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Abstract

Persistent, multi-year shifts in atmospheric circulations and their associated

influence on regional climates can have profound impacts on physical, biological, and

socioeconomic systems. The Pacific Decadal Precession (PDP), a quasi-decadal mode

of variability in the North Pacific, describes a series of such shifts in atmospheric circu-

lations. Unlike previously established modes of quasi-decadal variability, the PDP is

characterized by the cyclonic progression of an atmospheric pressure anomaly dipole

around the North Pacific and has been connected to climate variations across North

America. The north-south (N-S) oriented phase of the PDP (i.e., when the pres-

sure dipole is oriented meridionally) has been hypothesized to be partially driven by

decadal variability in central Pacific (CP) sea surface temperatures given its similari-

ties to the North Pacific Oscillation (NPO). This thesis investigates this hypothesis by

identifying connections between the N-S phase of the PDP, the NPO, and tropical Pa-

cific decadal variability (PDV), in both reanalysis and select models from the Coupled

Model Intercomparison Project phase 6 (CMIP6) archive. The analyses here show

that the N-S phase of the PDP is indeed related to the NPO, as the quasi-decadal

temporal evolution of the NPO tracks the PDP well. However, there is a considerable

portion of variability in the PDP that is not explained by the NPO which is likely due

to the NPO not explaining variability associated with the east-west orientation of the

PDP. This thesis also shows that the emergence of the N-S phase is both related to

and influenced by tropical Pacific decadal sea surface temperature variability, specif-

ically variability associated with CP El Niño-Southern Oscillation (ENSO) events.

The link between the N-S phase of the PDP and CP ENSO events is demonstrated

by the similarity in sea surface temperature anomaly patterns associated with both

the emergence of the N-S phase of the PDP and the structure of CP ENSO events,

and highly significant temporal correlations between the two patterns. In contrast

to reanalysis, current climate models struggle with simulating the evolution of the

xii



PDP, and in general do not capture the observed relationships between the PDP, the

NPO, and tropical PDV. Potential reasons for models not capturing the relationships

between the PDP, NPO, and tropical PDV are discussed briefly to motivate future re-

search. While this thesis finds evidence supporting connections between the PDP and

other modes of Pacific variability, more understanding of the dynamics of the PDP

and how current models simulate it is needed. Establishing a better understanding

of the dynamics of the PDP and further assessment of these dynamics in models will

aid in improving current prediction capabilities of the PDP and PDP-related regional

climate impacts.
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Chapter 1

Introduction

Large-scale climate variations, like the North Pacific Gyre Oscillation (NPGO)

(Di Lorenzo et al., 2008), the North Pacific Oscillation (NPO) (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 in-

clude persistent drought in California (Diffenbaugh et al., 2015), anomalously warm

sea surface temperatures (SSTs) in the Gulf of Alaska (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). The severity of these impacts has motivated

considerable research focused on the dynamics of these modes of variability and their

impacts (Rogers, 1981; Mantua et al., 1997; Newman et al., 2003; Duffy et al., 2005;

Schneider and Cornuelle, 2005; Di Lorenzo et al., 2008, 2010). Understanding the

dynamics of climate variability in the Pacific has proven difficult, as the interactions

between various modes of variability in both the tropics and extratropics are complex

(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 each mode

of variability and how they feedback onto each other have proved to be valuable in

improving forecasts both globally and regionally (Goddard and Dilley, 2005; Zhang,

2005). Advances made in our understanding of natural variability in the Pacific is

useful in mitigating physical, biological, and economic impacts from regional climate

shifts, and will prove to be even more important in understanding how natural vari-

ability will evolve under future climate change.
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1.1 Pacific Variability: Background

Perhaps the most influential and researched phenomena in the Pacific basin is

the El Niño-Southern Oscillation (ENSO), a coupled atmosphere-ocean mode of in-

terannual variability characterized by a periodic warming and cooling of the eastern

equatorial Pacific coinciding with a see-saw in sea level pressure (SLP) between the

eastern and western tropical Pacific (e.g., Bjerknes, 1959; Rasmusson and Carpen-

ter, 1982; Deser and Wallace, 1990; Wang, 2018). Figure 1.1a shows the structure

of a positive phase canonical ENSO event. Warm SST anomalies (SSTa) associated

with ENSO initiate large areas of deep convection, with the location of the anoma-

lous convection depending on the phase and distribution of SSTa (Tompkins, 2001).

As Sardeshmukh and Hoskins (1988), Hoskins and Karoly (1981), Hartmann et al.

(1984), Gill (1980), and others have shown, heating within the middle troposphere

in the tropics excites Rossby wave trains that propagate into the extratropics, im-

pacting both hemispheres. Consequently, these wave trains modulate atmospheric

conditions through a mechanism known as “the Atmospheric Bridge”, a well-known

pathway through which the tropics can impact conditions in the extratropics (e.g.,

Wallace and Gutzler, 1981; Deser and Wallace, 1990; Diaz et al., 2001; Alexander

et al., 2002).

The atmospheric variability introduced to the extratropics by ENSO links to vari-

ability in the Aleutian Low (AL), a semi-permanent area of low-pressure in the North

Pacific during boreal winter (Figure 1.2; e.g., Barnston and Livezey, 1987; Yu and

Kim, 2011). The atmospheric variability introduced to the extratropics through the

atmospheric bridge and the AL also imprint onto the ocean through modulation of

SST, sea surface salinity, and mixed layer depth by changing surface heat flux, evap-

oration, and Ekman transport (Diaz et al., 2001; Alexander et al., 2002; Zhang et al.,

2018b; Wills et al., 2019). These anomalies are typically imprinted in the boreal win-

ter season when tropical influence is the strongest, and can persist underneath the

2



Figure 1.1: The two leading modes of SST variability in the tropical Pacific in
HadISST (1870-2019), found by regressing SSTa (◦C) onto the first and second
principal component time series of monthly mean SSTa averaged over boreal win-
ter (December-February; DJF) after conducting EOF analysis over the domain (30◦S
- 30◦N, 120◦E - 60◦W). (a) is the structure of a canonical ENSO event, the leading
mode, and (b) is the structure of a CP ENSO event, the second leading mode.

ocean mixed layer until the next winter season through the “reemergence mechanism”

(Deser et al., 2003). The imprinting of atmospheric variability onto the ocean during

boreal winter and the reemergence mechanism are important in understanding the

dynamics and periodicity of the PDO, a mode of climate variability characterized by

warm SSTa in the eastern North Pacific and cool SSTa in the western North Pacific

during its positive phase (Figure 1.3a; Mantua et al., 1997; Newman et al., 2003;

Zhang et al., 2018b). The AL and PDO have been studied extensively for their im-

pacts on storm tracks in the North Pacific (Rodionov et al., 2007; Chu et al., 2020),
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marine ecosystems in the North Pacific (Mantua et al., 1997; Bond et al., 2015; Di

Lorenzo et al., 2013), and connections to quasi-decadal variability in precipitation

over North America (Barlow et al., 2001; Schoennagel et al., 2005; McCabe and

Wolock, 2008; Smith et al., 2019). As a result of ENSO, the AL, and the PDO having

such large impacts on Pacific climate, accurate seasonal to quasi-decadal predictions

of climate variability for the North Pacific and North America are contingent upon

understanding and predicting these modes.

The connections between ENSO, the AL, and the PDO allowed scientists to estab-

lish a framework for Pacific variability that has improved understanding of seasonal

conditions for North America, hereafter referred to as the ENSO-AL-PDO frame-

work (Di Lorenzo et al., 2015). This framework explains a portion of the observed

atmospheric and oceanic variability in the North Pacific, however. Other modes of

variability are important for a more complete understanding of Pacific variability and

seasonal conditions experienced in North America. For example, the primary contrib-

utor to extreme winter weather conditions across the midwestern United States dur-

ing the winter of 2013-2014 was the North Pacific Oscillation (NPO), a climate mode

characterized by a north-south oriented dipole in sea level pressure (SLP) anomalies

(SLPa) in the North Pacific (Rogers, 1981; Baxter and Nigam, 2015), which is not

included in the ENSO-AL-PDO framework. The impacts of this event, in addition to

occurrences like the “Warm Blob” (i.e., persistent warm SSTa in the North Pacific;

Bond et al., 2015; Hartmann, 2015), motivate researchers to explore Pacific variability

outside of the established ENSO-AL-PDO framework.

