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Abstract

Persistent, multi-year shifts in atmospheric circulations and their associated influence on regional climates have profound
impacts on physical, biological, and socioeconomic systems. The Pacific Decadal Precession (PDP), an atmospheric mode
of variability consisting of a lower tropospheric height dipole which rotates counterclockwise over several years in the North
Pacific, describes a series of such shifts in atmospheric circulations. One phase of the PDP, the north-south (N-S) phase, is
hypothesized to be partially driven by central tropical Pacific (CP) sea surface temperature (SST) variability, but robust assess-
ment of this dynamical connection in climate models remains to be done. In this study, we investigate this hypothesis with
analyses in both reanalysis and selected models from the Coupled Model Intercomparison Project Phase 6 (CMIP6) archive.
We show that the emergence of the N-S phase is both related to and influenced by tropical Pacific decadal SST variability,
specifically variability associated with CP El Nifio-Southern Oscillation (ENSO) events. When examining the pre-industrial
runs of the CMIP6 models, we find that most models cannot recover the characteristic cyclonic precession of the dipoles
of the PDP, instead featuring only amplitude and sign changes of the N-S phase, Moreover, the models do not replicate the
dynamical connections between the tropical Pacific and this North Pacific mode of climate variability. Our results suggest
that primary reasons for this inconsistency are that models inaccurately simulate both the SST pattern associated with the
PDP, shared low-frequency power associated with CP ENSO events, and incorrect Rossby wavetrains emanating from the
tropical Pacific into the North Pacific on quasi-decadal timescales. Taken together, our analyses offer another benchmark by
which to test the fidelity of the climate model simulations in capturing Pacific decadal climate variability in order to improve
decadal-to-centennial climate projections.
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1 Introduction

Large-scale climate variations, like those associated with
the North Pacific Oscillation (NPO; e.g., Rogers 1981) and
the Pacific Decadal Oscillation (PDO; Mantua et al. 1997),
have been linked to significant regional climate shifts in the
North Pacific. Examples of such shifts include persistent
drought in California (e.g., Diffenbaugh et al. 2015; Cook
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et al. 2018), anomalously warm sea surface temperatures
(SSTs) in the Gulf of Alaska (e.g., Bond et al. 2015; Di
Lorenzo and Mantua 2016), and the disruption of marine
ecosystems in the Pacific (Mantua et al. 1997; Di Lorenzo
et al. 2008; Litzow et al. 2020; Cheung and Frolicher 2020).
The severity of these impacts has motivated considerable
research into the dynamics and impacts of these modes of
variability in the Pacific (Rogers 1981; Mantua et al. 1997,
Newman et al. 2003; Dufty et al. 2005; Schneider and Cor-
nuelle 2005; Di Lorenzo et al. 2008, 2010; Newman et al.
2016). Currently, two paradigms exist through which the
research community views Pacific variability: (1) the lead-
ing mode paradigm, which includes interactions between
the El Nifio - Southern Oscillation (ENSO), the Aleutian
Low, and the PDO; and (2) the secondary mode paradigm,
consisting of Central Pacific (CP) ENSO, the NPO, and the
North Pacific Gyre Oscillation (NPGO; Di Lorenzo et al.
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2008). Understanding the dynamics of Pacific climate vari-
ability has proven difficult, as the interactions between vari-
ous modes of variability in both the tropics and extratropics
are complex and occur over multiple timescales (e.g., Pierce
et al. 2001; Deser et al. 2017; Zhang et al. 2018b; Capotondi
et al. 2018; Sun and Okumura 2019). Still, efforts to isolate
the contributions of several of these modes of variability
and their feedbacks have improved (sub-)seasonal forecasts
both globally and regionally (e.g., Goddard and Dilley 2005;
Zhang 2005; Moore 2012; Cox et al. 2019; Jacox et al.
2020). Advances made in our understanding of natural vari-
ability in the Pacific are useful in mitigating physical, bio-
logical, and economic impacts from regional climate shifts
both presently and under future climate change.

The mechanisms that drive the ENSO-AL-PDO para-
digm are well studied (e.g., Diaz et al. 2001; Alexander et al.
2002; Kwon and Deser 2007; Shakun and Shaman 2009;
Wang et al. 2012; Wang 2018; Zhang et al. 2018b; Wills
et al. 2019). Less understood are the mechanisms driving
and impacts of the CP ENSO-NPO-NPGO paradigm. Con-
sideration of these secondary modes of variability is needed
for a more complete understanding of Pacific variability
and seasonal conditions experienced in North America. For
example, Baxter and Nigam (2015) concluded that the NPO,
a north-south oriented dipole in sea level pressure anoma-
lies across the North Pacific, was the primary contributor
to extreme winter weather across the midwestern United
States during the winter of 2013-2014. Moreover, Hart-
mann (2015) tied anomalous ridging in the Gulf of Alaska,
responsible for another extreme winter across central and
eastern North America during 2014-2015, to remote forcing
from tropical convection and specifically weak CP ENSO-
like conditions during that period. This remote forcing also
likely reinforced the “Warm Blob" signature (i.e., persis-
tently warm SST anomalies (SSTa) in the North Pacific) for
that winter (Bond et al. 2015). Because of these events and
others, researchers have recently investigated mechanisms
of the secondary paradigm of Pacific variability and their
impact on quasi-decadal North Pacific and North American
climate variability (e.g., Liu and Di Lorenzo 2018; Sun and
Okumura 2019).

The coauthors of this work have recently advanced
knowledge of the secondary mode paradigm by identifying
another mode of atmospheric variability in the North Pacific
tied directly to hydrometeorology in the Northwestern US:
the Pacific Decadal Precession (PDP; Anderson et al. 2016).
While most modes of atmospheric climate variability are
considered stationary patterns (e.g., the Aleutian Low, the
NPO), the PDP is characterized by a cyclonically-propagat-
ing lower-tropospheric anomalous pressure dipole around
the North Pacific during boreal winter, with a full revolution
occurring over ~12 years (Anderson et al. 2016). Figure 1
presents the full evolution of the PDP using 20" Century
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Reanalysis version 2¢ (Compo et al. 2011). The PDP is com-
posed of two distinct phases, defined by the orientation of
the dipole: a north—south (N-S) phase (Fig. 1a, b, e, f), when
the pressure anomaly dipole is oriented meridionally, and
an east-west (E-W) phase (Fig. 1c, d) when the dipole is
oriented zonally. Signs of precession can be seen throughout
the series of maps, with the positive anomaly comprising
the northern pole of the PDP at Year —2 (Fig. 1a) rotat-
ing counter-clockwise to become the western pole at Year
0 (Fig. 1c) and the southern pole at Year +2 (Fig. le). The
evolution of the PDP results in changes in atmospheric cir-
culation over the North Pacific which consequently impact
precipitation and temperature conditions downstream
across North America because of associated changes in the
jet stream (Anderson et al. 2016). These patterns are both
unique and poorly related to the leading modes of Pacific
variability (e.g., Anderson et al. 2016), further justifying
the importance of the secondary mode paradigm within the
larger context of Pacific climate variability.

