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Abstract14

The Pacific Decadal Oscillation (PDO) is the dominant pattern of observed sea surface15

temperature variability in the North Pacific. Its characteristic pattern of eastern intensified16

warming and cooling within the Kuroshio-Oyashio Extension (KOE) is pervasive across17

timescales. We investigate the mechanisms for its decadal persistence in coupled climate18

models, focusing on the role of ocean circulation changes. We use low-frequency component19

analysis to isolate the mechanisms relevant at decadal and longer timescales from those20

acting at shorter timescales. The PDO warm phase is associated with strengthening and21

expansion of the North Pacific subpolar gyre in response to a deepening of the Aleutian Low.22

The subpolar gyre takes several years to respond to wind-stress forcing through baroclinic23

ocean Rossby wave adjustment, such that white-noise atmospheric forcing is integrated into24

red noise, increasing variability at long timescales. Sea level anomalies within the KOE25

provide an observable ocean circulation signature of North Pacific decadal variability.26

Plain Language Summary27

North Pacific sea surface temperatures vary from decade to decade with a characteristic28

pattern: warmer than average temperatures near North America and colder than average29

temperatures extending from the coast of Japan, or vice versa. These ocean temperature30

changes influence fish populations as well as climate over the surrounding land regions. We31

investigate the physical mechanisms for this temperature variability using global climate32

models that include interactions between the atmosphere and ocean. We find that ocean33

currents change concurrently with the changes in sea surface temperature. It is the slow34

adjustment of these ocean currents to changes in the prevailing wind patterns that gives35

this variability its persistence from decade to decade. Sea level fluctuations in the Kuroshio-36

Oyashio Extension region of the West Pacific can be used to monitor and predict these37

decade-to-decade changes.38

1 Introduction39

The Pacific Decadal Oscillation (PDO) index is widely used to characterize decadal40

shifts in climate and ecosystems within the Pacific basin and beyond. This index is com-41

puted, using empirical orthogonal functions (EOFs), as the pattern explaining the most42

variance in North Pacific sea surface temperatures (SSTs) (Mantua et al., 1997). However,43

variance is maximized across all timescales, and there is an emerging body of literature sug-44

gesting that the PDO is actually the superposition of distinct physical processes operating45

on different timescales (Schneider & Cornuelle, 2005; Newman, 2007; Alexander et al., 2008;46

Newman et al., 2016). The three broad categories of processes involved are (i) air-sea heat47
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fluxes and Ekman transport induced by atmospheric circulation anomalies, which result48

either from stochastic atmospheric variability or teleconnections from the tropical Pacific49

(Davis, 1976; Alexander, 1990; Trenberth & Hurrell, 1994; Lau & Nath, 1996; Alexander50

et al., 2002; Newman et al., 2016); (ii) ocean thermal inertia and the annual reemergence51

of temperature anomalies sequestered beneath the summer mixed layer (Namias & Born,52

1970; Frankignoul & Hasselmann, 1977; Alexander & Deser, 1995); and (iii) adjustment of53

the upper-ocean gyre circulation in response to wind-stress forcing (Latif & Barnett, 1994,54

1996; Miller et al., 1998; Deser et al., 1999; Seager et al., 2001; Pierce et al., 2001; Schneider55

& Miller, 2001; Schneider et al., 2002; Schneider & Cornuelle, 2005; Kwon & Deser, 2007;56

Qiu et al., 2007; Zhang & Delworth, 2015; O’Reilly & Zanna, 2018). A better understanding57

of the relative contributions of these different processes at decadal timescales is needed to58

improve decadal climate prediction in the Pacific sector (Keenlyside & Ba, 2010; Meehl et59

al., 2009, 2014).60

Many types of low-frequency climate variability arise from slow dynamical processes in-61

tegrating higher-frequency stochastic forcing (Hasselmann, 1976). For example, Frankignoul62

and Hasselmann (1977) model midlatitude SST variability as a static ocean mixed layer in-63

tegrating stochastic forcing from air-sea heat fluxes. Through this mechanism, the dominant64

patterns of atmospheric variability imprint upon SST variability at longer timescales. Atmo-65

spheric variability, which generally has a spectrum consistent with white noise, is integrated66

into red noise. This ‘Hasselmann model’ of SST variability is the continuous time equivalent67

of an AR(1) process. A number of studies have applied simple AR(1) models to the PDO,68

either representing the PDO as a single integrator responding to forcing from the El Niño69

