorial Pacific. Notably, these

four models do particularly well at correctly simulating the loca-

tion of the cold anomaly in the North Pacific with a secondary

maximum or eastward extension that is near the longitude of

the cold maximum in observations (Fig. 1). The result from the

four models suggests that the overestimate of the tropical

anomalies may be associated with an overestimate of the anom-

alies in the North Pacific. In addition, there is a large spread in

the values shown in Figs. 2b and 2c for realizations within a

given model, particularly for the CNRM models. Certain mod-

els have a range in fidelity in reproducing the observed PDO

pattern both in the Pacific and globally that is broader than the

range of model ensemble means (Figs. S4 and S5), indicating

that, for those models, intramodel spread may play an impor-

tant role in model PDO simulation uncertainty.

b. Temporal features of the PDO

Periodograms in Fig. 3 show the power density of model

PDO time series for different periods compared to the observed

(ERSSTv5) PDO periodogram (black line). The characteristic

PDO power spectrum has two peaks that rise above 95% signif-

icance according to a first-order autoregressive [AR(1)] model

(not shown): one in the decadal band, between 20 and 50 years,

and one in the ENSO band, between 5 and 7 years. With the

relatively short observational record of SSTs, it is difficult to

evaluate the preferred frequencies of variability of the PDO in-

dex. However, there is a general consensus that spectral power

increases from periods of about 10 years to periods of 50 years

or greater (Newman et al. 2016; Zhang et al. 2018; Oshima and

Tanimoto 2009). Most model periodograms show decreasing

power in periods shorter than 50 years, but also underestimate

the PDO power in the 20–50-yr band, consistent with similar

findings from previous generations of models (Farneti 2017).

While the two observed power spectra sit within or slightly

above the model envelope in the 20–50-yr band for most mod-

els, this underestimation is persistent for all models and the

band-averaged observed power is above the 70th percentile of

models for every model (see section 3d). Additionally, a few

models (GISS-E2-G, MIROC6, and MIROC-E2SL) have large

peaks in the ENSO band, with more power in ENSO frequen-

cies than in PDO frequencies. In the Niño-3.4 region, these

models also have too much temporal variability in ENSO fre-

quencies and too little decadal variability (Fig. S6).

FIG. 3. Power spectral density by periods for PDO time series from 1870 to 2014 from model runs (thin gray lines) vs observations

(ERSSTv5; thick black solid line; HadISST, thick black dotted line). Ensemble means are shown by the thick red line, and red envelopes

show 95% confidence intervals. Yellow highlighted region represents the decadal band of periods between 20 and 50 years.
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c. Interdecadal Pacific oscillation

Here, we examine the TPI of the IPO in models and obser-

vations (Henley et al. 2015).

Observed PDO and IPO global SST patterns correlate with

each other with r . 0.8 (not shown), demonstrating the close

relationship between PDO and IPO SSTs despite the explicit

inclusion of equatorial and South Pacific SSTs in the calcula-

tion of the IPO. Both include in their positive phase a cool

western North Pacific and warm eastern and central equatorial

Pacific, with warm SSTs along the coast of North America and

a local maximum off Baja California. The observed IPO, how-

ever, is more symmetric about the equator, with more promi-

nent cool SSTs in the western South Pacific and warm SSTs

off the coast of Chile and in the Southern Ocean north of

West Antarctica (Fig. 4). In general, model pattern correla-

tions with observations for the IPO pattern are lower than

those for the PDO pattern. Some models with undersized or

no expression of the PDO in the tropical and South Pacific

(such as INM-CM5-0) appear to have more IPO variability in

these regions. Similar to the PDO, we find that most models

have a bias such that maximum cooling occurs in the KOE re-

gion, while the observed cooling maximum is in the central

North Pacific. Most models have too much variability in the

North and equatorial Pacific. In addition, all models struggle

to capture the observed degree of variability in the South

Pacific region, and several models (e.g., CESM2) are asymmet-

ric about the equator in the tropical Pacific, with larger anoma-

lies in the southeastern equatorial Pacific. Outside of the

Pacific, the CNRM models have too large of a cooling in the

North Atlantic, while CanESM5 shows warming in the North

Atlantic contrary to observations. The overall model biases in

spatial patterns for the IPO are similar to those of the PDO: a

westward shift in the North Pacific cool maxima and a too zon-

ally broad equatorial warming. Due to the outsized signal of

the IPO in the North and equatorial Pacific compared to the

South Pacific, we present the relative strength of the IPO pat-

tern in each of the North, South, and equatorial Pacific regions

in Fig. 5. The two observational products generally agree on

the average magnitudes in the North, South, and equatorial

Pacific. The overall discrepancy of models from observations is

clear: Models have too weak an IPO signal in the South Pacific

and too strong a signal in the tropics. In observations, the South

Pacific signal is slightly weaker than that of the North Pacific,

but models have systematically too weak South Pacific SST

anomalies associated with the IPO. CanESM5 stands out with

too weak a signal in the North Pacific, too strong a signal in the

equatorial Pacific, and the wrong sign signal in the South Pacific

in the ensemble mean. While CanESM5 correctly simulates the

observed ratio of the equatorial Pacific to North Pacific anoma-

lies of the PDO, it seems to fail upon the inclusion of SST

anomalies in the South Pacific in calculating the IPO. Two

other models, GISS-E2-1-H and IPSL-CM6A-LR, also have

the wrong sign of the signal in the South Pacific.

d. Integrative model evaluation

Here, we quantify the spatiotemporal accuracy of each

model in reproducing observed features of the PDO and IPO.