Secondary modes of variability in the Pacific (ENSO-AL-PDO being the leading

modes) have received more attention within the last decade, leading to the establish-

ment of a secondary framework of Pacific variability involving central Pacific (CP)

ENSO, the NPO, and the NPGO (i.e., the CP ENSO-NPO-NPGO framework) (Di

Lorenzo et al., 2015). CP ENSO events are characterized by a periodic warming and
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Figure 1.2: The two leading modes of SLP variability in the North Pacific in 20th
Century reanalysis (1920-2010), found by regressing SLP anomalies (Pa) onto the
first and second principal component time series after conducting EOF analysis on
monthly mean DJF SSTa averaged over the domain (15◦N - 75◦N, 120◦E - 120◦W).
(a) is the structure of the Aleutian Low, the leading mode, and (b) is the structure
of the North Pacific Oscillation, the second leading mode.

cooling of the tropical Pacific, with maximum magnitude SSTa centered near the in-

ternational dateline (Figure 1.1b; e.g., Ashok et al., 2007), as opposed to the eastern

Pacific as with canonical ENSO (Fig. 1.1a). Instead of projecting onto the AL like

canonical ENSO, CP ENSO induces variability in the North Pacific on seasonal to
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Figure 1.3: The two leading modes of SST variability in the North Pacific in HadISST
(1870-2019), found by regressing SSTa (◦C) onto the first and second principal com-
ponent time series after conducting EOF analysis on monthly mean SSTa averaged
over DJF for the domain (15◦N - 60◦N, 120◦E - 120◦W). (a) is the structure of the
Pacific Decadal Oscillation (PDO), the leading mode of variability, and (b) is the
structure of the North Pacific Gyre Oscillation (NPGO) or the “Victoria Mode”, the
second leading mode.

quasi-decadal timescales via its projection onto the NPO (Figure 1.2b; e.g., Barsugli

and Sardeshmukh, 2002; Di Lorenzo et al., 2010; Yu and Kim, 2011; Furtado et al.,

2012; Garfinkel et al., 2013; Di Lorenzo et al., 2015; Shi et al., 2019). Further, the
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NPO impacts ocean conditions through locally forced surface wind variability (akin

to the PDO being the ocean expression of the AL), inducing the NPGO, a northeast-

southwest oriented dipole in SSTa also referred to as the “Victoria Mode” (Figure

1.3b; Bond et al., 2003; Di Lorenzo et al., 2008). Studies on the CP ENSO-NPO-

NPGO secondary framework for Pacific variability have aided in understanding the

dynamics of phenomena such as the “Warm Blob” and persistent drought in Cali-

fornia (Bond et al., 2015; Siler et al., 2017). However, further research is required

to fully assess the impacts of the modes in this particular framework. Of particular

interest are how these secondary modes impact North Pacific and North American

climate variability on the quasi-decadal timescale (Liu and Di Lorenzo, 2018; Sun

and Okumura, 2019). Motivated by the leading modes of Pacific variability being

unable to explain important phenomenon coupled with an interest in decadal-scale

hydroclimate variability over the United States, a new mode of quasi-decadal climate

variability was recently identified in the North Pacific - the Pacific Decadal Precession

(PDP) (Anderson et al., 2016b,a, 2017).

1.2 The Pacific Decadal Precession (PDP)

While most modes of atmospheric climate variability (e.g., AL, NPO) are tradi-

tionally thought of as stationary patterns, the PDP is characterized as a cyclonically-

propagating lower-tropospheric pressure anomaly dipole around the North Pacific

during extended boreal winter, with a full revolution occurring over the course of

approximately 12 years (Anderson et al., 2016a). In their investigation of the PDP,

Anderson et al. (2016a) separate their discussion of this mode of variability into two

phases: a north-south (N-S) phase (Fig. 1.4a), when the pressure anomaly dipole is

oriented meridionally, and an east-west (E-W) phase (Fig. 1.4b) when the dipole is

oriented zonally. The evolution of the PDP results in changes in atmospheric circu-

lation over the North Pacific which consequently impact seasonal precipitation and
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temperature conditions downstream across North America. With the identification of

the PDP, subsequent studies found evidence linking it to decadal variability in precip-

itation in the Western US (Anderson et al., 2016b,a), marine heatwaves in the North

Pacific (Di Lorenzo and Mantua, 2016), and variations in SSTa in the tropical Pacific

(Anderson et al., 2016b). These particular phenomena were found to be poorly related

to the leading modes of Pacific variability, further motivating research on secondary

modes of variability in the Pacific outside of the ENSO-AL-PDO framework.

Figure 1.4: Regression of 7-20 year-1 band-passed 850 hPa November-March (ND-
JFM) averaged monthly mean geopotential height anomalies (m) onto the standard-
ized PDP index at lag -2 years and lag 0 years (negative values mean field leads the
PDP index), comprising the (a) N-S phase and the (b) E-W phase of the PDP for
20th Century reanalysis, respectively.

Establishing an understanding of the dynamics of modes of variability in the North

Pacific is particularly important for understanding and predicting their impacts. In-

deed, identifying dynamical connections between modes of variability is what led to

the leading and secondary paradigms for North Pacific variability (i.e., the ENSO-

AL-PDO and CP ENSO-NPO-NPGO frameworks). Currently, the dynamics of the

PDP remain unknown. Potential drivers of the PDP are briefly discussed in Anderson

et al. (2016a). In addition to separating their analysis of the PDP into two distinct

8



phases, Anderson et al. (2016a) also differentiate their discussion of the dynamics of

the PDP by phase. The hypotheses they propose are:

1) The N-S phase is driven by teleconnections from the central tropical Pacific.

2) The E-W phase is driven by stratospheric temperature deviations through their

influence on underlying tropospheric circulations.

Hypothesis (1) relies on the assumption that the N-S phase of the PDP maps onto

the NPO (Fig. 1.2). The emergence of the N-S phase of the PDP occurs concurrently

with warming and cooling of central tropical Pacific SST, with the pattern of SSTa

being reminiscent of CP ENSO (Anderson et al., 2017). Indeed, Furtado et al. (2012)

demonstrated that CP ENSO is linked to the NPO, especially the southern node, on

quasi-decadal timescales, which would be consistent with this hypothesis should the

N-S phase truly map onto the NPO. Taken together, findings from Furtado et al.

(2012) and Anderson et al. (2017) support this hypothesis and the possibility for the

PDP to fit within the secondary mode paradigm (i.e., the CP ENSO-NPO-NPGO

framework; Di Lorenzo et al., 2010, 2015). While previous research supports this hy-

pothesis, 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.

Hypothesis (2) relies upon previous research showing that tropical Pacific temper-

ature deviations, like those that are associated with the emergence of the N-S phase

of the PDP, can induce stratospheric temperature deviations (Iza and Calvo, 2015).

Stratospheric temperature deviations can persist after the tropical Pacific tempera-

ture deviations subside and induce the E-W phase via downward propagating wave

activity (Baldwin and Dunkerton, 1999). In essence, the E-W phase is hypothesized

to be a lagged influence from the SSTa pattern in the central Pacific associated with

the emergence of the N-S phase of the PDP. Though both hypotheses concerning the
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maintenance of the PDP remain untested, this thesis will primarily focus on hypoth-

esis (1) - i.e., the maintenance of the N-S phase.

Research on the PDP and its two phases has primarily used reanalysis data,

with only one analysis of atmosphere-ocean coupled global climate model output

(Anderson et al., 2017). Of additional and arguably equal importance is characterizing

how current state-of-the-art (AOGCMs) capture the PDP and its associated impacts.

Indeed, gaining an understanding of how models perform allows for the identification

and subsequent improvement of model shortcomings. Historically, AOGCMs have

not performed well in simulating Pacific variability, with previous studies showing

a wide range in accuracy for both modes of tropical Pacific variability like ENSO

(Kim and Yu, 2012; Deser et al., 2017) and modes of North Pacific variability like

the NPO (Furtado et al., 2011). The connections between these modes of variability

(i.e., through the frameworks introduced in Section 1.1) 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 produce a robust response (e.g., Shi et al., 2019). Current

problems with how AOGCMs simulate Pacific variability present a significant barrier

for prediction skill of impacts of natural Pacific climate variability and 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). However, understanding how

current models simulate Pacific variability can provide useful information. Iteratively

evaluating AOGCM performance as they are updated helps identify shortcomings and

provides the atmosphere-ocean modeling community with improvements on which to

focus.

In addition to the importance of investigating dynamical relationships for the PDP

to improve understanding and prediction skill for its associated impacts, Anderson

et al. (2017) also recognized the importance of identifying how current AOGCMs
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capture the PDP. Their initial research into how AOGCMs simulate the PDP us-

ing a preindustrial control run of the Community Climate System Model version 4

(CCSM4; Gent et al., 2011) from the Coupled Model Intercomparison Project phase

5 (Taylor et al., 2012) shows that this particular AOGCM did not capture the PDP

well. CCSM4 simulates the PDP as a stationary damping and periodic flipping of

the N-S phase as opposed to the rotation of a dipole seen in reanalysis data, and

does not capture the concomitant evolution of central Pacific SSTa. Results on how

one AOGCM simulates the PDP provides limited information on how current models

capture it in general. As such, more models need to be analyzed to gain a broad per-

spective on how current AOGCMs represent the PDP and how they can be improved

to increase prediction skill.

1.3 Thesis Goals and Hypotheses

Outlined within Section 1.2 are a series of research gaps which this study aims to

fill. Namely, the relationships between N-S phase of the PDP, the NPO, and tropical

PDV have not been investigated and very few model simulations of the PDP have

been assessed for their performance. The following hypotheses are therefore proposed

for this thesis:

1) The N-S phase of the PDP is intimately tied to variability in the NPO.

2) The N-S phase of the PDP is linked to tropical PDV and, specifically, quasi-

decadal variations in central tropical Pacific SSTs.

3) AOGCMs show evidence of relationships between the N-S phase of the PDP,

the NPO, and tropical PDV.

In parallel to observation-based data, current AOGCMs are also assessed for how

they simulate the PDP and the associated SSTa patterns in the central tropical Pa-

cific. Assessing current state-of-the-art AOGCMs is done with the goal of establishing
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a broad perspective on how this mode of variability is simulated to identify where

current AOGCMs may improve in accurately simulating PDV.