Previous studies on the PDP showed statistical evidence
of the structure of the PDP and associated lagged telecon-
nections in regional climate. However, the dynamics of the
PDP, including what forcings are responsible for the unique
propagation of this mode, remain unknown. Potential drivers
of the PDP are briefly discussed in Anderson et al. (2016)
and include: (1) The N-S phase is driven by teleconnections
from the central tropical Pacific; and (2) The E-W phase is
driven by stratospheric temperature deviations through their
influence on underlying tropospheric circulations. This study
focuses on the first hypothesis regarding the N-S phase of
the PDP. Motivation for Hypothesis #1 primarily relies on
the connection between the N-S phase of the PDP and the
NPO (Fig 1; Anderson et al. 2017), implying that the PDP
lies within the CP ENSO-NPO-NPGO paradigm. Prior stud-
ies have quantified the role of the tropical Pacific in driv-
ing seasonal-to-decadal variability in the NPO. Di Lorenzo
et al. (2010) and Furtado et al. (2012) used modeling experi-
ments to illustrate that the low-frequency variability in the
NPO, particularly its southern node, lies in central tropical
Pacific SST variability. Similar results were found by Yeh
et al. (2018), who tied late 20th century trends in the NPO
to changes in tropical Pacific convection. Sung et al. (2019)
illustrated that variations in the position and strength of the
NPO, and its downstream impacts on North American win-
ters, are related to tropical Pacific SSTs and tropical convec-
tive patterns. Therefore, while previous research supports
this hypothesis, a formal analysis investigating a dynamical
relationship between CP ENSO and the N-S phase of the
PDP has yet to be conducted in reanalysis data or model
output.

Though research on the PDP has primarily used reanaly-
sis data, identification and testing of the mechanisms asso-
ciated with the PDP require us to look at atmosphere-ocean
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coupled general circulation models (AOGCMs). Historically,
however, AOGCMs have not performed well in simulating
Pacific variability on multiple spatio-temporal scales, with
previous studies showing a wide range in fidelity for modes
like ENSO (Kim and Yu 2012; Deser et al. 2017; Yim et al.
2015) and the NPO (Furtado et al. 2011). The connections
between these modes of variability are weak and even non-
existent in some AOGCMs (Furtado et al. 2011; Deser et al.
2012), especially on the quasi-decadal time scale, such that
previous studies have drastically increased forcings artificially
to ensure a robust atmospheric response (e.g., Shi et al. 2019).
How AOGCMs simulate Pacific decadal climate variability
present a significant barrier for skillful predictions of these
modes and in understanding how Pacific variability may
change under a warming climate (Yeh et al. 2009; Di Lorenzo
et al. 2010; Furtado et al. 2011; Liu and Di Lorenzo 2018).
Further, improving the prediction of the PDP and its related
impacts has direct implications for future climate impacts in
the Pacific Northwest, given its connection to decadal pre-
cipitation variability over North America (Anderson et al.
2016). Significant changes to precipitation are projected for
this region over the next century (Elsner et al. 2010; Tohver
et al. 2014). These changes in rainfall will be accompanied by
changes in annual streamflow variability (Hamlet et al. 2005;
Salathé et al. 2014), which pose a threat to communities and
infrastructure. As such, improving the simulation of Pacific
decadal variability, including the PDP, in climate models is an
important step to fully understanding future climate impacts
over North America.

This study seeks to expand our knowledge of how the
latest climate models in the Coupled Model Intercom-
parison Project, Phase 6 (CMIP6) model archive (Eyring
et al. 2016) simulate the PDP and its dynamical connec-
tions. The guiding hypotheses for this study are (a) The N-S
phase of the PDP is linked to tropical Pacific decadal vari-
ability and, specifically, quasi-decadal variations in central
tropical Pacific SSTs (i.e., variability associated with CP
ENSO); and (b) only some AOGCMs will show evidence of
relationships between the N-S phase of the PDP, the NPO,
and Pacific decadal variability, particularly in the tropical
Pacific. Through statistical analyses with available reanalysis
and CMIP6 model output, we will provide a comprehen-
sive picture of how well the selected models simulate the
PDP and its hypothesized dynamical drivers. Altogether,
our analyses will offer potential steps toward benchmarking
another important mode of Pacific climate variability for
future works.

2 Data and methods

Observation-based atmospheric data are taken from 20th
Century Reanalysis version 2c¢ (Compo et al. 2011). Spe-
cific atmospheric variables examined are monthly-mean
geopotential height (on 24 pressure levels ranging non-
uniformly from 1000 hPa to 10 hPa) and SLP on a 2° X
2° latitude by longitude grid over the period 1870-2013.
SST data are taken from Hadley Centre’s Ice and Sea Sur-
face Temperature (HadISST) data set (Rayner et al. 2003),
consisting of monthly-mean fields from 1870-near present
on a 1° x 1° latitude by longitude grid. Reanalysis variables
from both datasets are considered over the common period
1870-2013. For CMIP6 model output, we use 300 years of
pre-industrial control simulations (i.e., in which atmospheric
CO, concentrations are held to pre-industrial levels so as to
eliminate effects of anthropogenic influences on climate).
The grid spacing for model output varies by both model
and variable. To facilitate comparisons with our analyses of
model output and reanalysis products, model SST data are
regridded to a common 1° X 1° latitude by longitude grid,
and the model atmospheric fields (i.e., geopotential height
data and SLP) are regridded to the same 2° X2° latitude by
longitude grid as the reanalysis, both via bilinear interpola-
tion. More detailed information on the model output used in
this study is shown in Table 1.