To do this, we calculate indices to evaluate model PDOs and

IPOs beyond pattern correlations: the representation of the de-

cadal band (20–50 years) within the power spectra, the ratio of

tropical-to-extratropical magnitudes in the SST patterns, and the

accuracy and magnitude of the spatial pattern (see section 2 for

details of these calculations). These three indices were chosen to

synthesize a comprehensive set of PDO/IPO features that cap-

ture distinctive spatial and temporal aspects of the modes of

variability.

In the 16 models analyzed here for both the PDO and IPO,

every model underrepresents decadal variability; that is, the per-

centile of observed decadal power within the model distribution

is above the median (Fig. 6, data in Table S1). For five models’

PDOs (CNRM-CM6-1, CNRM-ESM2-1, MIROC-ES2L,

MIROC6, and MPI-ESM1-2-HR) and 10 models’ IPOs

(GISS-E2-1-G, GISS-E2-1-H, IPSL-CM6A-LR, CNRM-CM6-1,

CNRM-ESM2-1, EC-Earth3, MIROC-ES2L, MIROC6, MPI-

ESM1-2-LR, and NorCPM1), the observed decadal power

density lies outside of the model distribution of power den-

sities entirely, so no ensemble members are able to reproduce

the decadal temporal variability found in the observations. For

every model but CanESM5 (15/16 models), the observed PDO

decadal power is in the fourth quartile of the model distribu-

tion of decadal power. For every model, the observed IPO de-

cadal power is in the fourth quartile of the model distribution

(Table S1 and Fig. S7).

Most (12/16) of the models analyzed here have too weak a

tropical signal in their PDO, with the exceptions beingMIROC6,

MIROC-ES2L, GISS-E2-1-G, and CESM2, which have too

strong of a tropical signal (in that order) compared to their

North Pacific variability. These models also tend to underes-

timate decadal temporal variability compared to observations.

For INM-CM5-0, the tropical-to-North Pacific ratio in the PDO

is over 5 times smaller than in observations. This model also

has the lowest corrected pattern correlation for both the PDO

and IPO (r′ 5 0.41 and 0.28) of all models. Of course, pattern

correlations are not independent of the tropical–extratropical

signal ratio error, since a model such as INM-CM5-0 with

virtually no PDO fingerprint in the tropical Pacific will score

poorly in both indices. Thus, in Fig. 6, models with greater

equatorial Pacific}North Pacific (EP/NP) relative signal error

tend to have low pattern correlations. Some high-correlating

models for uncorrected pattern correlations with observed

PDOs (CESM2 and MIROC6) have much too strong an overall

signal in the Pacific, leaving UKESM1-0-LL with the closest

magnitude-corrected representation of the observed global

PDO pattern. For the IPO, most models have too much of a

tropical signal relative to the extratropical signal, with CanESM5

standing out with a particularly outsized tropical–extratropical

ratio compared to models despite this model performing well at

this metric for the PDO. Several models that well represent the

tropical Pacific in their PDOs overrepresent the tropical Pacific

in their IPOs (CanESM5 and IPSL-CM6A-LR). The discrep-

ancy between model PDO versus IPO fidelity in this metric is

likely due to the explicit inclusion of the equatorial and South

Pacific in the calculation of the IPO.

No models clearly succeed in all three metrics across both

the PDO and the IPO. CanESM5 has the best representation
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of both decadal temporal PDO variability and strength of the

tropical–extratropical PDO representation, though it comes

seventh out of the models in its corrected pattern correlation

for the PDO, 15th for corrected pattern correlation of the IPO,

and last for tropical–extratropical IPO representation. On the

other hand, while INM-CM5-0 is the worst-ranked model in

the spatial indices, it has an acceptable representation of

decadal temporal variability. The models that consistently per-

form poorly for all metrics were MIROC6 and MIROC-ES2L,

despite having high uncorrected pattern correlations (r 5 0.89

and 0.83, respectively), due to their general overrepresentation

of the tropical Pacific in PDO metrics and their underrepresen-

tation of decadal variability. Across all three metrics and both

the PDO and the IPO, UKESM1-0-LL performs best in total

FIG. 4. As in Fig. 1, but for the TPI of the IPO, with regions used to calculate the TPI outlined in red.
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rank. While pattern correlations with observations are an im-

portant metric by which modeled modes of climate variability

are evaluated, our comprehensive comparison of models to

observations by several metrics shows that the models with

the highest pattern correlations can have the lowest fidelity

by other measures.

4. Pacific–hydroclimate teleconnections

Natural decadal variability of Pacific SSTs is closely linked

to decadal variability and change in hydroclimate across the

globe. Thus, we evaluate the overall ability of CMIP6 models

to recreate the observed relationships between the PDO/IPO

and hydroclimate variables. We focus on the teleconnections

FIG. 5. For each CMIP6 model run (small crosses), model ensemble mean (large crosses), ERSSTv5 (large star), and HadISST (large

plus symbol), weighted box averages of the IPO pattern as in Fig. 4 in the TPI regions of the North Pacific (x axis), South Pacific (y axis),

and equatorial Pacific (color on small crosses and observations). The blue line represents the 1:1 line of equal amplitude in the North and

South Pacific. All units are kelvin per kelvin (K/K) of the TPI.