The organization of this thesis is as follows. Data and methods used for this

study are included in Chapter 2. Chapter 3 explores the relationship between the

north-south phase of the PDP and the NPO in both reanalysis data and AOGCM

output. Chapter 4 focuses on relationships between CP SSTa patterns associated

with the evolution of the PDP and CP ENSO in all data sets. Finally, a summary

and discussion of results is provided in Chapter 5.
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Chapter 2

Data and Methods

2.1 Data

Observation-based atmospheric data used in this study are taken from 20th Cen-

tury Reanalysis version 2 (Compo et al., 2011), Modern-Era Retrospective Anal-

ysis and Applications, version 2 (MERRA-2; Gelaro et al., 2017), and the Na-

tional Center for Environmental Prediction - National Center for Atmospheric Re-

search’s Reanalysis-1 (R1; Kalnay et al., 1996). 20th Century data used consists of

both monthly-mean geopotential height and SLP on a 2◦ x 2◦ latitude by longitude

grid, with geopotential height values at 24 pressure levels over the period 1870-2013.

MERRA-2 reanalysis data consists of monthly-mean geopotential heights on a 0.5◦

x 0.625◦ latitude by longitude grid on 72 hybrid sigma/pressure levels from 1980-

2019. R-1 data consists of monthly-mean geopotential heights on a 2.5◦ x 2.◦ latitude

by longitude grid and 17 pressure levels from 1948-2019. SST data are taken from

Hadley Centre’s Ice and Sea Surface Temperature data set (HadISST; Rayner et al.,

2003), consisting of monthly-mean SST data (1870-2014) on a 1◦x1◦ latitude by lon-

gitude grid over the same period. Model output is taken from 500 year (1200 year for

CESM2) preindustrial control simulations, in which atmospheric CO2 concentrations

are held to pre-industrial levels so as to eliminate effects of anthropogenic influence,

of the Coupled Model Intercomparison Project phase 6 (CMIP6) model runs (Eyring

et al., 2016). Model SST data are limited to the first 300 years of each preindus-

trial control run. SST data are regridded to a 1◦ x 1◦ latitude by longitude grid and

geopotential height data are regridded to a 2◦ x 2◦ latitude by longitude grid, both

via bilinear interpolation for all models and reanalysis. More detailed information on

the model data used within this study is shown in Table 2.1.
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Model Data
Model Institution ID Label References

ACCESS-CM2 CSIRO-ARCCSS
Australian Community Climate and

Earth System Simulator
Climate Model Version 2

Dix et al. (2019)

BCC-CSM2-MR BCC BCC-CSM 2 MR Wu 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 Atmosphere Community
Climate Model

Danabasoglu (2019)

GISS-E2-1-G NASA-GISS GISS-E2.1G NASA Goddard Institute for Space Studies (NASA/GISS) (2018a)

GISS-E2-1-H NASA-GISS GISS-E2.1H NASA Goddard Institute for Space Studies (NASA/GISS) (2018b)

HadGEM3-GC31-LL MOHC NERC HadGEM3-GC3.1-N96ORCA1 Ridley et al. (2018)

MIROC6 MIROC MIROC6 Tatebe and Watanabe (2018)

UKESM1-0-LL
MOHC NERC

NIMS-KMA NIWA
UKESM1.0-N96ORCA1 Tang et al. (2019)

Table 2.2: Information and references for CMIP6 model output used in this study.
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2.2 Methods

All data have the long-term monthly-mean removed, and all reanalysis data are

linearly detrended to remove potential anthropogenic influence prior to any analysis.

Statistical significance of regression and correlation coefficients are determined via a

bootstrapping method with 5000 iterations. For each of the 5000 iterations, one time

series is randomized prior to conducting either linear regression or correlation. The

compilation of these iterations create a distribution against which the true values

are tested at the 95% confidence level. Where noted within this study, a 5th order

7-20 year-1 Butterworth band-pass filter is applied on a time series to isolate quasi-

decadal variability. Any data that is described as “filtered” means it is subjected to

an identical 7-20 year-1 Butterworth band-pass filter.

The PDP is defined using procedures from Anderson et al. (2017). 850 hPa

monthly mean November-March (NDJFM) averaged geopotential height anomalies

over the North Pacific (15 − 80◦N, 125◦E-90◦W) are band-pass filtered from 7-20

years-1 and then subjected to singular value decomposition (SVD). The analyzed

monthly mean geopotential height anomalies are isolated to NDJFM as the PDP is

primarily active during the extended boreal winter season Anderson et al. (2017).

The leading mode resulting from the SVD (i.e., the pattern associated with the AL)

is then linearly removed from the height field via linear regression. The residual

spatio-temporal matrix is extended by 5 one-year lags prior to employ time-extended

SVD. Decomposing the time-lagged spatio-temporal matrix using this method allows

for the identification of potentially-propagating modes of variability. Regressing the

filtered anomaly field onto the leading principal component time series from the time-

extended SVD 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 is designated as Year 0, with the first two maps “leading” and

last three maps “lagging” this central map. The leading principal component time
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series is hereafter referred to as the PDP index, and is the average of the time series

of the 6 maps describing the evolution of the PDP.

An EOF-based approach outlined by Kim and Yu (2012) is used to define canonical

ENSO and CP ENSO structure. Influence from SSTa in the Niño4 region (5◦S -

5◦N, 160◦E-150◦W) is removed from -3 to +3 months using multilinear regression

to isolate SSTa associated with canonical ENSO. The same multilinear regression

method is applied to isolate SSTa associated CP ENSO, except the influence from

the Niño1+2 region (10◦S - 0◦, 90◦W-100◦W) is removed instead of the Niño4 region.

After subjecting the residuals for each to SVD analysis, the leading EOF is then

multiplied by the square root of the associated eigenvalue to arrive at the standard

deviations in the leading EOF of tropical Pacific SSTa associated with canonical

ENSO and CP ENSO. The resulting patterns are therefore indicative of the SSTa

structure for canonical ENSO and CP ENSO events. The domain over which the

SVD analysis is conducted for each analysis is (30◦S - 30◦N, 120◦E-60◦W).

Power spectrum analyses are conducted on the entirety of available data for

HadISST and the first 300 years of output for each model included in this study.

Each dataset is separated into 3 overlapping subsets. More specifically, the dataset

is split in half and the third subset is an overlapping segment centered on the middle

of the data set. This method of dividing the data was chosen in order to apply a

Hanning window to the time series, which resulting in a partial loss of data at the

end of the time domains for each subset. After the Hanning windows are applied

the subsets each decomposed into their power spectrum. The three power spectra

are subsequently averaged together. This Hanning window method was chosen to

increase the degrees of freedom the power spectrum prior to testing for statistical sig-

nificance. All power spectra are tested at the 95% confidence level using chi-squared
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testing using a priori statistics. Use of a priori statistics is warranted as both canon-

ical and CP ENSO have been shown to have power on interannual to decadal time

scales (Diaz et al., 2001; Furtado et al., 2012; Wang, 2018).
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Chapter 3

The PDP and NPO in Reanalysis and Model Output

3.1 Identifying the PDP in reanalysis data

The full evolution of the PDP using 20th Century reanalysis data can be seen

in Figure 3.1. Figs. 3.1a,b,e,f represent the N-S orientation of the pressure dipole

associated with the PDP, while Figs. 3.1c,d are represent the E-W phase. 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 rotating counter-clockwise to

become the western pole at Year 0 and the southern pole at Year 2. These results

follow those shown within Anderson et al. (2017) for 20th Century Reanalysis as well.

To justify continual use of 20th Century Reanalysis data throughout this study, the

evolution of the PDP index from 20th Century Reanalysis is checked against the PDP

index from Reanalysis-1 (R-1) and MERRA-2 data. Figure 3.2 shows the PDP index

for each of these data sets. Similar to the time series shown within Anderson et al.

(2017), the 20th Century PDP index show a period of quiescent activity until the mid

1980s, when the variance increases notably. Both R-1 and MERRA1 indexes show

similar heteroscedasticity, tracking 20th Century data well throughout their respective

time domains. Indeed, when the PDP indexes are correlated with each other for the

time domains on which they overlap, all correlation coefficient values exceed 0.9 and

are statistically significant (p � 0.001). In response to the high degree of similarity

in these time series, the analyses throughout the remainder of this chapter focuses

solely only 20th Century reanalysis data. This particular data set is chosen as it has

the longest record of the three shown in Fig. 3.2 and is used in previous literature to

investigate the PDP which facilitates easier comparison to previous work (Anderson

et al., 2016a, 2017).
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Figure 3.1: Regression of 7-20 year-1 band-pass filtered 850 hPa NDJFM averaged
monthly mean geopotential height anomalies (m) onto the standardized PDP index
at 6 different lags for 20th Century reanalysis. The third map is defined as Year 0
following methods from Anderson et al. (2017)

3.2 Relating the PDP and the NPO

The first hypothesis proposed for this study - i.e., the N-S phase of the PDP maps

onto the NPO, is investigated by first defining an index to track the NPO, following

methods from Furtado et al. (2012), and filtering it to isolate quasi-decadal variability.
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Figure 3.2: Comparison of the standardized PDP index from 20th Century Reanalysis
(20th Century; black line), MERRA-2 (red line), and NCEP-NCAR R-1 (blue line)

The index is created by area-averaging NDJFM-averaged monthly mean SLPa that

encompasses the south pole (SP) of the NPO (15◦ - 27.5◦N, 175◦E - 147.5◦W) and

subtracting this from an area-averaged SLPa over the north pole (NP) of the NPO

(55◦ - 72.5◦N, 180◦ - 140◦W); i.e.,

NPOIndex(t) = NPONP (t)−NPOSP (t) (3.1)

Figure 3.3 shows the correlation of SLPa with the filtered NPO index for 20th

Century reanalysis overlaid with the domains used for the NP and SP. The highest

correlation values reside within the NP and SP domains used to find the NPO Index,

which justifies the use of this particular index to track the NPO.