Southern Oscillation (ENSO) and/or stochastic Aleutian low forcing [e.g., Newman et al.,70

(2003)], or constructing a multivariate AR(1) model [also known as a linear inverse model71

(LIM)] of SST anomalies throughout the Pacific (Schneider & Cornuelle, 2005; Newman,72

2007; Alexander et al., 2008; Roe, 2009; Newman et al., 2016). The persistence of SST73

anomalies is determined to leading order by the mixed-layer heat capacity. However, ocean74

adjustment [i.e., process (iii) above] may lead to specific patterns of SST anomalies with75

persistence that is greater than that given by the local mixed-layer heat capacity.76

Here, we use low-frequency component analysis (LFCA) to identify the spatial pattern77

of Pacific SST anomalies with the highest ratio of interdecadal “signal” to intradecadal78

“noise” in long control simulations of coupled climate models. This analysis is equivalent to79

solving for the pattern of Pacific SST variability with the greatest decadal persistence and80

the “reddest” power spectrum (greatest spectral slope). We find that this low-frequency81

pattern is similar to the PDO SST anomaly pattern, but that its time series has twice82

the decadal persistence of the PDO index. We show that the low-frequency (interdecadal)83
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component of the PDO (LFC-PDO), isolated through this analysis, is associated with an84

anomaly in the North Pacific ocean gyre circulation. Finally, we construct an AR(1) model85

for the LFC-PDO evolution and show that it is consistent with the dynamical adjustment86

of the subpolar gyre to Aleutian Low wind-stress forcing through the westward propagation87

of baroclinic ocean Rossby waves (Miller et al., 1998; Deser et al., 1999; Seager et al., 2001;88

Schneider et al., 2002; Qiu et al., 2007; Sasaki & Schneider, 2011).89

2 Data and Methods90

Low-frequency component analysis (LFCA) is a statistical method to find the linear91

combination of EOFs that gives the highest ratio of low-frequency to total variance (Wills92

et al., 2018), a specific case of signal-to-noise maximizing EOF analysis (Allen & Smith,93

1997; Schneider & Griffies, 1999; Venzke et al., 1999; DelSole, 2001; Schneider & Held,94

2001; Ting et al., 2009). Low-frequency variance is defined as the variance that makes it95

through a 10-year lowpass filter (to focus variability on decadal and longer timescales). The96

spatial structure of covariance in the high-frequency “noise” is used to optimally filter out97

high-frequency variability. The resulting anomaly patterns and time series are called low-98

frequency patterns (LFPs) and low-frequency components (LFCs), respectively. They are99

sorted by their ratio of low-frequency to total variance. The LFCs are normalized to have100

unit variance such that the LFPs show the anomaly pattern associated with a 1-standard-101

deviation anomaly in the corresponding LFC. The LFCs are required to be orthogonal102

(uncorrelated), but the LFPs are not. LFCA finds the pattern of variability with the103

maximum possible ratio of low-frequency to total variance and decadal persistence (our104

quantity of interest), motivating its use over other statistical methods.105

We use LFCA to solve for the pattern of Pacific SST anomalies (over 45◦S–70◦N) with106

the highest ratio of low-frequency to total variance in long pre-industrial control simula-107

tions of coupled climate models from the Coupled Model Intercomparison Project phase108