FIG. 6. Model fidelity in representing three key (left) PDO and (right) IPO spatiotemporal characteristics: global pattern correlation

with observations (ERSSTv5) of model PDO/IPO SSTA patterns corrected for accuracy in representing magnitude of the observed pat-

tern in the Pacific (x axis), ratio of the strength of model to observed tropical–extratropical relative signal in the PDO/IPO SSTA pattern

(y axis), and the percentile of the observed decadal-band-averaged (20–50 years) power density within the model distribution of decadal

power (colors). Blue star represents ERSSTv5 observations, and blue cross represents HadISST observations. Rankings on the right rep-

resent total model performance based on the metrics shown, with details in Table S1.
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involving SSTs, atmospheric circulation, precipitation, low

clouds, and surface VPD, a measure of atmospheric aridity

particularly relevant for forest fire in Pacific-teleconnected re-

gions such as the southwestern United States (Williams et al.

2015a; Seager et al. 2015; Jacobson et al. 2022, 2024).

a. Precipitation and circulation associated with the PDO

In boreal winter (DJF) over the tropical Pacific, the PDO-

related circulation aloft is characterized by a Gill-like response

with high pressure north and south of the equatorial warming,

weaker in models than observations (Fig. 7). The Aleutian low

is the most prominent feature over the North Pacific in both

models and observations. At the surface as well as aloft, the

PDO-related Aleutian low is biased north and westward in

models (Fig. 9), possibly related to the westward bias of tropical

SST anomalies. The teleconnection aloft extends across the

Northern Hemisphere midlatitudes in a Pacific North American

(PNA)-like pattern, with a low over the southeastern United

States and a high over Greenland. In general, the atmospheric

teleconnection in the winter hemisphere is too weak in most

models and in the multimodel mean. Many models also fail to

capture the tropical Gill-like response with sufficient magnitude

or symmetry, particularly models with weak equatorial SST

anomalies associated with the PDO in DJF. Models with too

strong tropical SST responses, on the other hand (e.g., CESM2,

GISS-E2-1-G, and MIROC models), overestimate the strength

of the atmospheric signal associated with the PDO globally.

For precipitation over land in DJF, much of Canada, the

Pacific Northwest, central–eastern United States, northern

South America, southern West Africa, southwestern Africa,

northern Borneo, and eastern Australia all experience sig-

nificant declines in precipitation during the warm tropical

Pacific phase of the PDO in observations, while significant

increases in precipitation occur in the southwestern United

States, Mexico, Brazil and southeast South America, the

Mediterranean, Madagascar, and around the Himalayas. In

general, in the DJF multimodel mean, the precipitation and

circulation patterns are accurately recreated (r 5 0.63 and

r 5 0.94 for precipitation and z300, respectively), though indi-

vidual models perform worse than the multimodel mean in

pattern correlations with the observed teleconnections. For ex-

ample, though the multimodel mean precipitation–PDO rela-

tionship is the correct sign in southwestern North America,

individual models disagree on the sign of the teleconnection in

southwestern North America. In the observed teleconnection,

the enhanced Aleutian low intensifies the Pacific storm track

and increases DJF precipitation in the southwest. However, par-

ticularly for models in which the Aleutian low teleconnection is

too weak and/or biased too far west (e.g., GISS-E2-1-H, CNRM

models, and INM-CM5-0), the PDO–precipitation teleconnec-

tion in the southwest is far too weak or the wrong sign. In addi-

tion, several models simulate a negative precipitation signal in

western Australia that is not observed [e.g., CESM2, CanESM5,

MIROCmodels, and NorCPM1; though this and other discrepan-

cies could be a result of a lack of precipitation data over certain

regions, such as central–western Australia (Harris et al. 2020)].

Many models also fail to produce the positive precipitation signal

over eastern Brazil, a known teleconnection in observations

(Kayano and Andreoli 2007).

In boreal summer (JJA; Fig. 8), the observed atmospheric

teleconnection is weaker in the Northern Hemisphere than in

DJF, but stronger in the Southern Hemisphere, with a low

pressure in the eastern South Pacific and a high pressure to its

south, resembling the South Pacific Oscillation (SPO) (You

and Furtado 2017). While the multimodel mean is relatively

accurate (r 5 0.85 for z300), individual models have mixed de-

grees of fidelity in simulating the atmospheric PDO telecon-

nection in JJA. Some models have too strong an atmospheric

teleconnection in the tropics and North Pacific (e.g., CESM2,

GISS models, MIROC models, and MPI-ESM1-2-LR), and

some models fail to simulate an SPO-like pattern in the South

Pacific (e.g., CNRM models and INM-CM5-0). For both DJF

and JJA in the multimodel mean, the modeled PDO-z300 tele-

connection is too weak in the winter hemisphere and too

strong in the summer hemisphere. In addition, in the observed

PDO, cool SSTs in the North Pacific in JJA have west and

central maxima, with two low pressure maxima on their

northern flanks. Most models fail to reproduce this structure,

showing instead one large anticyclone. Positive SSTs in the

tropical Pacific in JJA extend too far west in several models, a

possible cause for some of these models’ failure to simulate

realistic SPO-like patterns in the eastern South Pacific.