A direct comparison of the PDP index and the NPO index is shown in Figure 3.4.

The NPO index tracks the PDP index well throughout their shared time domain,

with a correlation coefficient of r = 0.67 (p� 0.01). The NPO index correlates well

with the PDP index when both have large magnitudes, but the two tend to diverge

when the PDP index is small in magnitudes (i.e. ∼1920 - mid 1980s). The reason for

this is unclear, though it could be a statistical artifact arising from the PDP index

being the average of the six time series tracking the evolution of the PDP from Fig.

3.6. While the NPO index and the PDP index show signs of a relationship, the NPO

index only explains ∼45% of the variance in the PDP index. Taken together, the
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Figure 3.3: Correlation of SLPa (Pa) in the Pacific with the NDJFM averaged 7-20
year-1 band-pass filtered NPO Index for 20th Century Reanalysis from 1880-2013.
Overlaid are the domains for the NP (55◦ - 72.5◦N, 180◦ - 140◦W) and SP (15◦ -
27.5◦N, 175◦E - 147.5◦W) used to create the NPO Index.

moderate variance explained by the NPO index and periods where the two indices

do not track each other imply that the PDP cannot solely be explained by the NPO

index. This also indicates that the PDP is a robust mode of variability and not merely

the quasi-decadal expression of the NPO.

To further investigate how low-frequency variability in the NPO is related to the

N-S phase of the PDP, NDJFM averaged monthly mean filtered 850 hPa geopotential

height anomalies onto the filtered NPO index at lags 0 to 5 years (field lagging

the NPO index; Figure 3.5) to investigate whether the NPO index explains enough

variability in the PDP to capture its full evolution. The precession of the PDP over

the 6 maps shown in Fig. 3.5 is largely recovered, though there is a notable difference

from the evolution of the PDP in Fig. 3.6. The N-S phase is clearly represented in

Figs. 3.5a,b,e,f and the E-W phase is distinct in Fig. 3.5c, however the western pole
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Figure 3.4: Time series of comparing the PDP Index and the NPO Index NDJFM
averaged 7-20 year-1 band-pass filtered NPO Index for 20th Century Reanalysis from
1875-2013. Value in parenthesis is the correlation coefficient between the PDP Index
and the filtered NPO Index.

of the E-W phase in Fig. 3.5d is not captured. Thus, the large fraction of variance

in the PDP’s evolution that is not explained by the NPO index is likely a result of

the NPO index not capturing variability associated with the E-W phase of the PDP.

Regardless, the high correlation between the NPO index and the PDP index along

with the recovery of the majority of the PDP’s precession from the lag regressions

strongly support that the N-S phase of the PDP is related to NPO.

3.3 The PDP in CMIP6 Models

After establishing that the N-S phase of the PDP is related to the NPO on the

quasi-decadal timescale in reanalysis data, this next section focuses on model output

from the CMIP6 suite to identify how current AOGCMs simulate the PDP with spe-

cific focus on how they simulate the N-S phase. As discussed briefly within Chapter 1,

understanding how current AOGCMs simulate Pacific variability can inform of biases

within current models. Subsequent improvement of these biases improves climate

prediction on a wide range of timescales, and is therefore important to identify them.

Figure 3.6 displays the structure of the PDP in preindustrial control simulations of

the CMIP6 models used in this study, which are found using the same time-extended

SVD analysis used for reanalysis. In general, output from the CMIP6 models used
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Figure 3.5: Regression of NDJFM averaged 7-20 year−1 band-passed 850hPa monthly
mean geopotential height anomalies onto the filtered NPO Index from 0 to 5 lags.
The third map in this series is defined to be Year 0 to facilitate easier comparison
with the PDP.

in this study capture the N-S phase of the PDP adequately (Fig. 3.6a,b,e,f; Years

-2, -1, 2, 3), though the location, extent, and magnitude of the anomaly dipole varies

across models. For example, the northern pole of the PDP within GISS-E2-1-G is

larger in magnitude than in 20th Century Reanalysis and is situated farther west in

the North Pacific (Fig. 3.6, Year 2). CESM2 simulates the northern pole with a
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Figure 3.6: Regression of 7-20 year-1 band-passed 850hPa NDJFM averaged monthly
mean geopotential height anomalies (m) onto the standardized PDP index at lags 0 to
5 (PDP index leading geopotential height anomalies) for 20th Century Reanalysis and
all model output. The third map in each progression as Year 0, following methods
from Anderson et al. (2017)

northwesterly extension of the anomaly not seen in 20th Century Reanalysis, nor is

the southeasterly extension shown in MIROC6. More importantly, while reanalysis
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includes a distinct E-W phase of the PDP, models struggle to accurately capture

this intermediary phase, with only a few showing evidence of a distinct E-W phase

(Fig. 3.6c,d; Years 0,1). ACCESS-CM2 and CESM2-WACCM include evidence for

some precession, shown by slight cyclonic rotation of the anomaly dipole, though the

magnitude of the anomaly dipole for the E-W phase is much less than in reanalysis.

Several others, including UKESM1-0-LL and BCC-ESM1, show more evidence for the

north-south phase damping and reversing sign as opposed to precessing cyclonically.

The results from Anderson et al. (2017) for the PDP in CCSM4 are representative

of the AOGCMs analyzed within this study; i.e., most models poorly represent the

E-W phase. Given that Anderson et al. (2016a) connected the E-W phase of the PDP

to quasi-decadal drought/pluvial cycles across the western US, simulations of the E-

W phase of the PDP is an area of much needed improvement in current AOGCMs to

increase prediction skill for drought/pluvial conditions. Previous results in Section

3.2 suggesting that variability in the E-W phase of the PDP is not captured well by

the NPO places this problem outside of the scope of this thesis. The importance of

studying the E-W phase will be revisited in Chapter 5.

In order to summarize the model results more succinctly, the performance of all

models’ representation of the N-S phase during Year 2 is compared quantitatively.

Year 2 was chosen as it includes a distinct N-S phase in all models (Fig. 3.6, Year 2)

and coincides with significant warm anomalies in central tropical Pacific surface and

subsurface temperatures in reanalysis (Anderson et al., 2016a, 2017). We next create

an index of the N-S phase of the PDP which allows for the comparison of anomaly

magnitude between model and reanalysis results. Referred to as the N-S index, it

is defined as the area-averaged 7-20 year-1 band-pass filtered 850 hPa monthly mean

geopotential height anomalies encompassing the southern node of the dipole (20◦N

- 40◦N, 175◦W - 145◦W) subtracted from that of the northern node (50◦N - 70◦N,

175◦W - 130◦W). This index is quite similar to the NPO index defined in Section
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Figure 3.7: Correlation of 7-20yr−1 band-passed 850hPa NDJFM averaged geopoten-
tial height anomalies with the N-S Index. Black boxes designate the northern (N)
(50◦N - 70◦N, 175◦W - 130◦W) and southern (S) (20◦N - 40◦N, 175◦W - 145◦W) do-
mains used to define the N-S Index. Value in parenthesis in upper right is the spatial
correlation with the PDP Year 2 map.

3.2, except with slight differences in the areal domain. Fig. 3.7 shows the correlation

of the 7-20 year-1 band-pass filtered 850hPa geopotential height anomalies over the

domain with the N-S index. Maximum correlation values residing within the domains

used to create the N-S index, as well as the spatial correlation with the Year 2 map

(r = 0.9), indicates the N-S index captures both nodes of the north-south phase of

the PDP well (Fig. 3.6, top row, Year 2).

In addition to measuring variability in the anomalies at Year 2, spatial correlations

for each model Year 2 map from Fig. 3.6 are computed with reanalysis to determine

how similar each is to the N-S phase of the PDP in observation. These metrics are

captured in a Taylor diagram (Figure 3.8). The Taylor diagram shows that most
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Figure 3.8: Taylor diagram of model output relative to 20th Century Reanalysis. The
standard deviation measure (m) is derived from the N-S index and the correlation
coefficient is computed spatially for the Year 2 maps from Fig. 3.6 relative to 20th

Century reanalysis.

models under-simulate the observed variability in the N-S phase, especially CESM2-

WACCM, suggesting that the N-S phase of the PDP within modes has magnitude

less than observed. Spatially, excluding CESM2, no model has a correlation with

the 20th Century Reanalysis map greater than r = 0.7, with most residing between

r = 0.4 and r = 0.6. The low correlation values highlight that model simulations of

the north-south phase, while successfully capturing the PDP’s dipole in atmospheric

pressure, struggle with replicating the same orientation and extent of the anomalies

at lag 2 years. To summarize the results from Fig. 3.8, CESM2, ACCESS-CM2, and

UKESM1-0-LL perform the best based on their spatial correlation, with CanESM5

and BCC-CSM2-MR performing the worst. For the magnitude of the N-S phase
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(i.e., the standard deviation in the N-S index), HadGEM3-GC31-LL and MIROC 6

perform the best with CESM2-WACCM and BCC-CSM2-MR performing the worst.