All data have the long-term monthly-mean removed, and
reanalysis data are linearly detrended to remove any poten-
tial anthropogenic influence on the variables prior to any
statistical analyses. We also consider variables only during
the extended boreal cold season (i.e., November to March;
NDJFM) and averaged over that season for seasonal means.
The choice of NDJFM reflects the fact that the PDP and its
individual phases are most active during this season (Ander-
son et al. 2016). Statistical significance of regression and
correlation coefficients are determined via a bootstrapping
method with 5000 iterations with replacement. For each of
the 5000 iterations, one time series is randomized prior to
the regression/correlation calculation. The compilation of
these iterations create a distribution against which the true
values are tested at the desired confidence level. Any data
or model output that is described as “filtered" means it is
subjected to an identical 7-20 year™! Butterworth band-pass
filter.

In both reanalysis and models, the PDP is defined using
the procedures from Anderson et al. (2017) briefly outlined
below. Monthly mean NDJFM-averaged 850 hPa geopoten-
tial height anomalies over the North Pacific (15 — 80°N, 125°
E-90°W) are band-pass filtered from 720 years™' and then
subjected to empirical orthogonal function (EOF) analysis.
The leading mode (i.e., the pattern associated with low-
frequency variability of the Aleutian Low) is then linearly
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Table 1 Information and references for CMIP6 model output used in this study

Model data
Model Institution ID Label References
ACCESS-CM2 CSIRO-ARCCSS Australian Community Climate and Earth System Dix et al. (2019)
Simulator Climate Model Version 2
BCC-CSM2-MR BCC BCC-CSM 2 MR Wau et al. (2018)
BCC-ESM1 BCC BCC-ESM1 Zhang et al. (2018a)
CanESM5 CCCma Canadian Earth System Model version 5 Swart et al. (2019)
CESM2 NCAR Community Earth System Model version 2 Danabasoglu et al. (2019)
CESM2-WACCM NCAR Community earth system model version 2 - whole ~ Danabasoglu (2019)
atmosphere community climate model
GISS-E2-1-G NASA-GISS GISS-E2.1 G NASA Goddard Institute
for Space Studies (NASA/
GISS) (2018a)
GISS-E2-1-H NASA-GISS GISS-E2.1 H NASA Goddard Institute
for Space Studies (NASA/
GISS) (2018b)
HadGEM3-GC31-LL MOHC NERC HadGEM3-GC3.1-N960ORCA1 Ridley et al. (2018)
MIROC6 MIROC MIROC6 Tatebe and Watanabe (2018)
UKESM1-0-LL MOHC NERC NIMS- UKESM1.0-N960ORCA1 Tang et al. (2019)
KMA NIWA
removed from the height field via linear regression so that
we can examine the quasi-decadal variability of the residu-
als. The residual spatio-temporal matrix is extended by 5
(a) Year -2 (b) Year -1 1-year lags prior to employ time-extended EOF analysis,
10 which is a preferred method for identifying propagating
modes of variability (e.g., the Madden-Julian Oscillation
(MJO)). Regressing the filtered anomaly field onto the lead-
ing principal component time series from the time-extended
5 EOF at the appropriate lags yields a sequence of 6 maps
representing the progression of the PDP over a 6 year period.
Following Anderson et al. (2017), the third map in this series
(i.e., Year 0) is designated as the central map, with the first
o T two maps “leading” and last three maps “lagging" it. The
= leading principal component time series is hereafter referred
to as the PDP index.
For diagnosing connections between the North Pacific
and the tropical Pacific, we focus on ENSO variability and
() Year 2 (f) Year 3 - its flavors, namely eastern Pacific (or canonical) and CP
ENSO. The canonical and CP ENSO structures are defined
using the EOF-based approach outlined by Kim and Yu
(2012). For the canonical ENSO mode, we linearly remove
-10 the influence from SSTa in the Nifio-4 region (5°S-5°N, 160°

Fig.1 Regression of 7-20 year™' band-passed 850 hPa November-
March (NDJFM) averaged monthly-mean geopotential height anoma-
lies (m) onto the standardized PDP index for lags of Year —2 to Year
+3 for the 20th Century Reanalysis version 2c. Positive lags indicate
the PDP index leads the geopotential height field and vice versa for
negative lags. Black boxes in (e) designate the northern (50°N-70°N,
175°W-130°W) and southern (20°N—40°N, 175°W-145°W) domains
used to define the N-S Index (see text)
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E-150°W) from the full SSTa field for lags —3 to +3 months.
After performing EOF analysis on the residuals over the
domain 30°S-30°N, 120°E-60°W, the leading EOF is then
multiplied by the square root of the associated eigenvalue
to acquire the SSTa structure of canonical ENSO. The
same techniques are applied to isolate SSTa associated with
CP ENSO events, except the influence from the Nifiol+2
region (10°S-0°, 90°W-100°W) is linearly removed from the
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subtropical and tropical Pacific SSTa field instead of the
Nifio-4 region. The associated leading principal component
time series of the EOF analyses provides an index tracking
the canonical ENSO and CP ENSO phenomena.

Power spectrum analyses are also conducted on tropi-
cal Pacific SSTa indices in order to assess their dominant
timescales of variability. Each time series is split in half,
with one overlapping segment, yielding three (3) samples
for power spectral analysis that are averaged together. A
Hanning window is also appled to each segment prior to
spectral decomposition. We use chi-squared testing and a
priori statistics to assess the significance (p < 0.05) of the
peaks in the power spectra. Use of a priori statistics is war-
ranted as past studies have highlighted that the canonical
and CP ENSO phenomenon have power on interannual to
decadal time scales (Diaz et al. 2001; Furtado et al. 2012;
Wang 2018)