5 [CMIP5, Taylor et al., (2012)]. We include 500 years of model output from each of 26109

different models (Table S1) to analyze a total of 13,000 years of variability. Our method-110

ology for applying LFCA to the CMIP5 ensemble follows that of Wills et al. (2019). To111

avoid issues with interpolating SST output from each model’s non-Cartesian ocean grid,112

we use surface temperature output on each model’s atmospheric grid, mask out land areas,113

and set all temperatures below the freezing point of sea water (indicating that sea ice is114

present) to the freezing point. SST anomalies are computed with respect to each model’s115

climatological seasonal cycle such that inter-model differences in climatology and seasonal116

cycle are removed from the analysis. All fields are interpolated to a common (2◦) analysis117

grid. Quadratic trends are removed from all fields before analysis to remove any influence118
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of model drift. We include 50 EOFs of Pacific SST anomalies in the LFCA, capturing 79%119

of the total variance. Our results are insensitive to this choice as long as ∼25 or more EOFs120

are included.121

We estimate the significance levels of correlations and regressions by computing 500122

phase randomized samples of the regressor, following Ebisuzaki (1997). Because we are using123

13,000 years of monthly data, most correlations and regressions are statistically significant124

at the 95% confidence level.125

3 The Interdecadal Component of the PDO126

The leading LFC of Pacific SST anomalies (LFC-PDO) over the full Pacific domain127

(45◦S–70◦N) in the pre-industrial control ensemble shows anomalies primarily in the sub-128

polar North Pacific (Fig. 1a). Like the traditional PDO index (PC-PDO), computed as the129

leading principal component of North Pacific SST anomalies (20◦N–70◦N, Fig. 1b), its warm130

(positive) phase is associated with cooling in the Kuroshio-Oyashio Extension (KOE) con-131

current with warming along the west coast of North America. The KOE cooling is stronger132

and more geographically confined for LFC-PDO than for PC-PDO. The warming associ-133

ated with LFC-PDO is about half as strong as that associated with PC-PDO, but extends134

farther west into the Bering Sea and Sea of Okhotsk. The LFC-PDO pattern is similar to135

the PDO-like anomaly pattern obtained from LFCA of observed Pacific SSTs over the 20th136

century (Wills et al., 2018), with the biggest difference being the larger amplitude of KOE137

SST anomalies in the CMIP5 models, a known bias of low-resolution models (Thompson &138

Kwon, 2010).139

While the differences in spatial pattern are subtle, there are large differences in persis-140

tence between LFC-PDO and PC-PDO; LFC-PDO has greater autocorrelation at 4 years141

than PC-PDO has at 2 years (Figs. 1c and 1d). Moreover, at lead times between 18 and142

40 months, LFC-PDO is a better predictor of the PC-PDO than is the PC-PDO itself (i.e.,143

the cross correlation exceeds the autocorrelation of PC-PDO, Fig. 1d). This stems from the144

greater ratio of low-frequency to total variance of LFC-PDO (r = 0.49) compared to that145

of PC-PDO (r = 0.28) [cf. r = 0.44 for the PDO-like LFC and r = 0.27 for the PC-PDO146

in observed Pacific SSTs, Wills et al. (2018)]. The longer timescale of LFC-PDO is also147

apparent in its power spectrum, which has approximately double the variance of PC-PDO148

at 16-100 year timescales and approximately half as much at 1.5-5 year timescales (Fig. 1e).149

LFC-PDO has a redder spectrum, particularly in the vicinity of the lowpass cutoff, illus-150

trating how LFCA isolates the reddest mode of variability. An interesting feature within151

the otherwise red spectrum is the spectral peak of LFC-PDO at annual timescales, a result152
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of the annual reemergence of SST anomalies in winter (Namias & Born, 1970; Alexander &153

Deser, 1995).154

LFC-PDO has a squared coherence of 65% or greater with PC-PDO at all timescale155

longer than 10 years (Fig. S1), indicating that these indices capture much of the same156

multidecadal variability. The greater low-frequency to total variance ratio of LFC-PDO157

helps to make up for the reduced amplitude of its SST anomaly pattern such that LFC-158