3.4 Chapter Summary & Discussion

The results within Section 3.2 show that the PDP is related to the NPO on quasi-

decadal timescales. This finding is supported by the highly significant correlation

between the NPO index (r = 0.67; Fig. 3.4) and the lag regressions involving the

NPO index recreating much of the PDP’s evolution (Fig. 3.5). The implications of

these findings are that the secondary mode paradigm (i.e., CP ENSO-NPO-NPGO)

indirectly includes variability associated with the PDP with the inclusion of the NPO,

as the PDP is related to the quasi-decadal expression of the NPO. Yet, these findings

also highlight that the secondary mode paradigm may be incomplete on the quasi-

decadal time scale. The NPO index does not entirely explain the variability in the

PDP, likely due to the NPO index not capturing the variability in the E-W phase of

the PDP during its transition to the N-S phase, as seen in Fig. 3.5d. The inability

of NPO index in explaining variability associated with the E-W phase of the PDP

means that the E-W phase is likely to have a different dynamical driver than the N-S

phase of the PDP, and therefore will require a separate investigation into what forces

it.

After connecting the N-S phase of the PDP to the NPO in Section 3.2, Section

3.3 assessed model performance in simulating the PDP with specific focus on the N-S

phase. Overall, the results for CMIP6 model output suggest that coupled climate

models struggle with accurately capturing the PDP both in spatial signature and

magnitude, especially the E-W phase. A potential reason for this, which will be

assessed further in the next chapter, could be that models do not accurately capture

the interactions between the secondary climate mode paradigm for the North Pacific

(i.e., the CP ENSO-NPO-NPGO framework). Furtado et al. (2011) assessed how
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models in the Intergovernmental Panel on Climate Change (IPCC) Fourth Assessment

Report (AR4) captured decadal variability in the North Pacific and found that most

models failed to replicate the observed connection between CP ENSO and quasi-

decadal NPO variability. Should the N-S phase of the PDP be influenced by CP

ENSO, then the inability of models in capturing the connection between the central

Pacific and the North Pacific would assuredly introduce errors into their simulations

of the PDP.

As a result of the PDP not being solely quasi-decadal fluctuations in the NPO, the

secondary mode framework (i.e., CP ENSO-NPO-NPGO) for Pacific variability may

be incomplete. The relationship between the PDP and quasi-decadal variability in

the NPO uncovered here supports the need to add the PDP to this paradigm. In what

way the PDP will need to be added remains to be seen. More understanding of the

dynamics of the N-S phase and E-W phase need to be established prior to confidently

placing the PDP within this paradigm. A relationship that was briefly discussed

within Chapter 1, and one which motivates the second hypothesis of this thesis,

was that the NPO is linked to fluctuations in CP ENSO (Di Lorenzo et al., 2010;

Furtado et al., 2012). Indeed, both CP ENSO and the NPO (especially the southern

pole) have significant power on quasi-decadal timescales (Furtado et al., 2012). This

periodicity matches the dominant quasi-decadal period of the PDP. Further, both

Anderson et al. (2016a) and Anderson et al. (2017) tied the emergence of the N-S

phase of the PDP to fluctuations in surface temperature and subsurface temperature

anomalies in the central tropical Pacific. Given the demonstrated linkage between the

PDP and the NPO on quasi-decadal timescales and the shared timescales between

the NPO, the PDP, and CP ENSO, there is a considerable possibility that the PDP

is both related to and partially driven by central tropical Pacific SST variability. The

next chapter will build on these previous results and search for evidence of a linkage

between the N-S phase of the PDP and CP SSTa. Results from CMIP6 model output
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will be assessed simultaneously to give context on how current models capture any

relationship between the N-S phase of the PDP and CP ENSO with the goal of

identifying necessary model improvements to simulate the PDP.
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Chapter 4

The PDP and Tropical Pacific Climate Variability

The following chapter examines how the PDP is related to central Pacific SSTs

to investigate how the PDP may fit within the secondary mode paradigm for Pacific

variability. Preliminary results from Anderson et al. (2016a) and Anderson et al.

(2017) show the central tropical Pacific undergoing warming and cooling during the

emergence of N-S phase of the PDP. They hypothesized that the warming and cooling

patterns in the central Pacific may dynamically drive the N-S phase of the PDP.

Here this hypothesis will be investigated further using both reanalysis and model

output by comparing the concomitant SSTa evolution in the central Pacific during

the emergence of the N-S phase of the PDP and the two leading modes of boreal

wintertime variability in SSTa in the tropics: canonical ENSO and CP ENSO.

4.1 Signals in the Pacific

Figure 4.1 shows the regression of NDJFM averaged SSTa in the tropical Pacific

from HadISST data onto the PDP index from 20th Century Reanalysis at various lags.

Fig. 4.1 demonstrates the evolution of SSTa in the tropical Pacific associated with

variations in the PDP index. Much like results from Anderson et al. (2016a), warming

of the central tropical Pacific occurs with the transition of the PDP from the E-W

phase to its N-S orientation (Fig. 4.1def). More specifically, the Year 1 pattern (SSTa

lagging the PDP index, Fig. 4.1e) results in a similar broad area of significant positive

SSTa throughout the central tropical Pacific shown by Anderson et al. (2017), with

an additional area of negative SSTa confined to the western Pacific. Interestingly, this

SSTa pattern suggests that most of the eastern tropical Pacific experiences warming in

addition to the central Pacific, which is more indicative of canonical ENSO conditions.
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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, the pattern shown

in Fig. 4.1e may provide evidence that the SSTa pattern could in fact be a decadal

expression of canonical ENSO. As the warm signal is the strongest within the Year 1

SSTa pattern, the focus of the rest of this chapter will be on this particular pattern

in both reanalysis and model output.

Figure 4.1: Regression of NDJFM averaged SSTa (◦C) in the tropical Pacific onto the
PDP Index from lags (a) -3 years to (f) 2 years using SST data from HadISST and
the PDP index from 20th Century Reanalysis. Positive (negative) year indicate the
PDP index leads (lags) SSTa. Stippling denotes statistically significant regression
coefficients at the 95% confidence level using a bootstrapping method with 5000
iterations.

Transitioning to model output, Figure 4.2 shows the regression of SSTa onto the

PDP index at lag Year 1 (SSTa field lagging the PDP index) for several CMIP6 models

in order to investigate how models capture the SSTa pattern in reanalysis. The Year

1 SSTa patterns show little consistency between model and reanalysis results, with
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only BCC-ESM1 showing evidence for a significant relationship between warm central

Pacific SSTa and the N-S phase of the PDP. That said, the pattern in BCC-ESM1

is much more indicative of canonical ENSO, with warm anomalies extending into

the eastern tropical Pacific as well. CESM2 and CESM2-WACCM (Fig. 4.2bh)

show warm anomalies in the central Pacific, however these anomalies are largely

insignificant at the 95% confidence level. Both MIROC6 and BCC-CSM2-MR show

statistically significant negative SSTa associated with this phase of the PDP, while the

rest of the models used in this study show no consistent statistically significant SSTa

structure. If CP ENSO is indeed dynamically linked to the PDP at this phase, then

the lack of consistency in how the models capture the SSTa pattern in the central

Pacific at Year 1 suggests that models do not replicate this relationship. Further,

if the N-S phase of the PDP is linked to SSTa in the tropical Pacific, then model

performance in replicating the associated SSTa may be a potential explanation for

why models diverge from reanalysis on their representations of the N-S phase.

The SSTa pattern observed during the north-south phase of the PDP at lag +1

year (i.e., Year 1) is reminiscent ENSO events, with the maximum anomaly located

in the central Pacific and cold anomalies in the western Pacific (Ashok et al., 2007).

Anomalies also extend toward the southwestern coast of North America, which is

characteristic to both CP ENSO events and extratropical influence that can be asso-

ciated with canonical ENSO events (Vimont et al., 2003). The similarities between

the CP ENSO spatial pattern from Ashok et al. (2007) (see also; Fig. 1.1) and

the regression results from HadISST in Fig. 4.2 lead us to investigate whether low-

frequency variance in either canonical ENSO or CP ENSO events are associated with

the transition to the north-south phase of the PDP at Year 1. Should this pattern

truly be associated with CP ENSO, past literature detailing how models struggle with

capturing Pacific SST variability (see; Kim and Yu, 2012) could explain why models

are not capturing the SSTa pattern at Year 1.
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4.2 Relationship to Tropical Pacific Variability

To examine how the SSTa pattern at Year 1 is related to canonical ENSO and

CP ENSO, an EOF-based approach is used to identify canonical ENSO and CP

ENSO structure. The method used here utilizes multi-linear regression to remove

the influence of SSTa from the central Pacific for canonical ENSO and from the

eastern Pacific for CP ENSO prior to conducting EOF analysis (see Kim and Yu,

2012). The EOF-based approach yields a structure that is similar to previous results

investigating both canonical ENSO (Figure 4.3a) and CP ENSO (Figure 4.4a) in

HadISST data (Ashok et al., 2007; Kim and Yu, 2012). For canonical ENSO, the

location of maximum variability is confined to the eastern Pacific, while the location

of the maximum anomalies for CP ENSO is located more in the central Pacific. The

CP ENSO structure in Fig. 4.4a shows an extension of larger magnitude variability

extending toward the coast of southwestern North America, which is more similar to

the structure of the SSTa pattern at Year 1 (Fig. 4.1e) than the SSTa variability

structure shown in Fig. 4.3 for canonical ENSO.