In JJA over land, all models pick up a strong drying signal

over the Indian monsoon region and the Himalayas. For most

models, this is stronger than the observed relationship, though

the overall monsoon drying is consistent with previous work

that identifies drying of the Indian monsoon region during the

positive PDO phase due to northeasterly winds from the Pacific

opposing climatological moisture flow (Krishnan and Sugi 2003;

Meehl and Hu 2006; Krishnamurthy and Krishnamurthy 2017).

The PDO-related drying in the East Asian summer monsoon

region (Yoon and Yeh 2010) is reproduced in most models.

Most models also underestimate or fail to show the observed

drying of the West African Monsoon region during positive

phases of the PDO (Diatta and Fink 2014; Lüdecke et al. 2021).

In the ensemble mean in the Northern Hemisphere and South

America, the modeled JJA precipitation teleconnection to the

cool-North Pacific-phase PDO is too heterogeneously wet. Fi-

nally, in observations as well as in the multimodel mean, the

SPO-like circulation is related to increased precipitation in JJA

over Chile, similar to that along coastal southwestern North

America in DJF. As in boreal summer in the North Pacific,

models that simulate a circulation teleconnection in the South

Pacific that is too weak or too far west (ACCESS-ESM1-5,

CNRMmodels, and INM-CM5-0) also tend to underestimate or

fail to capture the wetting in coastal southern South America.

To compare modeled versus observed precipitation–PDO

teleconnections over the ocean, we use satellite observations of

precipitation from 1979 to onward (Fig. 9). In DJF, the western

flank of the warm equatorial Pacific region experiences in-

creased precipitation, surrounded by drying to the west, north,

and south. In JJA, a weaker band of positive precipitation is ob-

served across the equatorial Pacific in line with warm but

weaker SSTs. In most models, the positive precipitation anom-

aly in the tropical Pacific is too far west in both DJF and JJA
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FIG. 7. Regression of precipitation (over land; colors), SST (over the ocean; colors), and geopotential height at 300 hPa (globally;

contours) anomalies onto PDO time series from 1901 to 2013 in (top left) DJF for observations, (top center) multimodel ensemble

mean (MMM), and individual model ensemble means. (top left) The regression of CRU precipitation, ERSSTv5 SST, and 20CR

geopotential height at 300-hPa anomalies onto the ERSSTv5 PDO time series. Stippling in (top left) indicates regions where the

precipitation regression coefficients are significantly different from zero at the 95% level by a two-sided Student’s t test. Stippling
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(Figs. S8 and S9). In JJA, this equatorial wetting is often erro-

neously flanked to the north by zonally broad drying.

There is a strong relationship (r 5 0.64, p ,, 0.01) between

the closeness of a given model realization’s global PDO SST

pattern to observations and its ability to simulate accurate

precipitation teleconnections over land associated with the

PDO (Fig. 10). In terms of these weighted pattern correla-

tions between models and observations in DJF, CESM2

models demonstrate the best fidelity for both precipitation

and SSTs, and INM-CM5-0 is the least accurate by both

measures by a wide margin. The robust relationship be-

tween model ability to simulate precipitation patterns and

SST patterns associated with the PDO is evidence that

properly simulating spatial patterns of Pacific decadal SST

variability is crucial to properly simulating its global hydro-

climate teleconnections.

b. Vapor pressure deficit associated with the PDO

Figure 11 shows spatial patterns in anomalies of VPD over

land related to the PDO. Though the VPD teleconnection

patterns are similar to those for precipitation, they differ due

to the effects of both atmospheric moisture content and tem-

perature on VPD. VPD teleconnections are generally stron-

ger in the summer hemisphere. Notable regions of observed

drying (increased VPD) with a positive PDO in DJF include

northwestern North America, northeastern South America,

western Australia, southern Africa, and northern Africa/the

Sahel into the Arabian Peninsula. With some discrepancies in

individual models (Figs. S10 and S11), the multimodel mean

captures the pattern across the Americas and southern South

Africa but again extends too much drying across to western

Australia and lacks consensus on drying in northeastern

Africa and the Arabian Peninsula. In DJF, VPD decreases in

the positive PDO phase in central Mexico, the eastern United

States, and southeastern South America, in both observations

and models. In boreal summer (JJA), the positive PDO phase

is associated with a decrease in VPD in the western and cen-

tral United States, the Mediterranean, the Gobi Desert, and

northeastern China and an increase in VPD over northeastern

South America, eastern North Africa, West Africa, the Horn

of Africa, the southern Arabian Peninsula, India, and the

northern East Asian summer monsoon region. In JJA, most

models simulate the decrease over the United States, the

Mediterranean, the Gobi Desert, and northeastern China, but

in line with the wet precipitation bias seen in Fig. 8, VPD–

PDO relationships in the multimodel mean are too negative

across the Northern Hemisphere. In southwestern North

America, models that underestimate, or have the incorrect

sign of, the boreal winter precipitation–PDO teleconnection

(e.g., GISS-E2-1-H, CNRM models, and INM-CM5-0) tend

to underestimate the JJA VPD–PDO teleconnection in the

southwest. Models simulate the observed increase in VPD in

JJA over northeastern South America, India, the southern

Arabian Peninsula, West Africa, and northeastern China but

disagree with observations in eastern Brazil, Australia, and to

some degree northern and central Africa. With some notable

biases, the multimodel mean is largely able to replicate VPD

and precipitation teleconnections to the PDO across the ocean

and land in both DJF and JJA.