PDO explains an equal or greater fraction of low-frequency SST variance as the PC-PDO159

at all locations (Fig. S2). In particular, the LFC-PDO explains more interdecadal SST160

variance than the PC-PDO throughout the western Pacific. Only in the Gulf of Alaska and161

along the west coast of North America does the PC-PDO explain as much interdecadal SST162

variance as the LFC-PDO. Even though PC-PDO explains as much low-frequency variance163

in some locations, it has a lower signal-to-noise ratio and is therefore less predictable.164

It has been suggested that the PDO represents the long-lived remnants of ENSO vari-165

ability (Zhang et al., 1997; Vimont, 2005; Newman et al., 2016). However, Wills et al. (2018)166

find that the interdecadal component of the PDO in observations (identified with LFCA) is167

nearly independent of ENSO, but is otherwise consistent with the traditional PC-PDO defi-168

nition [see also Chen and Wallace, (2016)]. It therefore warrants investigation how strongly169

coupled the two PDO definitions are to ENSO in CMIP5 models. We investigate the cou-170

pling with ENSO based on lead-lag correlations of each PDO index with Niño3.4 (Figs. 1c171

and 1d). ENSO is correlated with LFC-PDO at lead times of 0-3 years (ENSO leads) and172

weakly anti-correlated at lag times of 1-4 years [cf. observational analysis of Wills et al.173

(2018), where there is no significant correlation when ENSO leads]. The peak correlation of174

0.2 occurs at a lead time of 1 year (ENSO leads). The PC-PDO has a stronger peak corre-175

lation (0.4) with ENSO than LFC-PDO – at a lead time of 6 months (ENSO leads). Away176

from this peak correlation, the lead-lag correlation resembles the ENSO autocorrelation and177

therefore does not contain new information about the relationship between PC-PDO and178

ENSO. The exact strength of ENSO–PDO coupling depends on the indices used to define179

these two modes of variability, but both CMIP5 models and observations suggest that the180

interdecadal component of the PDO is only weakly coupled to ENSO.181

Regressions of sea-level pressure (SLP) and wind-stress anomalies onto the LFC-PDO182

show that its warm phase is associated with a deepening of the Aleutian Low (Fig. 2a).183

Characterizing the Aleutian Low by the North Pacific Index (NPI) [the average SLP anomaly184

over the box in Fig. 2a; Trenberth and Hurrell, (1994)], we find that the Aleutian Low is185

anomalously strong for 5 years before a maximum in the LFC-PDO. The lead correlation is186

strongest in DJFM (not shown) and decays to zero with an e-folding time of 2-3 years. This187

suggests that the Aleutian Low is forcing the LFC-PDO in winter and that the LFC-PDO188
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integrates this forcing over the prior 2-3 years. This is further supported by the coherence189

spectrum between NPI and LFC-PDO, which shows ∼50% squared coherence on decadal190

and longer timescales (Fig. 3a), with LFC-PDO lagging NPI by ∼2 years. The decadal191

coherence between NPI and LFC-PDO is greater than the coherence between NPI and192

Niño3.4 at any timescale (Fig. 3b), suggesting that the forcing of LFC-PDO by Aleutian193

Low internal variability is larger than the forcing by ENSO through the atmospheric bridge194

mechanism (Lau & Nath, 1996; Alexander et al., 2002). NPI has a white power spectrum195

at interannual and longer timescales, with only a small peak in the ENSO band (3-8 years,196

Fig. 1e). Therefore, a source of persistence must exist within the North Pacific to give rise197

to the red power spectrum of the LFC-PDO (Hasselmann, 1976).198

4 Signatures of Dynamical Ocean Adjustment in Pacific Decadal Vari-199

ability200

Two potential sources of SST persistence are (i) ocean thermal inertia above the max-201

imum winter mixed-layer depth and (ii) ocean circulation dynamics. Lead-lag relationships202

between SST anomalies and net surface heat flux anomalies can be used to distinguish203

between these possibilities, as positive/negative SST anomalies must be preceded by net204

surface heat fluxes into/out of the ocean in the absence of a dynamic ocean circulation re-205

sponse. Regressions of net surface heat flux anomalies onto the LFC-PDO show the largest206

anomalies within the KOE, where anomalous heat fluxes into the ocean occur concurrently207

with negative SST anomalies (Fig. 2b), including in the years leading up to and the years208

following a peak LFC-PDO anomaly. Cold SSTs in the KOE must be maintained by anoma-209

lous ocean heat-flux divergence, because these surface heat fluxes act to warm the ocean.210