Comparing model simulations of canonical ENSO to results from reanalysis shows

some considerable differences. Some models, such as GISS-E2-1-G (Fig. 4.3i) and

MIROC6 (Fig. 4.3l) have much more variability in SSTa associated with canonical

ENSO events. Additionally, the spatial structure varies from model to model as

well, with spatial correlations between model and reanalysis ranging from r = 0.69

(CanESM5; Fig. 4.3d) to r = 0.89 (CESM2; Fig. 4.3b). Because ENSO is linked to

the AL and PDO, the variability in canonical ENSO representation here suggests that

models likely misrepresent the influence of SSTa in the tropics on modes of climate

variability in the North Pacific as well. Further, since both the AL and PDO influence

North Pacific and North American climate, models are also likely to misrepresent their

impacts.
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The model results for CP ENSO structure show the location of maximum SSTa

variability in most models is eastward of the location shown in reanalysis data, which

is more reminiscent of canonical ENSO events where the maximum SSTa variability is

typically confined to the eastern Pacific. CESM2 and CESM2-WACCM (Fig. 4.4b,h)

are an exception to this, with maximum positive SSTa farther west than in HadISST.

The results for CP ENSO further highlight how models struggle with accurately

capturing SSTa variability in the tropical Pacific. These errors will likely impact to

the teleconnection patterns associated with both canonical ENSO and CP ENSO. If

the N-S phase of the PDP is dynamically linked to canonical ENSO or CP ENSO, then

models struggling to accurately simulate ENSO or CP ENSO will certainly impact

how models represent the evolution and structure of the N-S phase of the PDP.

The PDP is a quasi-decadal mode of variability and, as such, a relationship with

SSTa in the tropical Pacific should vary on a similar time scale (i.e., ∼7-20 years).

Therefore, analyses of the power spectra of the time series for both canonical and CP

ENSO are conducted to identify their dominant periods. Figure 4.5 shows the results

from power spectrum analyses on the principal component time series describing

canonical ENSO resulting from the SVD analysis from Fig. 4.3 for both reanalyses

and CMIP6 model output. As expected, reanalysis data and all model output have

significant peaks on interannual time scales. However, neither reanalysis nor any

model output show significant peaks on quasi-decadal time scales, with the possible

exceptions of HadGEM3-GC31-LL (Fig. 4.5l) and MIROC6 (Fig. 4.5k). Because

the SSTa pattern associated with the evolution of the PDP from Fig. 4.1e varies on

the same time scale as the PDP, the results here suggest that the PDP is likely not

related to variations in canonical ENSO.

Unlike the power spectrum analysis for the canonical ENSO time series for HadISST

shown in Fig. 4.5a, the power spectrum analysis for CP ENSO shown in Fig. 4.6a has

significant power on quasi-decadal time scales using a priori statistics. These results
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are expected, as Furtado et al. (2012) and others have shown CP ENSO to have power

on the decadal time scale. Juxtaposed with reanalysis are the results for model output

(Fig. 4.6b-l). Models generally show power for their respective CP ENSO patterns at

higher frequencies than shown in reanalysis. For example, ACCESS-CM2 and BCC-

ESM1 (Fig. 4.6c,e) have peaks at ∼2-3 years and CESM2-WACCM (Fig. 4.6h) has a

peak at ∼7 years. CESM2, UKESM1-0-LL, GISS-E2-1-G, and HadGEM3-GC31-LL

(Fig. 4.6b,f,i,k) have significant peaks at quasi-decadal frequencies, but these are

not as robust nor as broad as the peak shown in reanalysis. Overall, the evidence

here shows that models used in this study do not simulate their respective CP ENSO

structures with the same periodicity as found in reanalysis. However, the significant

quasi-decadal peak in Fig. 4.6a is promising in that it shows CP ENSO in reanalysis

has power on the same time scale as the PDP.

Comparing the spatial patterns and temporal variations in canonical ENSO and

CP ENSO, while relevant, does not provide direct evidence that the PDP’s Year 1

SSTa pattern is associated with these two modes; merely that they are similar. To

quantitatively compare the SSTa pattern associated with the PDP to canonical and

CP ENSO, a time series is created to represent the PDP’s Year 1 SSTa pattern. This

time series is created by spatially-averaging SSTa within a central Pacific domain

(CP)(10◦S - 10◦N, 175◦W - 130◦W) and subtracting the spatially averaged SSTa

in a western Pacific domain (WP) (0◦ - 20◦N, 135◦E - 150◦E). The CP and WP

domains were chosen as they largely encompass the statistically significant anomalies

associated with the PDP’s Year 1 SSTa pattern in the tropical Pacific. Fig. 4.2a

shows the two domains overlaid on the regression of SSTa onto the PDP Index at lag

Year 1 in reanalysis data.

The time series tracking the PDP’s SSTa pattern and the time series for canon-

ical and CP ENSO reanalysis data are subsequently filtered to isolate quasi-decadal

variability and correlated with each other to determine how well they covary. The
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resulting correlation for canonical ENSO and the PDP’s SSTa pattern in reanalysis

is weak (r = 0.13), while the time series tracking the SSTa pattern associated with

the PDP correlates with the CP ENSO time series quite well (r = 0.85) and is highly

significant (p � 0.001). The high correlation between the time series tracking the

SSTa pattern associated with the PDP during the emergence of the N-S phase and

the CP ENSO time series is robust evidence that the PDP and CP ENSO are indeed

related.

Fig. 4.7 shows the filtered NDJFM CP ENSO time series for both reanalysis and

model output correlated with the PDP index at various lags. The lag correlation

plot for reanalysis (Fig. 4.7a) confirms that the emergence of the N-S phase of the

PDP corresponds with CP ENSO in HadISST, as the two are significantly correlated

at lags 0, 1 and 2 years (Fig. 3.6,4.7). Further, the significant negative correlations

at lags -5 and -4 correspond with the evolution of cooler central Pacific SST seen in

Anderson et al. (2016a) and Anderson et al. (2017). Taken together, these results

demonstrate that the warming and cooling patterns associated with the evolution of

the PDP in the tropical Pacific are indeed related to CP ENSO events in reanalysis.

In contrast to reanalysis, models show little evidence of any relationship between

CP ENSO and the PDP index, with few models having correlations greater than a

value of 0.2. The only model showing some consistent periodicity in its lag correlations

is CESM2-WACCM (Fig. 4.7h). Yet, it is out of phase with reanalysis such that

it shows negative lag correlations when reanalysis suggests a positive correlation.

Overall, the model results from Fig. 4.7b-l further highlight how models struggle to

simulate the relationship between the PDP and SSTa in the tropical Pacific existing

in reanalysis data (Fig. 4.7).

The hypothesis proposed by Anderson et al. (2016a) for the maintenance of the

N-S phase of the PDP is substantiated by the findings within the previous sections,
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but only partially. In order to fully satisfy the hypothesis that the N-S phase of the

PDP is partially driven by CP SST, it must be shown that:

1. CP SST varies on the same time scale and is in phase with the emergence of

the N-S phase of the PDP

2. The CP SST associated with the PDP teleconnect to the extratropics, thereby

influencing the atmospheric circulation in the North Pacific

The previous two sections have provided robust evidence that CP SST varies on

the same time scale and that these variations are in phase with the emergence of the

N-S phase of the PDP. The following section will outline a preliminary exploration

of whether the CP SST associated with the PDP during the emergence of the N-S

phase truly drives the transition to the N-S phase.

4.3 Dynamical Response to SSTa in the Tropics

The mechanism through which Anderson et al. (2016a) hypothesizes the PDP

to be linked to CP SST is the atmospheric bridge, a phenomena which was briefly

discussed in Chapter 1. In essence, variations in the longitudinal location of diabatic

heating in the tropics can induce different Rossby wave patterns which subsequently

modulate atmospheric circulation in the tropics. The following analysis investigates

how the atmosphere responds to the SSTa pattern associated with the PDP at Year

1 in both reanalysis and models.

Recall the SSTa pattern associated with the evolution of the PDP at year 1 and the

time series created to track it (Fig. 4.2a). Figure 4.8 shows SSTa in the tropical Pacific

regressed onto this time series for both reanalysis and model data. The regression of

SSTa in the tropical Pacific onto this the time series tracking this pattern recreates a

similar one (Fig. 4.8a). Models tend to capture the same general pattern (Figs. 4.8b-

l), with spatial correlations ranging from r = 0.88 for BCC-CSM2-MR (Fig. 4.8e) to
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r = 0.95 for HadGEM3-GC31-LL (Fig. 4.8k). While the spatial correlations are high,

there is some slight variation in the location of maximum positive anomalies with some

models simulating it farther west (CESM2,CESM2-WACCM) and some simulating

it farther east (GISS-E2-1-G,HadGEM3-GC31-LL). In general, the magnitude of the

warm SSTa in models is considerably larger than reanalysis, especially for GISS-E2-

1-G and CESM2 (Figs. 4.8b,i). The SSTa magnitudes shown here are consistent

with the larger maximum variability in model simulations of both canonical ENSO

(Fig. 4.3) and CP ENSO (Fig. 4.4). Moreover, cooler SSTa that are confined to

the western Pacific are weaker than reanalysis in models, with CESM2, CESM2-

WACCM, and ACCESS-CM2 being the exceptions (Figs. 4.8a,b,c,h). Model biases

in the climatological state of the tropical Pacific may play a role in these particular

patterns and will need to be investigated. The varying location and magnitude of the

SSTa in Fig. 4.8 for model output, in addition to the variations in dominant time

scales for canonical ENSO and CP ENSO (Figs. 4.3 and 4.4), imply that model ocean

dynamics in the tropical Pacific are inconsistent with reanalysis. The subsequent

atmospheric response to the lower tropospheric heating associated with this pattern

of SSTa will therefore be different, changing the associated atmospheric patterns.