3 Results
3.1 The PDP structure in the CMIP6 models

We begin our study by assessing the representation of the
PDP in both the CMIP6 models and reanalysis data (Fig. 2).
In general, the CMIP6 models used in this study capture the
general structure of the N-S phase of the PDP adequately
(Fig. 2a, b, e, f; Years =2, —1, 2, 3), though the location,
extent, and magnitude of the anomaly dipole vary across
models. For example, the northern pole of the PDP in GISS-
E2-1-G is larger in magnitude and situated farther west than
in reanalysis (Fig. 2, Year 2). CESM2 simulates the northern
pole of the N-S phase of the PDP with a northwesterly exten-
sion of the anomaly not seen in reanalysis, while MIROC6
simulates a pattern situated too far to the southeast. How-
ever, the biggest flaw with the simulated PDP in the models
is that they do not accurately capture the E-W phase of the
PDP. Only ACCESS-CM2 and CanESMS illustrate evidence
of a distinct E-W phase (Fig. 2; Years 0 and 1). The lack of a
distinct E-W phase in the models physically means that the
models also lack the characteristic propagation features of
the PDP. Hence, we could argue that these climate models
simulate a North Pacific process very different from how we
define and how we view the PDP in nature. ACCESS-CM2
and CESM2-WACCM include evidence for some precession,
shown by slight cyclonic rotation of the anomaly dipole with
time, though the magnitude of the anomaly dipole for the
E—W phase is much less than in reanalysis (Fig. 2, top row).
Several other models (e.g.,UKESM1-0-LL and BCC-ESM1)
instead show evidence of a damping of the N-S phase of the
PDP with time rather than a precession.

To summarize the model results succinctly, we quantita-
tively compare the models’ representation of the N—S phase

of the PDP during Year +2, as Year 42 features a distinct
N-S phase in reanalysis and the CMIP6 models (Fig. 2,
second-to-last column). Aside from the PDP index defined
through time-extended EOF analysis, we define an index of
the N-S phase of the PDP (i.e., the N-S Index) as the differ-
ence in the area-averaged 720 year™! band-pass filtered 850
hPa monthly mean geopotential height anomalies between
the northern (50°N-70°N, 175°W-130°W) and southern (20°
N—40°N, 175°W-145°W) loading centers of the N-S phase
of the PDP (Fig. le, black boxes). This index is essentially
the 7-20 year~! bandpass filtered NPO index defined in Fur-
tado et al. (2012) with some slight differences in the spatial
domain. This formulation also follows from previous work
on the PDP and our guiding hypotheses. In addition to the
temporal variability of the N-S index, we also calculate the
spatial correlation of the structure of the NS phase of the
PDP between the models and reanalysis as a performance
metric. Figure 3 summarizes the model performance for the
N-S phase of the PDP in a Taylor diagram. Most models
under-simulate the observed variability in the N-S phase
of the PDP, especially CESM2-WACCM. The difference in
variability may result because of a difference in location of
the nodes of the N-S phase within model simulations, as
noted earlier in Fig. 2. Indeed, excluding CESM2, no model
features a N-S phase of the PDP with a pattern correlation
with that of the 20th Century Reanalysis map greater than
r = 0.7, with most pattern correlations between 0.4 and 0.6
(Fig. 3). Hence, in addition to the differences in their spatial
representation of the PDP, these quantification metrics from
the Taylor diagram indicate that the CMIP6 models poorly
represent the PDP and its individual phases.

To investigate reasons for the mixed performance of
these models in simulating aspects of the PDP, we choose a
reduced subset of the CMIP6 models to analyze further in
this manuscript. We use Figs. 2 and 3 to guide the choices
of these models. As such, the remainder of this manuscript
focuses on analyses and diagnostics using three of the “most
successful" models in reproducing the PDP (i.e., CESM2,
ACCESS-CM2, and UKESM1-0-LL) and two of the “least
successful" models (i.e., CanESM5 and BCC-CSM2-MR).
Results for the other CMIP6 models shown in Fig. 2 are rel-
egated to Supplemental Material for the reader to examine
and will be referenced as needed in later comparisons and
analyses.

3.2 Investigating mechanistic links
between the PDP and central tropical Pacific
SSTa variability

Recall that the N-S phase of the PDP maps onto the NPO.

Previous literature has shown evidence that the N-S phase
of the PDP is linked to fluctuations in central tropical
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Year -2 Year -1 Year 0 ' Year 1 v Year 2 Year 3

20th
Century
Reanalysis

ACCESS-
CM2

BCC-CSM2-
MR

BCC-ESM1

CanESM5

CESM2-
WACCM

GISS-E2-1-

GISS-E2-1-
H

HadGEM3-
GC31-LL

MIROC6

UKESM1-0-
LL

[m]

Fig.2 (First row) Same as Fig. 1. (All other rows) As in Fig. 1 but for the various CMIP6 model output

Pacific SST variability and the CP ENSO phenomenon, in the central tropical Pacific may dynamically drive the
particularly at quasi-decadal timescales (Di Lorenzo et al. ~ N-S phase of the PDP via atmospheric and oceanic path-
2010; Furtado et al. 2012). Furthermore, Anderson et al. ways. We now investigate this hypothesis directly by
(2016) hypothesized that the warming and cooling patterns ~ comparing the concomitant SSTa evolution in the central
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MIROC6
BCC-ESM1
GISS-E2-1-G
GISS-E2-1-H
HadGEM3-GC31-LL
CESM2-WACCM
ACCESS-CM2
UKESM1-0-LL
CanESM5
BCC-CSM2-MR
CESM2

Standard Deviation (m)
Oreeqpeomxeo+

reanalysis

Fig.3 Taylor diagram of the comparison of the N-S phase of the PDP
(i.e., the Year +2 pattern in Fig. le) in the CMIP6 model output rela-
tive to that derived from the 20th Century Reanalysis. The standard
deviation measure (m) is derived from the N-S index, and the correla-
tion coefficient is computed spatially for the lag Year +2 maps from
Fig. 2

(a) Year -3
e

120°E 60°W

15°N
0°
15°S .
120°E 180° 120°W 60°W
(e) Year 1

60°W

tropical Pacific during the emergence of the N-S phase
of the PDP and boreal wintertime variability of central
tropical Pacific SSTa in both reanalysis and our subset of
the CMIP6 models.