The anomalously warm regions to the north and east show small surface heat flux anoma-211

lies leading up to the maximum in the LFC-PDO and anomalous heat fluxes out of the212

ocean after (Figs. 2b, S3). This suggests an important role for anomalous ocean heat-flux213

convergence into these regions during the build up and peak phases of the LFC-PDO and214

subsequent damping of SST anomalies by surface heat fluxes. In contrast, regression of215

net surface heat fluxes onto the PC-PDO shows predominantly atmospheric driven heat216

fluxes (i.e., heat fluxes into/out of the ocean immediately before anomalously warm/cold217

temperatures and out of/into the ocean immediately after), except in the KOE (Fig. S4).218

The net surface heat flux regressions give evidence of an active role of ocean circulations in219

the LFC-PDO, whereas much of the PC-PDO variability can be explained by atmospheric220

forcing of mixed-layer temperature anomalies (Roe, 2009).221

Regression of the ocean barotropic streamfunction onto the LFC-PDO (for the 13 mod-222

els that output barotropic streamfunction, see Table S1) shows that the warm phase of223
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the LFC-PDO is associated with expansion and strengthening of the North Pacific subpo-224

lar (a.k.a. subarctic) gyre, a strengthening of the Kuroshio-Oyashio current system, and a225

strengthening of the North Pacific subtropical gyre (Fig. 2c). The streamfunction anomalies226

are intensified on the western side of the ocean basin, consistent with a steady state Sverdrup227

response to wind-stress forcing, where the depth-integrated geostrophic streamfunction is de-228

termined by the zonal integral of the wind-stress curl from the eastern boundary (Sverdrup,229

1947; Deser et al., 1999). The streamfunction anomaly has a similar time evolution to the230

NPI (inset in Fig. 2c; cf. inset in Fig. 2a) because the barotropic adjustment timescale of231

the ocean is fast (∼2-3 months).232

While the barotropic streamfunction gives a clear sense of ocean circulation anomalies233

associated with the LFC-PDO, it is difficult to observe in the real world. Sea-surface height234

(SSH), on the other hand, is directly observed with satellite altimetry, providing insight into235

anomalies in the near-surface geostrophic ocean circulation and heat content. In the CMIP5236

models, sea level is reduced by 5 cm per standard deviation anomaly in the LFC-PDO within237

the KOE, with negative anomalies of at least 1 cm extending eastward to 160◦W (Fig. 2d).238

There are weaker opposite signed anomalies in the Bering Sea, Gulf of Alaska, subtropical239

North Pacific, and along the west coast of North America. These SSH anomalies reflect240

anomalies in ocean heat content (Fig. S5). The KOE SSH anomaly is strongest just to the241

north of the maximum climatological SSH gradient (Fig. 2d), evidence of a strengthening242

of the Kuroshio-Oyashio current system and an expansion and strengthening of the near-243

surface subpolar gyre. The strengthening of the subpolar gyre circulation acts to increase244

heat transport into the subpolar North Pacific (Fig. S3).245

Sea level anomalies can be used to monitor the evolution of the gyre circulations and246

LFC-PDO in response to wind forcing. For the 21 models that output dynamic SSH (Table247

S1), we test two SSH based indices of PDO variability: (i) an index based on LFCA of248

Pacific SSH and (ii) the SSH anomaly within the KOE (inset in Fig. 2d). The LFCA-based249

SSH index has a similar SSH anomaly pattern to the regression of SSH anomalies onto the250

LFC-PDO (Fig. S6), indicating that LFCA of different variables recovers similar indices of251

variability. Both SSH indices are strongly correlated with the LFC-PDO and have corre-252

lations comparable to the LFC-PDO autocorrelation at lead/lag times greater than 1 year253