c. Low-level clouds

In the Pacific, low-level clouds are an important part of

the coupling between the atmosphere and the sea surface

(Seethala et al. 2015; Clement et al. 2009). Previous work has

found that some climate models fail to correctly simulate low-

level cloud coverage over the ocean, which in turn can affect

their simulations of SST variability and trends over the Pacific

and ultimately add to the uncertainty of climate sensitivity to

greenhouse gas forcing (Myers and Norris 2015; Cesana and

Del Genio 2021). Thus, in Fig. 12, we show the model ensem-

ble means of the CMIP6 model low-cloud–PDO relationship

for boreal winter (DJF) and summer (JJA), compared to ob-

servations corrected for inhomogeneities (Norris and Evan

2015). In general, the expected low-cloud–PDO relationship

would be such that cool SSTs favor increased low-cloud cover

and warmer SSTs favor reduced low-cloud cover (Bretherton

and Wyant 1997; Seethala et al. 2015; Burgman et al. 2017).

The relationship appears to be more complex in both models

and observations. Observations indeed indicate a decrease in

low-cloud cover in the eastern equatorial Pacific and, in partic-

ular, in the eastern subtropical Pacific off Baja California,

where the positive PDO phase has warm SSTs in DJF, consis-

tent too with trends in low-cloud anomaly shown in Seethala

et al. (2015). The multimodel mean in DJF largely disagrees

with observations in the eastern equatorial Pacific, showing a

small increase (,2%/s) in low-cloud cover off the western

equatorial coast of South America, where models show a small

decrease (,2%/s) in cloud cover with a positive PDO signal.

This region is also one in which CMIP5 and CMIP6 models

have been shown to disagree with observations on the sign of

their marine low-cloud feedback (Myers et al. 2021). Models

and observations agree on the spatial pattern in the North

Atlantic in DJF, with a dipole pattern that is consistent with

surface pressure teleconnections in the North Atlantic (see

section 4), albeit with the magnitude of the teleconnection

too weak in models by approximately a factor of 2. Consis-

tent with our finding that CMIP6 model PDOs produce too

weak of a zonal gradient in the equatorial Pacific, we find

that models in general fail to capture the zonal asymmetry

of the low-cloud–PDO relationship across the tropical and

subtropical Pacific but succeed in the extratropical Pacific,

with some exceptions.

$−

on (top-center) indicates where 14 or more models (.87.5%) agree on the sign of the precipitation teleconnection. The r values shown in

parentheses after model names represent the weighted pattern correlations between observations and models for precipitation over land,

SST over the ocean, and geopotential height at 300 hPa globally, in that order.
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FIG. 8. As in Fig. 7, for anomalies of precipitation (over land; colors), SST (over the ocean; colors), and geopotential height (contours)

at 300 hPa regressed onto the PDO time series from 1901 to 2014 in JJA.
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d. Teleconnections with the IPO

Circulation and precipitation anomalies associated with the

IPO are similar to those associated with the PDO, with some

differences (Figs. 13 and 14). In DJF, observed circulation

anomalies have a similar Gill-like response to the equatorial

warming and are more hemispherically symmetric, with a low

pressure in the south-central Pacific and a high pressure over

the Southern Ocean. In the Northern Hemisphere in DJF, the

Aleutian low is part of a circumglobal wave train (which is not

present in the PDO regressions). All CMIP6 models analyzed

except for INM-CM5-0 are able to simulate the Gill-like re-

sponse in the subtropics, the Aleutian low, and a high pressure

over western Canada. Most models do not simulate the full-

wave response in the high latitudes. Most models correctly sim-

ulate many of the precipitation teleconnections in DJF which

are similar to those for the PDO, with many of the same dis-

crepancies with observations as described in section 4: Several

models (e.g., ACCESS-ESM1-5 and CanESM5) lack the in-

creased precipitation over eastern Brazil and produce a spuri-

ous drying teleconnection in western Australia. In JJA, the

observed circulation signal is weaker and concentrated in the

Southern Hemisphere in a pattern very similar to that associ-

ated with the PDO (Fig. 8). Notably, models that struggle to

capture the atmospheric teleconnection with the PDO in the

South Pacific in JJA, such as CNRM-ESM2-1 and INM-CM5-0,

do seem to simulate an SPO-like pattern associated with the

IPO. As with the PDO, modeled precipitation teleconnections

to the IPO in JJA have a wet bias in the multimodel mean

across South America, western North America, and Europe. In

general, IPO hydroclimate teleconnections and model biases

therein are similar to those for the PDO; the inclusion of the

South Pacific in the IPO does not appear to improve model

biases in precipitation across Southern Hemisphere land al-

though it does improve some individual model biases in South

Pacific atmospheric teleconnections.