Reanalysis supports the hypothesis tying tropical Pacific
SSTa variability to the N-S phase of the PDP. Figure 4
shows the lag regression of NDJFM-averaged SSTa in the
tropical Pacific from HadISST onto the observed PDP index.
Anomalously positive central tropical Pacific SSTa occur
with the transition of the PDP from the E-W phase to its
N-S orientation (Fig. 4d—f), suggesting a potential lagged
relationship between tropical Pacific SSTa and the N-S
phase of the PDP. More specifically, the Year +1 pattern
(i.e., SSTa lagging the PDP index, Fig. 4e) results in a simi-
lar broad area of significant positive SSTa throughout the
central tropical Pacific, with negative SSTa in the western
Pacific. This is one year prior to the establishment of the
N-S phase of the PDP at Year +2. Interestingly, the SSTa
patterns at Year O and Year +1 suggest that most of the east-
ern tropical Pacific experiences warming in addition to the
central Pacific, characteristic of canonical ENSO conditions.

(b) Year -2

15°N [

0°

1505 [EX

120°E
(d) Year O

120°E
(f) Year 2

-0.05

-0.1

0

[°C]

Fig.4 Lag regression of NDJFM monthly-mean SSTa (°C) onto
the PDP index from HadISST from (a) Lag Year —3 to (f) Year +2.
Positive lags indicate the PDP index leads SSTa and vice versa for

negative lags. Stippling denotes statistically significant (p < 0.05)
regression coefficients found using a bootstrapping method with 5000
iterations (with replacement). Black boxes in (e) defined in text
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While Anderson et al. (2017) hypothesized that the SSTa
pattern associated with the emergence of the N-S phase of
the PDP is related to CP ENSO variability, the pattern shown
in Fig. 4e suggests that the PDP-related SSTa pattern resem-
bles more the decadal expression of ENSO instead (e.g.,
Zhang et al. 1997; Gu and Philander 1997; An and Wang
2000; Choi et al. 2013). We next focus on the SSTa pattern
at Year +2 which occurs simultaneously with the N-S phase
of the PDP.

Transitioning to analyzing the CMIP6 models, Fig. 5
shows the regression of model simulated SSTa onto the
PDP index at Year +2 (i.e., the PDP leads SSTa). The
resulting SSTa regression patterns show little consistency
with reanalysis (Fig. 5a), with only BCC-ESM1 (Supple-
mentary Figure Sla) and GISS-E2-1-H (Supplementary
Fig. S1d) reproducing the significant relationship between
warm central Pacific SSTa and the N-S phase of the PDP.
The lack of statistically significant SSTa in most models
(Fig. 5b—e) suggests that the large inter-model diversity is
likely due to either a lack of ocean-atmosphere dynamics or
other physical processes being simulated in CMIP6 models
or erroneous temporal variability in tropical Pacific SSTa.

(a) HadISST
-

15°N P -
o L] W
S Nl
i - N
15°S [ A&y !
\ g
120°E 180°
(c) ACCESS-CM2
v
150N [
0° s 3 i
HPRWETS s
15°8 figend e it s : * & .
- |
120°E 180° 120°W 60°W

(e) BCC-CSM2-MR

Interestingly, both BCC-CSM2-MR (Fig. 5e) and CESM2
(Fig. 5b) show statistically significant (p < 0.05) negative
SSTa in the tropical Pacific, which is dynamically incon-
sistent with the North Pacific atmospheric response (e.g.,
Di Lorenzo et al. 2010; Furtado et al. 2012). Models such
as BCC-CSM2-MR (Fig. 5e) and CESM2 (Fig. 5b) with
statistically significant negative SSTa during Year +2 of the
PDP suggest the cause of CMIP6 models lacking a rela-
tionship between the PDP and SSTa in the central tropical
Pacific may not be just temporal in nature (e.g., Deser et al.
2012), but physical as well. Therefore, the CMIP6 models
studied here do not support the working hypothesis on the
connections between the tropical Pacific and the N-S phase
of the PDP. These results hold consistent for the regression
of model simulated SSTa onto the PDP index at Year +1 as
well (not shown), indicating that models do not capture even
the strongest SSTa signal associated with the transition of
the PDP to the N-S phase.

Our next analysis is motivated by the similarities between
the CP ENSO spatial pattern from Ashok et al. (2007), the
regression results from observations in Fig. 5, and prior
knowledge that some “flavors" of ENSO are decadal in
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Fig.5 a Same as Fig. 4e. b—f As in (a) but for the five CMIP6 models at Year +2
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nature lead us to next investigate whether low-frequency
variance in either canonical ENSO or CP ENSO events
are associated with the transition to the N-S phase of the
PDP from Year +1 to Year 4+2. With the motivation that the
lack of statistical connection between the PDP and central
tropical Pacific SSTa (Fig. Sb—e) may be a result of models
poorly simulating general Pacific climate variability, Figs. 6,
7 illustrate the resulting canonical (Fig. 6) and CP ENSO
(Fig. 7) patterns from HadISST and the five CMIP6 models.
The results from HadISST are as expected: (1) For canoni-
cal ENSO (Fig. 6a), the location of maximum variability is
confined to the eastern Pacific; and (2) the location of the
maximum anomalies for CP ENSO is located in the central
Pacific. Moreover, the CP ENSO structure (Fig. 7a) shows
SSTa variability extending toward the coast of southwestern
North America, similar to the structure of the SSTa pattern
at Years +1 and +2 (Fig. 4e, f). The better match between
the CP ENSO structure and the PDP Year +2 SSTa pattern
is also confirmed temporally at low frequencies. That is,
the correlation between the low-pass filtered (7-20 year™")
time series of the PDP Year +2 SSTa pattern and that of the
canonical ENSO structure in reanalysis is weak (r = 0.13).
However, the same time series correlated with the filtered
CP ENSO time series has a significantly high correlation
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Fig.6 Standard deviation (°C) of the leading EOF mode of monthly-
mean tropical Pacific SSTa over the domain 30°S-30°N, 120°E-60°W
after removing variability associated with the Nifio-4 index for lags
—3 to +3 months (i.e., the canonical ENSO signature) for (a) Had-

(r = 0.85; p < 0.001). This high correlation value thus bol-
sters Hypothesis #1 of our work.