(inset in Fig. 2d). SSH anomalies propagate westward, showing the baroclinic adjustment254

of the ocean circulation to wind-stress forcing (Fig. S7). In observations, the KOE SSH255

anomaly from satellite altimetry (Ducet et al., 2000) tracks the decadal changes in SST-256

based indices of the PDO from the NOAA Extended Reconstructed SST data set version257

3b (Smith et al., 2008) (Fig. 2e), illustrating that SSH anomalies provide an observable258

signature of ocean circulation changes associated with the PDO.259
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5 Autoregressive Model of the Gyre Response to Wind Forcing260

Our results suggest that the low-frequency component of the PDO comes about through261

the integration of Aleutian Low anomalies by baroclinic ocean circulation adjustment, a262

Hasselmann-type process. Here, we test whether the gain and phase relation between NPI263

and LFC-PDO are consistent with such a simple linear physical model. We compute the264

squared coherence, phase lag, and gain between NPI and the LFC-PDO based on a multi-265

taper spectral estimator (Fig. 3a). The gain shows a red noise response asymptoting to266

white noise at a period of ∼30 years, suggesting that a Hasselmann model is appropriate.267

We model the forcing of the subpolar gyre and LFC-PDO SST pattern by the Aleutian

Low with a simple 1-dimensional linear dynamical model of the form:

τ
dLFC(t)

dt
= −LFC(t) + λNPI(t) + ζ(t). (1)

Here LFC(t) is the LFC-PDO index, NPI(t) is the North Pacific Index of the Aleutian268

Low (Trenberth & Hurrell, 1994), ζ(t) is uncorrelated white noise, λ is the LFC-PDO269

response per unit NPI anomaly as t → ∞, and τ is the LFC-PDO response timescale.270

This is the continuous time analogue of a random walk or AR(1) process [cf. Hasselmann,271

(1976)], which has been suggested as an appropriate model for baroclinic ocean circulation272

adjustment (Frankignoul et al., 1997; Qiu et al., 2007). Fluctuations in NPI(t) or ζ(t) on273

timescales shorter than τ are too fast to give a full response. Physically, this results when274

the Aleutian Low anomaly changes sign before baroclinic ocean Rossby waves have had time275

to communicate the anomaly to the western boundary. A key assumption of this model is276

that the feedback of the LFC-PDO onto NPI is small, though it could easily be generalized277

to include this feedback by including a second ordinary differential equation (ODE) that278

describes the evolution of NPI(t).279

By taking the Fourier transform of Eq. (1), we can analytically derive the transfer

function H(f) and phase lag Φ(f) of this AR(1) model:

H(f) =
λ

1 + 2πiτf
(2)

and

Φ(f) = 2πτf. (3)

The absolute value of the transfer function gives the LFC-PDO response per unit NPI forcing280

in the frequency domain, i.e., the gain. We obtain λ and τ through a nonlinear least squares281

fit of Eq. (2) to the computed gain, following Proistosescu et al. (2018). Each CMIP5 model282

is fit separately. The multi-model mean fit parameters are λ = 0.013 σ Pa−1 and τ = 2.7 yr283
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(using σ as shorthand for standard deviations; see also the distribution of fit parameters in284

Fig. S8). The AR(1) model provides a good fit for the gain except for the annual spectral285

peak (Fig. 3a). It also provides a good fit for the phase lag even though it was only fit286

to the gain. The squared coherence (Fig. 3a) gives the approximate fraction of LFC-PDO287

variance that is explained by this simple model (∼0.5).288

The timescale τ = 2.7 yr quantifies the response time of the LFC-PDO to Aleutian289

Low forcing. It is consistent with the time it takes for baroclinic ocean Rossby waves to290

propagate halfway across the North Pacific at the latitude of the KOE, from the region of291

strongest Aleutian Low forcing to the western boundary (Chelton & Schlax, 1996; Miller et292

al., 1998; Deser et al., 1999; Seager et al., 2001; Schneider et al., 2002; Sasaki & Schneider,293