5. Implications for southwestern North America

precipitation

Decadal precipitation variability in southwestern North

America is closely related to decadal SST variability in the

Pacific (Huang et al. 2005; Seager et al. 2005; Dai 2013b; Seager

2016; Seager et al. 2023). The warm (cool) equatorial phases

of the PDO and IPO are associated with a cyclonic (anticy-

clonic) anomaly over the North Pacific leading to increased

(decreased) precipitation across the southwestern United

States (Figs. 7 and 13). As we have shown that CMIP6 mod-

els consistently underestimate the variability of their PDO

indices in the decadal (20–50 year) band (Fig. 3), there are

likely associated biases in their representation of decadal

precipitation variability in the southwestern North America.

Figure 15 shows the positive relationship in both models

and observations between trends in Pacific decadal SST indices

and water-year (October–September) precipitation in south-

western North America (248–408N, 1058–1258W). While models

correctly simulate the sign and strength of this relationship,

FIG. 9. Multimodel ensemble-mean regression of global precipitation (colors) and sea level pressure (contours)

anomalies onto PDO time series from (top) 1979 to 2013 (DJF) and (bottom) 1979–2014 (JJA). Stippling on the left

over land indicates where 14 or more models (.87.5%) agree on the sign of the precipitation teleconnection. (right)

The regression of seasonal GPCP precipitation and HadSLP sea level pressure anomalies onto the ERSSTv5 PDO

time series. Stippling on the right indicates regions where the precipitation regression coefficients are significantly dif-

ferent from zero at the 95% level by a two-sided Student’s t test.
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they are virtually unable to reproduce the magnitude of the

observed maximum and minimum precipitation trends in

the southwest. In the 30 years with the most negative trend in

observations, 1982–2011, water-year precipitation declined by

nearly 30% in the southwest, aligning with the most negative

30-yr trend in the observed PDO index, of nearly 2s. The ob-

served 1982–2011 precipitation trend is well below the 1st per-

centile of modeled precipitation trends in the southwest. The

FIG. 10. For each CMIP6 model run (small crosses) and model ensemble mean (large crosses), the weighted pattern

correlation between the modeled and observed DJF precipitation patterns over land associated with the PDO (y axis)

and the weighted pattern correlation between the modeled and observed DJF SST patterns associated with the PDO

(x axis).

FIG. 11. As in Fig. 9, but for regressions of VPD over land and SSTs over the ocean onto PDO time series and

regressions calculated from (top) 1901 to 2013 (DJF) and (bottom) 1901–2014 (JJA).
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period with the strongest wetting trend in southwest North

America, 1954–83, coincides with a positive (but not ex-

tremely so) trend in the PDO and IPO. This positive precip-

itation trend is in the 99.5th percentile of modeled

precipitation trends. The thresholds for the extreme quan-

tiles of observed trends in precipitation, PDO, and IPO cor-

respond with even more extreme quantiles in models: The

5th–95th-percentile range of observed southwest precipita-

tion trends corresponds to, in the model distribution, the

1.5th–98.9th range. For PDO trends, the 5th–95th-percentile

range of observed trends corresponds with the 3.5th–95.3rd-

percentile range in models. The difference in extreme trends

in the IPO is even more apparent, with the 5th–95th-percentile

range of observed trends corresponding with the 0.4th–98.1st-

percentile range.

The extremeness of these observed precipitation trends

within the model distribution is consistent with underestimated

natural SST variability on decadal time scales in models (Fig. 3

and Fig. S7) and underestimated Southwest precipitation vari-

ability on decadal time scales (Fig. S14). No individual models

are able to represent the observed 5th percentile of precipi-

tation trends (Fig. S15). While there is not a significant rela-

tionship between decadal-band PDO/IPO power and extreme

Southwest precipitation trend representation, some models

that represent decadal-band PDO and IPO power within their

model distribution (such as CanESM5 and UKESM1-0-LL)

have less of a bias in simulating these extreme precipitation

trends. Additionally, while modeled trends in Southwest pre-

cipitation and Pacific decadal indices have relatively normal

distributions about 0, observed trends in these quantities have

a larger spread with bimodal distributions in the PDO and

precipitation (Fig. 15). Although many possible factors can

influence model precipitation trends, these results at least sug-

gest that a possible consequence of models’ underestimation of

decadal variability of SSTs in the Pacific is their underestima-

tion of decadal variability of hydroclimate in teleconnected land

regions and therefore a possible underestimate of the uncer-

tainty due to natural variability of future projections of hydro-

climate change.

Finally, while models are generally unable to capture the

magnitude of observed extreme precipitation trends in the

southwest, these extreme observations and their associated

PDO/IPO trends still lie approximately on the axis of the

PDO/IPO–precipitation trend relationship simulated by models.

This is in contrast with the same results for the PDO/IPO–VPD

trend relationships (Fig. S16), which, in agreement with Simpson

et al. (2024), demonstrate that modeled VPD trends in the south-

west are negatively shifted compared to observed trends. The

authors of Simpson et al. (2024) suggest that this bias is most

likely due to a model overestimation of the forced thermody-

namic increase in vapor pressure with warming, causing a posi-

tive shift in the spectrum of modeled vapor pressure trends

(and a negative shift in VPD trends) in the southwest.

6. Discussion and conclusions

We have characterized the spatial and temporal representa-

tion of Pacific decadal variability in CMIP6 models and

FIG. 12. Multimodel ensemble-mean regression of low-cloud anomalies onto PDO time series from (top) 1984 to

2008 (DJF) and (bottom) 1984–2009 (JJA). Stippling indicates where 14 or more models (.87.5%) agree on the sign

of the teleconnection. (right) The regression of ISCCP low-cloud anomalies onto the ERSSTv5 PDO time series.