The CMIP6 model simulations, however, show consider-
able differences in the structures of the two types of ENSO
events. For example, the ACCESS-CM2 (Fig. 6¢) and BCC-
CSM2-MR (Fig. 6e) models have much more variability in
SSTa associated with canonical ENSO events than observed.
Additionally, with the exception of CESM2 (Fig. 6b), the
CMIP6 models exhibit maximum SSTa variability associ-
ated with canonical ENSO events focused on a narrow belt
along the cold tongue region instead of the broader meridi-
onal structure seen in observations (Fig. 6a). The narrow belt
of variability likely influences the models’ representation
of CP ENSO events, as most models display a CP ENSO
structure with maximum SSTa variability eastward of the
location shown in reanalysis (Fig. 7) that is more reminis-
cent of canonical ENSO events. CESM?2 (Fig. 7b) is again
an exception to this result, with maximum positive SSTa
farther west than in reanalysis. Should the N-S phase of the
PDP be dynamically linked to CP ENSO conditions, the
lack of proper spatial structure and variability for CP ENSO
in CMIP6 models supports our earlier findings of CMIP6
model’s mixed fidelity of simulations of the N-S phase of the
PDP (Fig. 3) and the lack of significant correlation between
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ISST and (b)—(f) the five CMIP6 models. Values included in paren-
theses in (b)—(f) are the spatial correlations of each model with
HadISST results shown in (a). All correlation values are statistically
significant (p <« 0.001)
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Fig.7 Asin Fig. 6 but for the CP ENSO signature (see text for details)

the two (Fig. 5). Despite these important differences, notice
that the pattern correlations between the models and the
observed ENSO structures are fairly high in many cases
(r = 0.7 — 0.9 for canonical ENSO (Fig. 6) andr = 0.8 — 0.9
for CP ENSO (Fig. 7)). The apparent difference in the quan-
titative vs. qualitative measures of success indicate the
importance for both when considering model performance
for the different ENSO flavors. Similar mixed performance
exists for the other CMIP6 models with their canonical and
CP ENSO structures (Supplemental Figures S2 and S3).
GISS-E2-1-G and GISS-E2-1-H show a canonical ENSO
structure closely matching HadISST (pattern correlations
of r ~ 0.8 — 0.9; Supplemental Figs. S2c and S2d), while
MIROCS6 displays a basin-wide structure (Supplemental Fig.
S2f). The CP ENSO structure in these additional models
are also too strong in magnitude and, despite high pattern
correlations, also erroneously extend throughout the equa-
torial Pacific (Supplemental Fig. S3). Hence, we conclude
that, collectively, these CMIP6 models continue to exhibit
known biases in their structure of ENSO flavors (Bellenger
et al. 2014).

With biases in the structures of CP ENSO quantified
above, we next turn to understanding the temporal vari-
ability of CP ENSO structures in reanalysis and the CMIP6
models. This analysis is important because the PDP itself
possesses quasi-decadal periodicity (about 12 years), and
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the guiding hypothesis links this variability in large part to
tropical Pacific decadal variability. Thus, not only are the
spatial characteristics of the remote forcing important but
the timescale of the remote forcing as well. Figure 8 com-
pares the power spectra of the CP ENSO index (i.e., the
principal component time series from the EOF analysis) in
reanalysis and the five CMIP6 models. As also shown by
Furtado et al. (2012), the observed CP ENSO phenomenon
has significant (p < 0.05; red line in all panels of Fig. 8)
power on quasi-decadal time scales (Fig. 8a). The selected
models, by contrast, generally show power for their respec-
tive CP ENSO patterns at higher frequencies than found in
reanalysis. For example, ACCESS-CM2 (Fig. 8c) has a sta-
tistically significant peak at ~2-3 years and CESM?2 (Fig. 8b)
has a statistically significant peak at ~5 years. Both CESM2
and UKESM1-0-LL (Fig. 8b and f) have significant peaks
at quasi-decadal frequencies, yet they are not as robust nor
as broad as the peak shown in reanalysis (Fig. 8a). Other
CMIP6 models feature similar higher-than-observed fre-
quencies for the CP ENSO phenomenon in their simula-
tions (Supplemental Figure S4). Power spectral analysis con-
ducted on canonical ENSO indices for each model shows no
significant quasi-decadal peaks either (Supplemental Figure
S5), indicating that the simulated PDP patterns are also not
tied temporally to canonical ENSO variability in the models.
Overall, these power spectra further support the idea that
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Fig.8 (Black) Power spectra of the leading principal component time
series for CP ENSO (i.e., associated with the structure in Fig. 7 for
(a) HadISST and (b—f) the five CMIP6 model output. (Red) The 95%

the models cannot adequately represent the spatio-temporal
evolution of central tropical Pacific SSTa variability, hence
likely biasing their representation of the N—S phase of the
PDP.

Our final comparison explicitly examines the PDP-related
tropical Pacific SSTa pattern (Fig. 4e) in reanalysis and the
models. This analysis complements our previous look at
canonical and CP ENSO variability but relies on the actual
SSTa forcing pattern identified for reanalysis rather than an
EOF-defined pattern. To do this analysis, we construct a
time series of the PDP-related SSTa pattern by taking the
difference of the spatially-averaging SSTa in the two boxes
shown in the figure: the central tropical Pacific (10°S—10°N,
175°W-130°W) and the western Pacific (0°-20°N, 135°
E-150°E). These regions were selected due to their statis-
tically significant relationship to the PDP during Year O,
Year +1, and the similar SSTa pattern in Year +2 (Fig. 4).
We then apply a 7-20 yr~! band-pass filter to the time series
and lag-correlate it with the PDP index. Figure 9 shows the
lag correlation between the filtered PDP-related SSTa time
series and the PDP index. In reanalysis (Fig. 9a), statistically
significant (p < 0.05) correlations between the two indices
at lags Year 0, Year +1, and Year +2. Further, significant
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confidence spectrum level. Power spectrum values in all panels nor-
malized by the total variance of the index

negative correlations at lags Year -5 and Year -4 correspond
to the evolution of cooler central Pacific SSTa associated
with the opposite polarity of the N-S phase of the PDP. By
contrast, models show little evidence of any lagged rela-
tionship between CP ENSO and the PDP index, with few
models having » > 0.2 and no apparent periodicity in the
lag correlations. The lack of periodicity matches the mod-
els’ absence of significant precession associated with the
PDP (Fig. 2). In fact, the ACCESS-CM2 (Fig. 9¢) shows a
statistically significant correlation at Years -5 and -4, how-
ever the correlation is positive which is not consistent with
reanalysis (i.e., should be negative/related to negative SSTa).
The other CMIP6 models also have poor representation of
the lag correlations between their PDP-related SSTa pattern
and PDP index (Supplemental Figure S6). Overall, these
results further highlight how models struggle to simulate
the relationship between the PDP and tropical Pacific SSTa
variability as seen in reanalysis (Fig. 9).
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Fig.9 (Black) Lag correlation (from —10 to +10 years) of the PDP
Index with the 7-20 year™! band-passed NDJFM-averaged CP ENSO
index for a HadISST and (b)—(f) the five CMIP6 models. Positive