Next, to determine how similar the model atmospheric response is to reanalysis for

the SSTa pattern in Fig. 4.8, 7-20 year-1 band-pass filtered 500 hPa eddy geopotential

height anomalies are regressed onto the filtered lag Year 1 SSTa time series. Figure

4.9a shows the results of this regression for reanalysis, with Figs. 4.9b-l showing

results for CMIP6 model output. For reanalysis, there is a meridional dipole in eddy

geopotential height anomalies in the North Pacific that resembles the N-S phase of

the PDP associated with variations in the time series tracking the SSTa pattern for

the PDP at Year 1. In contrast to reanalysis, the results from CMIP6 model output

vary considerably in their atmospheric responses to SSTa changes in the central and

western Pacific (Figs. 4.9b-l). Overall, model teleconnection patterns appear to map
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more onto the Pacific-North American (PNA) pattern as opposed to the N-S phase of

the PDP as shown in reanalysis (Horel and Wallace, 1981; Wallace and Gutzler, 1981).

Moreover, no spatial correlation between any model and reanalysis exceeds r = 0.6.

The large variations in the simulated wave trains for model output with respect to

reanalysis suggests that the atmospheric dynamics in models are not representative

of those in observations on the decadal time scale. Interestingly, the results here

demonstrate that CMIP6 models also struggle with similar biases to models used in

the IPCC AR4. As shown by Furtado et al. (2011), models from IPCC AR4 failed to

capture a connection between central tropical Pacific SST and the NPO. Figs. 4.9b-l

shows similar results, with models demonstrating a teleconnection pattern that is

more associated with canonical ENSO in observations than CP ENSO. The results

here highlight a continuation of the inability of models to accurately capture the

connection between the central tropical Pacific and the North Pacific on the quasi-

decadal time scale.

4.4 Chapter Summary & Discussion

This chapter showed that the SSTa pattern observed within the tropical Pacific

during the emergence of the N-S phase of the PDP is indeed related to tropical PDV,

and specifically quasi-decadal variations in CP ENSO. This finding was supported

by the spatial pattern of SSTa resembling the structure of CP ENSO (Fig. 4.4a),

CP ENSO having power on the quasi-decadal time scale (Fig. 4.6a), and the time

series’ for the PDP’s SSTa pattern and CP ENSO correlating well (r = 0.85, p �

0.001). In contrast, the SSTa pattern at Year 1 in the PDP’s evolution does not

relate to canonical ENSO well, despite the PDP’s pattern indicating warm SSTa in

the eastern Pacific as well (Fig. 4.1e), which indicates that the PDP is not related

to the leading mode of variability in tropical Pacific SST. Additionally, investigating

how the atmosphere responds to the SSTa pattern observed during the emergence of
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the N-S phase of the PDP indicated that the SSTa pattern at Year 1 in the PDP’s

evolution also projects onto the N-S phase of the PDP. Though evidence of a direct

dynamical link still needs to be explored, it is likely that decadal variations in CP

SSTa play a role in the maintenance of the N-S phase of the PDP given these results.

The implications of the findings within this chapter serve to further justify that the

secondary mode framework for Pacific variability should also include the PDP, as the

PDP is both related to the NPO and CP ENSO.

Unlike reanalysis, models tend to capture more of a PNA-like teleconnection pat-

tern as a response to SSTa variations in the same region, which is more indicative of

teleconnections from canonical ENSO than CP ENSO (Wallace and Gutzler, 1981;

Furtado et al., 2012). A potential reason for this could be how models represent the

mean states of both the atmosphere and ocean in the Pacific basin. Further research

will need to address biases such as this to identify why models simulate an atmo-

spheric response that varies considerably from reanalysis. Regardless of the reason,

the inability of models to recreate the same teleconnection pattern seen in reanalysis

likely plays a role in how they simulate the emergence maintenance of the N-S phase

of the PDP. The implications for the inaccuracy of model teleconnection patterns on

the quasi-decadal timescale are important, as different teleconnection patterns have

different impacts on North Pacific and North American climate. Were the models

within this study to be used for predictions and decadal climate projections, the pat-

terns shown in Figs. 4.9b-l would likely lead to a much different forecast for North

American given that the PNA pattern has been connected to regional temperature

and precipitation patterns in different locations across North American than the NPO

(Leathers et al., 1991; Baxter and Nigam, 2015).

In their analysis on the PDP, Anderson et al. (2017) proposed a possible reason

for models not capturing the SSTa pattern observed during the emergence of the N-S

phase of the PDP in reanalysis for CCSM4 output: models may lack equatorward
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transport of subsurface temperature anomalies, something akin to the North Pacific

Meridional Mode (NPMM; Vimont et al., 2003; Chiang and Vimont, 2004). An-

derson et al. (2017) briefly discussed the lack of equatorward transport of subsurface

temperature anomalies in CCSM4 and how it might hinder models’ ability to simulate

the transition from the E-W phase of the PDP back to the N-S phase. They found

that while reanalysis showed significant subsurface temperature anomalies in the east-

ern subtropical Pacific, CCSM4 did not replicate this. The equatorward transport

of these anomalies is a well-established pathway through which the extratropics can

inject variance into the tropics (Amaya et al., 2019). Indeed, both subsurface tem-

perature and zonal wind stress anomalies within this region, which can be forced in

part by modification of wind stress fields in the Pacific by the NPO (Penland and

Sardeshmukh, 1995), have been linked to initiating ENSO and CP ENSO events (the

“Seasonal Footprinting Mechanism”; Vimont et al., 2001, 2003). The inability of

models to replicate the influence of the extratropics on ENSO initiation remains a

potential explanation for how they misrepresent CP ENSO spatially and temporally.

Future studies should identify the role of the NPMM in the initiation of the SSTa

pattern associated with the emergence of the N-S phase of the PDP and subsequently

compare this to model output to determine how model simulations of the NPMM

impact their simulation of the PDP.
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Figure 4.2: Regression of NDJFM averaged monthly mean SSTa (◦C) in the tropical
Pacific onto the PDP Index at a lag of 1 year (PDP Index leads SSTa) for (a)
HadISST and (b-l) select CMIP6 models. Stippling indicates statistically significant
regression coefficients at the 95% confidence level using a bootstrapping method with
5000 iterations.
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Figure 4.3: (a) Standard deviation of the leading EOF in tropical Pacific SSTa after
removing variability associated with the Niño4 index at lags -3 to +3 months via
multi-linear regression for HadISST from 1870-2014 over the domain 30◦S - 30◦N,
120◦E-60◦W. (b-l) same as (a) but for a 300 year of preindustrial control run of each
respective model. Values included in parenthesis are the spatial correlations of each
model with HadISST results shown in (a).
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Figure 4.4: (a) CP ENSO structure in HadISST (1870-2014) (b-l) same as (a) but
for a 300 year of preindustrial control run of each respective model. Values included
in parenthesis are the spatial correlations of each model with HadISST results shown
in (a).
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Figure 4.5: Power spectrum analysis on the time series associated with each of the
canonical ENSO patterns from Fig. 4.3 for (a) HadISST and (b-l) CMIP6 model
output. The 95% confidence spectrum using a priori statistics is plotted in red.
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Figure 4.6: Power spectrum analysis on the time series associated with each of the
CP ENSO patterns from Fig. 4.4 for (a) HadISST and (b-l) CMIP6 model output.
The 95% confidence spectrum using a priori statistics is plotted in red.
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Figure 4.7: Lag correlation plots at lag -10 to +10 years of the PDP Index and the
7-20 year-1 band-passed NDJFM-averaged CP ENSO index. Negative (positive) lags
mean the PDP lags (leads) the CP ENSO index.(a) HadISST Central Pacific ENSO
time series is correlated with the PDP Index from the 20th Century Reanalysis (1870-
2014).(b-l) The same, but for the first 300 years of output from preindustrial control
runs. The 95% confidence interval through use of a two-sided bootstrapping method
with 5000 iterations is shown in red.
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Figure 4.8: Regression of NDJFM averaged monthly mean SSTa (◦C) onto the ND-
JFM averaged time series created to track the Year 1 SSTa pattern associated with
the PDP for (a) HadISST and (b-l) CMIP6 model output. Stippling indicates sta-
tistical significance using a bootstrapping method with 5000 iterations at the 95%
confidence level.
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Figure 4.9: Regression of 7-20 year-1 band-pass filtered NDJFM averaged monthly-
mean eddy geopotential height anomalies (m) onto the standardized NDJFM averaged
monthly mean time series tracking the Year 1 SSTa pattern for the PDP for (a)
HadISST and (b-f) CMIP6 model output. Stippling indicates statistical significance
using a bootstrapping method with 5000 iterations at the 95% confidence level.
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Chapter 5

Summary and Discussion

This thesis investigated relationships between the N-S phase of the PDP, the

NPO, and SSTa in the central tropical Pacific in both reanalysis and CMIP6 model

output. Findings show that the PDP is directly related to fluctuations in the NPO

in reanalysis. The relationship between the N-S phase of the PDP and the NPO is

evidenced by the filtered NPO index explaining ∼45% of the variance in the PDP

index (Fig. 3.4) and lag-regressions of filtered 850 hPa geopotential height anomalies

onto the NPO index, effectively recreating the evolution of the PDP (Fig. 3.5).