Gray regions indicate where all CMIP6 models and ISCCP data indicate no low-level cloud coverage in the region

(see methods).
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FIG. 13. As in Fig. 7, for anomalies of precipitation (over land; colors), SST (over the ocean; colors), and geopotential height (contours)

at 300 hPa regressed onto the TPI of the IPO. Regressions are calculated over 1901–2006 (DJF) due to edge effects of low-pass filtering in

the TPI calculation.
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FIG. 14. As in Fig. 13, for anomalies of precipitation (over land; colors), SST (over the ocean; colors), and geopotential height (contours)

at 300 hPa regressed onto the TPI of the IPO for 1901–2007 in JJA.
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assessed them based on observations, focusing on the Pacific

decadal oscillation and the interdecadal Pacific oscillation.

We then evaluated the overall ability of CMIP6 models to re-

produce observed teleconnections between Pacific decadal SST

variability and global hydroclimate. Finally, we investigated the

consequences of models’ temporal biases in the Pacific on repro-

ducing precipitation variability in southwestern North America,

a region highly influenced by Pacific SSTs. Our main conclusions

are as follows, presented using the warm tropic (positive) phase

of PDO:

• All 16 models we assessed are able to recreate a PDO pattern

close to observations. Most models have a westward bias in

their North Pacific cool anomalies, placing the greatest SST

anomaly associated with the PDO in the KOE region. Most

models also have a too negative west–east gradient in the

North Pacific, with too large of a western/central cool anom-

aly, too weak of an eastern warm anomaly, or both. Most

model PDOs have a too weak west–east equatorial gradient

in the Pacific due to the warm anomalies being too weak and/

or too far west. Most models also have too weak spatial vari-

ance in the equatorial Pacific and too strong spatial variance

in the North Pacific, while models that are able to simulate

strong variance in the equatorial Pacific also overestimate the

variance in the North Pacific.
• Models generally recreate the correctly shaped power

spectrum of the PDO and IPO, but all models underesti-

mate variability in the 20–50-yr (decadal) band compared

to observations. In several models, the observed decadal

power density of the PDO and IPO is entirely outside of

the ensemble’s distribution of power densities.
• Model IPO spatial patterns are similar to observations with

some consistent biases. Similar to model PDOs, model

IPOs preferentially place the maximum cooling variability

in the North Pacific too far west, in the KOE region as op-

posed to in the central North Pacific. Models have too

weak of an IPO signal in the South Pacific compared to the

North Pacific. Model biases in circulation and precipitation

teleconnections to the PDO are not notably worse or better

than those for teleconnections to the IPO.
• Using three metrics [corrected pattern correlation, rela-

tive extratropical–tropical pattern magnitude, and decadal

(20–50-yr) temporal variability] to quantify models’ spatio-

temporal representation of the PDO and IPO compared to

observations, we find that no models clearly succeed in all

facets of simulating Pacific decadal variability. Models with

relatively high pattern correlations (r ; 0.8–0.9) between

their PDO/IPO patterns and observed patterns still fail in

simulating the correct decadal variability and relative magni-

tudes of tropical-to-extratropical variability. Thus, we empha-

size the importance of a multifaceted approach to evaluating

modes of natural variability in models that goes beyond sim-

ple pattern correlation.
• Consistent with model PDO patterns having too weak of

an equatorial SST gradient, models fail to capture the zonal

asymmetry of the low-cloud–PDO relationship across the

tropical and subtropical Pacific.
• Observed hydroclimate anomalies associated with the PDO

and IPO are generally reproduced by the CMIP6 multimo-

del mean, though individual model biases exist in precipita-

tion and circulation that are consistent with biases in their

structure and magnitude of SST patterns for the PDO and

IPO.
• CMIP6 models are virtually unable to simulate extreme

30-yr precipitation trends in southwestern North America

FIG. 15. Distributions of 30-yr trends in (left) the PDO index (x axis), (right) the TPI of the IPO (x axis), and water-

year precipitation in southwestern North America (y axis; both) over 1871–2013 (models) and 1902–2013 (observa-

tions). The distribution from CMIP6 models is shown as a green contoured bivariate KDE, and observations (CRU)

are orange scatter points. The marginal axes show single-variable KDEs for each of the axis variables for models

(green) and observations (orange). The 30 years with the wettest and driest precipitation trends in the southwest are

labeled.
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of observed magnitudes for both wetting and drying. This

is consistent with models’ inability to simulate the correct

distribution of trends in the PDO and the IPO. Model dis-

tributions of these trends are typically not broad enough,

possibly due to their underpowered SST variability on de-

cadal time scales.