3.3 Evaluating teleconnections between the PDP
and the tropical Pacific

The last section addresses Hypothesis #2—i.e., examining
tropical Pacific-extratropical North Pacific teleconnection
pathways associated with the PDP. The proposed mecha-
nism asserts an “atmospheric bridge" mechanism linking
the PDP and the tropics. That is, variations in the longitu-
dinal location of diabatic heating in the tropics can induce
different Rossby wave patterns which subsequently modu-
late atmospheric circulation in the extratropics (Hoskins
and Karoly 1981; Alexander et al. 2002). We investigate
the proposed atmospheric bridge mechanism for the PDP
in both reanalysis and models using our index of the PDP-
related SSTa pattern (Sect. 3.2 and Fig. 5a). Supplemen-
tary Figure S7 affirms that this method captures the desired
forcing pattern in the models and reanalysis, with pattern
correlations between model results and reanalysis ranging
from r = 0.88 for BCC-CSM2-MR (Supplementary Fig.
S7e) to r = 0.95 for HadGEM3-GC31-LL (Supplementary
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negative lags. (Red) 95% confidence interval determined from a two-
sided bootstrapping method with 5000 iterations (with replacement)

Fig. S7k). While the pattern correlations are high, slight
variation in the location of maximum positive SSTa is appar-
ent, with some models simulating it farther west (CESM2,
CESM2-WACCM) and some simulating it farther east
(GISS-E2-1-G, HadGEM3-GC31-LL). Model biases in the
climatological state of the tropical Pacific may play a role in
the variability of these patterns across different models and
will need to be investigated.

Next, Fig. 10 presents the regression of 7-20 year™
band-pass filtered 500 hPa eddy (i.e., zonal-mean removed)
geopotential height anomalies onto the bandpass-filtered
PDP-related SST index. In reanalysis (Fig. 10a), the N-S
phase of the PDP emerges in the North Pacific as expected,
with opposite-signed anomalies over East Asia and anoma-
lous troughing downstream across eastern North America.
These reanalysis results are consistent with those found in
Furtado et al. (2012); namely, that low-frequency variability
in the central tropical Pacific SST forces a north-south ori-
ented dipole in geopotential height anomalies in the North
Pacific. By contrast, the results from CMIP6 model output

1
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Fig. 10 Regression of 7-20 year™' band-pass filtered NDJFM aver-
aged monthly-mean eddy geopotential height anomalies (m) onto the
standardized NDJFM averaged monthly mean time PDP-related SSTa

vary considerably in their atmospheric responses to these
similar SSTa changes in the central and western tropical
Pacific (Fig. 10b—f). Overall, model teleconnection patterns
appear to map more onto the Pacific-North American (PNA)
pattern (Horel and Wallace 1981; Wallace and Gutzler 1981)
as opposed to the N-S phase of the PDP/the NPO. Intensi-
fication of the Aleutian Low appears in every model, which
is actually the preferred atmospheric response to canonical
ENSO episodes, not CP ENSO events or quasi-decadal tropi-
cal Pacific forcing (e.g., Alexander et al. 2002; Di Lorenzo
et al. 2010; 2015; Furtado et al. 2012). Moreover, the spatial
correlation of the 500 hPa eddy geopotential height anomaly
maps in the North Pacific between any model and reanalysis
does not exceed r = 0.6. The large biases in the simulated
wave trains for model output with respect to reanalysis sug-
gest that the atmospheric dynamics in models are not rep-
resentative of those in observations on the quasi-decadal
time scale. The other CMIP6 models also feature the same
biases (Supplemental Figure S8). Interestingly, the CMIP6
models struggle with similar biases to models used in the
Intergovernmental Panel on Climate Change (IPCC) Fourth
Assessment Report (AR4) (Furtado et al. 2011). Since we
know that central tropical Pacific SSTa variability forces
an NPO-like response at high and low frequencies (Furtado
et al. 2012), these documented biases in the CMIP6 models
point to model deficiencies in their ENSO structures and
frequencies (Figs. 6, 7, 8, 9) and/or potentially incorrectly

pattern (see text) in (a) HadISST and (b—f) the CMIP6 models. Stip-
pling indicates statistical significance (p < 0.05) using a bootstrap-
ping method with 5000 iterations (with replacement)

capturing the atmospheric bridge mechanism associated
with tropical and extratropical Pacific teleconnections.

4 Summary and discussion

This study expanded our knowledge on a newly-identified
model of Pacific decadal climate variability—the PDP—
through testing leading hypotheses on its dynamical mecha-
nisms in both reanalysis and a subset of the latest climate
models in the CMIP6 model archive. Our results demon-
strated a relationship between the N-S phase of the PDP
(related to the NPO) and central tropical Pacific climate vari-
ability. Several key analyses established this relationship.
The SSTa pattern associated with the emergence of the N-S
phase of the PDP (i.e., the PDP Year O, +1 and +2 SSTa
pattern) is similar the structure of CP ENSO in HadISST
(Fig. 4). The CP ENSO time series derived for HadISST
had significant power at quasi-decadal frequencies (Fig. 8),
was highly correlated with the time series of the PDP-related
SSTa pattern (r = 0.85, p < 0.001), and is significantly cor-
related with the PDP index at lag Year +1 (Fig. 9a). We
performed the same analysis with canonical ENSO indices,
and no significant relationship was found between those
indices and the N-S phase of the PDP pattern (r = 0.13; not
shown). This lack of a relationship makes sense statistically
since the canonical ENSO structure is nearly orthogonal to
the CP ENSO structure, which is related to the N-S phase
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of the PDP, and has little power at quasi-decadal frequencies
but maximizes in interannual frequencies (Supplementary
Fig. S4). Based on these results, low frequency variations
in CP ENSO are indeed strongly related to the N-S phase
of the PDP. The relationship between CP ENSO and the
N-S phase of the PDP also makes a case for the inclusion of
the PDP into the null hypothesis for Pacific variability, as
discussed in Di Lorenzo et al. (2010) and Di Lorenzo et al.
(2015). The current paradigm for Pacific variability includes
teleconnections from CP ENSO onto the NPO. Our results
here indicate the paradigm for Pacific variability requires
further expansion of this branch, and thus the addition of the
PDP as a mode of variability which influenced by CP ENSO.