However, a large portion of the variance in the PDP index is not explained by the

NPO index (∼55%) which is likely due to the NPO index not capturing variability

associated with the E-W phase of the PDP. While these results support the inference

from Anderson et al. (2017) that the N-S phase of the PDP maps onto the NPO, they

also reaffirm the importance of differentiating the N-S phase and the E-W phase of

the PDP, especially dynamically.

This study also demonstrated a relationship between the N-S phase of the PDP

and tropical Pacific climate variability. Several key analyses established this rela-

tionship. The SSTa pattern associated with the emergence of the N-S and phase of

the PDP is similar the structure of CP ENSO in HadISST, with statistically signifi-

cant anomalies situated in the central Pacific (Fig. 4.1). The CP ENSO time series

derived for HadISST had significant power at quasi-decadal frequencies (Fig. 4.6),

was highly correlated with the time series describing the PDP SSTa pattern at lag

Year +1 (r = 0.85, p � 0.001), and is significantly correlated with the PDP index

when lagged by one year (Fig. 4.7). Much of the same analysis was conducted with

canonical ENSO, and no significant relationship was found with the SSTa pattern
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associated with the emergence of the N-S phase of the PDP. The canonical ENSO

structure in reanalysis varies from the observed SSTa pattern associated with the

PDP at Year 1 (Fig. 4.3a), has little power at quasi-decadal frequencies (Fig. 4.5a),

and is weakly correlated with the time series describing the SSTa pattern associated

with the PDP during the emergence of the N-S phase (r = 0.13, p � 0.001) Based

on these results, low frequency variations in CP ENSO are indeed related to the N-S

phase of the PDP, much more so than canonical ENSO.

Recall the hypotheses proposed for this thesis:

1) The N-S phase of the PDP is intimately tied to variability in the NPO.

2) The N-S phase of the PDP is linked to tropical PDV.

3) AOGCMs capture show evidence of relationships between the N-S phase of the

PDP, the NPO, and tropical PDV.

The results in this thesis demonstrate that the N-S phase is intimately tied to

variability in the NPO and that the emergence of the N-S phase of the PDP is linked

to tropical PDV. Synthesizing these relationships results in a robust argument to in-

clude the PDP within the secondary mode paradigm for Pacific variability. Just how

the PDP is placed within this paradigm, however, remains to be seen. Relationships

between the PDP and other modes of variability in the Pacific will need to be re-

searched to confidently place it within this paradigm. Another potential linkage to

the PDP yet to be explored is the connections between the PDP and the NPGO. The

secondary mode paradigm for North Pacific variability (i.e., CP ENSO-NPO-NPGO)

establishes that the NPO forces some variability in the NPGO. With results here

showing the N-S phase of the PDP mapping onto the NPO and and the concomitant

SSTa evolution in the tropics being related to CP ENSO, there may be a linkage to

the NPGO on the quasi-decadal time scale as well. Further, as shown by Frankignoul

and Sennéchael (2007), SSTa in the North Pacific can substantially impact overlying
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circulation which indicates that the NPGO may influence the evolution of the PDP

as well. The intricacies of whether the PDP and NPGO relate to one another and, if

so, to what extent they influence one another will need to explored in future studies.

Not investigated within this study is the second hypothesis presented by Ander-

son et al. (2017), which proposes that the E-W phase of the PDP is maintained by

stratospheric temperature deviations and their effect on the underlying tropospheric

circulation. As discussed in Chapter 1, this could be a lagged influence from tropical

Pacific SST forcing on the stratosphere. Indeed, Domeisen et al. (2019) found that

the state of the polar stratospheric vortex is profoundly affected by ENSO variability,

with more sudden stratospheric warmings (SSWs; i.e., a reversal of wintertime west-

erly zonal-mean zonal winds at 10 hPa and 60◦ N) occurring during El Niño 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). Future research needs to address if, and to what extent,

influence from stratosphere on the troposphere impacts the evolution of the PDP

and whether this can be traced to ENSO. The E-W phase of the PDP has large

implications for decadal variability in seasonal precipitation in the Northwestern US

(Anderson et al., 2016a), and further understanding of what drives the E-W phase can

lead to the improvement of AOGCMs and more skilled predictions of drought/pluvial

cycles in this region of the US.

Historically, AOGCMs have not performed well with replicating variability in

the stratosphere (Charlton-Perez et al., 2013; Seviour et al., 2016). Many models

require modes of variability within the stratosphere to be externally forced, if modes

of variability in the stratosphere are simulated at all, as the stratospheric physics

within current models is not complete (i.e., the Quasi-Biennial Oscillation; Anstey

et al., 2016). If the hypothesis from Anderson et al. (2017) proposing that the E-

W phase may be maintained by stratospheric influences on the troposphere is true,
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models should be expected to struggle simulating this phase due to their lack of

skill in simulating stratospheric variability. Indeed, Figures 3.6c,d showing CMIP6

model performance in simulating the E-W phase of the PDP is consistent with this

hypothesis, as all models struggle in capturing a distinct E-W phase. Moreover,

models with high tops (i.e., more resolution in the stratosphere) 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 dynamics will be crucial in improving

predictions of this mode of variability.

Contrary to reanalysis, the model analyses within this study do not support the

PDP playing a role in the secondary mode paradigm. Model results vary considerably

from reanalysis both on their simulations of the PDP and on the connection between

the N-S phase of the PDP and the NPO. Simulations of the PDP’s relationship to

Central Pacific SSTa at Year 1 in CMIP6 models is weak, with few showing statis-

tically significant anomalies in the same region as in reanalysis and some showing

anomalies of the wrong sign (Fig. 4.1,4.2). Models do not simulate tropical Pacific

variability well, both spatially and temporally, as shown by their CP ENSO structure

(Fig. 4.4) and the power spectra of CP ENSO time series (Fig. 4.6). Moreover, the

connection between CP SST and the N-S phase of the PDP is virtually non-existent in

model output, as the atmospheric response to heating in the central Pacific does not

map onto the N-S phase of the PDP like in reanalysis (Fig. 4.9) and appears to map

more on the AL. The findings here generally show that all models struggle with sim-

ulating North PDV and highlight a continuation of discrepancies in how IPCC AR4

models simulated North PDV as shown by Furtado et al. (2011), now with respect to

the PDP.
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Current climate projections for the North Pacific and across North America are

primarily informed by variability associated with the leading modes of Pacific variabil-

ity (i.e., the ENSO-AL-PDO paradigm). Yet, exclusively using this paradigm does not

capture necessary variability to explain events in the North Pacific and across North

America, such as extreme cold in the midwestern United States during the winter of

2013/14 (Baxter and Nigam, 2015). For the PDP specifically, research currently being

conducted by the authors of Anderson et al. (2017) shows that the phase of the PDP

has a stronger connection to surface temperature and precipitation extremes over

North America than the leading mode of atmospheric variability in the North Pacific

(i.e., the AL). As such, the inclusion of variability in the secondary mode paradigm,

including the PDP, can improve subseasonal-to-seasonal (S2S) forecasts for surface

temperature and precipitation extremes. However, prior to the inclusion of the PDP

within climate predictions, our current understanding of the PDP’s dynamics and

model performance in simulating these dynamics need to be improved. Identifying

observed oceanic or atmospheric features AOGCMs struggle with simulating can, and

has in the case of the Madden-Julian Oscillation (Zhang, 2005), aid in improving their

dynamics and thereby improve prediction skill. For quasi-decadal variability specifi-

cally, Liu and Di Lorenzo (2018) discuss in their review that PDV is primarily driven

by teleconnection dynamics interacting with the tropics and between ENSO telecon-

nections and modes of atmospheric variability in mid-latitudes. The results from this

study show that CMIP6 models do not capture tropical PDV (Fig. 4.4,4.6) nor the

teleconnection dynamics associated with PDV (Fig. 4.9). Because of this, models are

not able to capture the relationship between tropical Pacific and the PDP, thereby

hindering their simulations of the PDP’s evolution and associated impacts. Improving

how models simulate the dynamical drivers of the PDP demonstrated in this study

will thus be crucial for forecasting PDP-related impacts like drought/pluvial cycles
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and extreme temperatures across the US across time scales ranging from subseasonal

to decadal.

Finally, the link demonstrated within this study between the emergence of the N-S

phase of the PDP and tropical PDV requires further research. While the atmospheric

response to the SSTa pattern associated with the emergence of the N-S phase of

the PDP maps onto the N-S phase (Fig. 4.9), it is still unclear just how much

this contributes to the emergence of the N-S phase of the PDP. Future research,

informed by the performance of CMIP6 models in simulating tropical PDV and the

PDP detailed in this study, will need to confirm this. Much like methods seen in

Amaya et al. (2019), future studies should select a model and force the pattern of

SSTa associated with the PDP in an ensemble of model runs in order to quantify

the dynamical link between CP SST and the N-S phase of the PDP. Should the

relationship between tropical PDV and the north-south phase of the PDP prove to

be both dynamical and quantifiable, it could have implications for the improving

predictability of the PDP and it’s impacts in the North Pacific and across North

America. Furthermore, with increasing variance in CP ENSO under anthropogenic

climate change (Yeh et al., 2009), establishing a better understanding of how tropical

PDV influences the PDP is all the more important to improve prediction skill.
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