While in this work we primarily assess model fidelity in sim-

ulating Pacific decadal variability on a model-by-model basis,

understanding why models have certain biases in their PDOs

and IPOs is an important pathway for further research. Shared

biases in the spatial pattern of the PDO in models may indi-

cate systematic model biases in dynamical processes. The lack

of variance in the equatorial Pacific compared to the extra-

tropics in many models (Figs. 1 and 2) could be because

1) models fail to generate sufficient decadal variability internal

to the tropics (Emile-Geay and Cane 2009; Power et al. 2021;

Capotondi et al. 2023) or 2) modern climate models are not

properly simulating the contribution of extratropical forcing to

tropical Pacific decadal variability due to biases in ocean dy-

namical processes (Newman et al. 2016; Zhao et al. 2021;

Farneti 2017; Zhao et al. 2023). In regard to the second pos-

sibility, models with undersized PDO signals in the tropical

Pacific tend to have weak (or opposite-signed) PDO and IPO

signals in the South Pacific. This is consistent with recent find-

ings that CMIP6 models underestimate ENSO teleconnections

to the Southern Hemisphere due to a westward bias in tropical

Pacific-forced circulation anomalies (Fang et al. 2024), which

would result in underestimation of model South Pacific variabil-

ity in their IPOs. Recent work has also found ocean subsurface

processes to be an important driver of decadal variability in the

South Pacific, so a lack of proper model representation of these

processes may lead to the weak South Pacific model variability

shown in Figs. 4 and 5 (Lou et al. 2020).

The source of the westward bias of model SST anomalies in

the North Pacific deserves further investigation. Examining net

ocean surface heat flux in models versus observations indicates

that models have large ocean dynamical-induced SST tenden-

cies in the KOE region that are damped by the atmosphere,

possibly related to latitudinal shifts of the KOE (Fig. S17). The

stronger, farther-westward-reaching surface Aleutian low in

models compared to observations (Fig. 9) could allow for mod-

eled westward-propagating oceanic Rossby waves to affect

SSTs along the coast of Japan more easily and earlier than in

reality (Seager et al. 2001), causing greater-than-observed vari-

ability in the KOE region. Recent work has also found that

tropical dynamics drive the central North Pacific maxima of the

PDO footprint and that empirically removing the influence of

the tropical Pacific on North Pacific variability results in KOE

variability overtaking the PDO pattern as the dominant pattern

of North Pacific variability (Zhao et al. 2021). Thus, models’

overrepresentation of KOE variability compared to the central

Pacific in their PDOs may be a result of an insufficient sensitiv-

ity of the North Pacific to the tropics. This is consistent with

our results showing that while the two MIROC models rank

poorly in our PDO evaluation metrics largely due to their over-

emphasis of the equatorial Pacific (Fig. 6), they are the only

models that have maximum SST variability in the central North

Pacific rather than in the KOE region (Figs. 1 and 7). The

underestimation of decadal-band power in model PDOs

may have related dynamical causes. Midlatitude air–sea in-

teraction, the propagation of oceanic Rossby waves, and

coupling between the extratropical and tropical Pacific are

all considered to be critical physical processes for setting the

decadal time scale of the PDO, though the pathways by

which these processes can add or reduce variance on de-

cadal and other time scales are complex (Zhang and Delworth

2015; Newman et al. 2016; Liu and Di Lorenzo 2018; Di Lorenzo

et al. 2023). Model biases in simulating these processes could

cause the reduced PDO decadal variance that we find here,

and further investigation into the source of these biases is

warranted.

In recent years, there has been growing attention toward an

apparent “signal-to-noise paradox” in climate models that has

been primarily discussed in terms of variability in the Atlantic

sector and whether the observed North Atlantic Oscillation

trends are forced, rather than due to natural variability (Scaife

and Smith 2018). To engage with this idea in the Pacific sec-

tor, in Fig. S18, we show time series of the forced responses of

the PDO in each model and the grand ensemble mean. The

correlations between the observed PDO and model-simulated

forced PDOs are mostly positive but not statistically signifi-

cant at the 95% threshold, although it is noteworthy that the

recent trend toward a negative PDO in observations is repli-

cated, albeit with a smaller magnitude, in most models and in

the grand ensemble mean. These results are at least sugges-

tive of a possible interaction between the PDO and radiative

forcing.

Our results using large ensembles of CMIP6 models also

demonstrate the magnitude of spread between realizations

from the same model in their spatial and temporal representa-

tions of the PDO and IPO. For most of the models we exam-

ine in this study, similar to results for the Community Earth

System Model–Large Ensemble in Newman et al. (2016), the

intramodel spread in spatial PDO patterns is smaller than the

intermodel spread of model ensemble means (e.g., Fig. 2 and

Figs. S4 and S5). However, this is not true for the CNRMmod-

els and EC-Earth3 models in our study. As found in Coburn

and Pryor (2021), the distribution of spatial metrics and power

spectra for realizations within a given model is such that cau-

tion should be exercised before choosing a single realization to

represent that model’s performance since this could bias the re-

sults depending on which realization is selected. In addition,

our results showing systematic biases in models’ temporal rep-

resentations of Pacific decadal variability justify the use of syn-

thetic, realistic decadal variability of Pacific SSTs in forcing

model runs as in Seager et al. (2023, 2025). Our finding that

models are unable to produce decadal precipitation trends in

the Southwest as extreme as observed motivates similar stud-

ies of other PDO-teleconnected land regions. Characterizing

model PDOs and IPOs, common biases, and the implications

of these biases will be useful to climate model developers and

users of model data. Understanding the accuracies and biases

of climate models’ representation of decadal variability is key

to accurately assessing uncertainty in future projections due to
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natural variability and possible interactions between forcing

and modes of variability.
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