When examining the PDP and its dynamical mechanisms
within the CMIP6 models, we find that the models feature
strong biases in several facets of the PDP. First, the models
erroneously simulate both the spatial signature and magni-
tude of the PDP, especially the E-W phase (Fig. 2). Sec-
ond, simulations of the PDP’s relationship to central tropi-
cal Pacific SSTa at lag Year +2 in CMIP6 models is weak,
with few showing statistically significant anomalies in the
same region as in reanalysis and some showing anomalies
of the wrong sign (Figs. 4 and 5). Our findings with the
CMIP6 models mirror those of Anderson et al. (2017), who
examined how the PDP was represented in the Community
Climate System Model version 4 (CCSM4; Gent et al. 2011).
Their results indicated that the CCSM4 simulates the PDP
as a stationary damping and periodic flipping of the N-S
phase and does not capture the concomitant evolution of
central tropical Pacific SSTa. Moreover, parallel statistical
analyses with the model output (e.g., the power spectra of
CP ENSO, lag regressions with Pacific SSTa) indicate con-
tinued misrepresentations of the secondary mode paradigm
for the North Pacific (i.e., the CP ENSO and NPO; Figs. 8
and 9). Since the N-S phase of the PDP is influenced by CP
ENSO, then the inability of models in capturing the con-
nection between the central tropical Pacific and the North
Pacific introduces errors into their simulations of the PDP.
Therefore, biases in tropical and North Pacific decadal cli-
mate variability remain a problem for these climate models
even in their newest generation and need to be corrected
for improved climate projections (e.g., Furtado et al. 2011;
Bellenger et al. 2014; Yim et al. 2015; Liu and Di Lorenzo
2018; Zhao et al. 2020). While not explicitly studied in this
manuscript, the problems leading to these mismatches in
spatio-temporal variability of the Pacific decadal climate
modes likely arises from wrong ocean-atmosphere coupling
dynamics, including those associated with the meridional
modes (e.g., Chiang and Vimont 2004; Di Lorenzo et al.
2015; You and Furtado 2018; Liu and Di Lorenzo 2018;
Wang et al. 2019b). Should CP ENSO events increase in
frequency and/or magnitude, as is expected under anthro-
pogenic climate change (Yeh et al. 2009; Freund et al.
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2019; Wang et al. 2019a), then the resulting Pacific climate
regimes may be very different than those projected by the
models. Hence, these likely changes in the projected future
Pacific climate regimes are further motivation to make sure
we understand modes like the PDP and learn to understand
what elements of ENSO diversity and tropical-extratropical
atmospheric (and oceanic) pathways need to be corrected
in the models.

Synthesizing the relationship between the PDP and the
NPO in reanalysis, including its links to the central tropi-
cal Pacific, results in a robust argument to include the PDP
within the secondary mode paradigm for Pacific variabil-
ity. Yet, the CMIP6 models do not support this conclu-
sion. Therefore how the PDP is placed within this para-
digm requires further research. For example, relationships
between the PDP and other climate modes in the Pacific,
including the Madden-Julian Osciallation, variability in the
Kuroshio-Oyoshio Current (Anderson 2019), and the merid-
ional modes, need to be quantified. One particular link to the
PDP yet to be explored is the connections between the PDP
and the NPGO. The secondary mode paradigm establishes
that the NPO forces variability in the NPGO (Chhak et al.
2009; Furtado et al. 2011; Di Lorenzo et al. 2015). With
our results showing that the N-S phase of the PDP maps
onto the NPO and the concomitant SSTa evolution in the
tropics related to CP ENSO, which is a forcing for the NPO
(Furtado et al. 2012), there is likely a link between the PDP
and the NPGO on the quasi-decadal timescale. Furthermore,
SSTa in the North Pacific can substantially impact the over-
lying circulation (Frankignoul and Sennéchael 2007), so the
underlying North Pacific SSTa field may influence the evolu-
tion of the PDP as well (Anderson 2019).

While this work investigated the evolution and dynam-
ics associated with the N-S phase of the PDP, we have
not addressed the other phase of the PDP—i.e., the E-W
phase. This phase is particularly interesting for two reasons.
First, the E-W phase of the PDP may be connected more
with extratropical forcing, including that from the polar
stratosphere, than tropical Pacific SSTa variability, at least
indirectly (Anderson et al. 2017). Indeed, Domeisen et al.
(2019) found that the state of the polar stratospheric vortex
is profoundly affected by ENSO variability, with more sud-
den stratospheric warmings (SSWs; i.e., a rapid weakening
of the stratospheric polar vortex) occurring during El Nifio
years. SSWs can have a strong impact on the underlying
tropospheric circulation (Baldwin and Dunkerton 1999;
Baldwin et al. 2001) and may have decadal variability (van
Loon and Labitzke 2011; Hu and Guan 2018). The second
reason is that the models which perform poorly at simulat-
ing the PDP do so because they lack a transition from the
N-S phase to the E-W phase (Fig. 2). AOGCMs poorly
simulate stratosphere-troposphere coupling dynamics in the
tropics and extratropics (e.g., Charlton-Perez et al. 2013;
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Furtado et al. 2015; Seviour et al. 2016). Even models with
high tops (i.e., model tops generally above 10 hPa) like
CESM2-WACCM show no noticeable improvement in their
simulation of the E-W phase within this study. Should the
E-W phase of the PDP be forced in part by the stratosphere,
further improvement of stratospheric resolution and dynam-
ics will be important in improving predictions of this mode
of variability. In fact, the E-W phase of the PDP strongly
affects decadal variability in seasonal precipitation in the
Northwestern US and the Great Plains (Anderson et al.
2016). Thus, understanding and capturing the E-W phase
of the PDP may have profound impacts on long-lead extreme
precipitation events across the western US and improved
projections of hydroclimate extremes under future climate
change.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00382-021-06114-y.
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