2011). The steady state response amplitude λ = 0.013 σ Pa−1 simply states that an ∼80294

Pa NPI anomaly is needed to get a 1-σ LFC-PDO response, consistent with Fig. 2a. We295

obtain similar parameters by fitting in the time domain (Figs. 3c and S8). Across models,296

the fraction of the LFC-PDO’s low-frequency variance explained by the NPI-forced AR(1)297

model ranges from 0.28 (in HadGEM2-ES) to 0.69 (in CanESM2), with a multi-model mean298

explained variance of 0.48 (Figs. 3c and S9).299

The PC-PDO can also be modeled with an NPI-forced AR(1) model (Fig. S10), but it300

has a shorter response timescale τ = 1.1 yr (Fig. S8) and therefore has a shorter timescale301

of predictability. Newman et al. (2003) formulate a similar model of the PDO with ENSO,302

rather than NPI, on the right-hand side of Eq. (1). This builds in an assumption that303

the Aleutian Low acts as a perfect intermediary between ENSO and the PDO. However,304

the lack of decadal coherence between Niño3.4 and NPI (Fig. 3b) suggests that the atmo-305

spheric bridge is not the dominant mechanism of NPI (and thus PDO) variability on decadal306

timescales. We have tested a bivariate AR(1) model of the LFC-PDO, with forcing from307

both NPI and Niño3.4, but it shows only slight improvement over the NPI-forced AR(1)308

model (multi-model mean explained variance improves from 0.48 to 0.54; Fig. S11).309

The LFC-PDO, to a good approximation, can be understood as an integrated response310

to Aleutian Low forcing (i.e., an AR(1) process). Aleutian Low anomalies trigger westward311

propagating Rossby waves that spin-up the subpolar gyre and give characteristic SST and312

SSH anomaly patterns a few years later. Compared to previous studies that have studied313

the baroclinic adjustment of the ocean gyre circulation with simple stochastic models [e.g.,314

Frankignoul et al. (1997), Schneider and Cornuelle (2005), Qiu et al. (2007)], the main315

novelty of this study is the use of LFCA to identify the pattern of Pacific SST anomalies316

with the greatest decadal persistence and to isolate the mechanisms of interdecadal PDO317

variability. We have described the interdecadal evolution of the PDO based on a single318

SST anomaly pattern and a univariate dynamical model (Eq. 1), whereas Schneider and319
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Cornuelle (2005) use a multivariate LIM to model Pacific SST variability across timescales320

and Qiu et al. (2007) focus only on anomalies in the KOE.321

We summarize by showing the evolution of SST and SLP anomalies throughout the322

warm phase of the LFC-PDO (Fig. 4). The build-up phase (Years -2 to 0) is characterized323

by an Aleutian Low anomaly and a strengthening PDO-like SST pattern. The tropical324

Pacific shows maximum SST anomalies of ∼0.2◦C 1 year before the LFC-PDO maximum,325

which contribute to the Aleutian Low anomaly through the atmospheric bridge mechanism.326

In the years following the LFC-PDO maximum (Years 1 to 2), anomalies are limited to327

the high-latitude North Pacific, with a residual cooling in the KOE and warming in the328

Bering Sea and Gulf of Alaska. There is a positive SLP anomaly over the cold KOE region329

and negative SLP anomaly to the north, illustrating the atmospheric response to LFC-PDO330

anomalies in these low-resolution CMIP5 models. The atmospheric response is weaker,331

opposite signed, and smaller scale than the initial Aleutian Low forcing (see also Fig. 2a).332

Its spatial pattern is similar to observational estimates of the atmospheric response to KOE333

SST anomalies [e.g., Wills and Thompson (2018)], though the magnitude is weaker.334

6 Discussion and Conclusions335

Our results suggest that interdecadal variability of the PDO is primarily an extratropical336

phenomenon in CMIP5 models. The North Pacific subpolar gyre adjusts to changes in337

wind stress through westward ocean Rossby wave propagation, which has a characteristic338

timescale of 2-3 years such that KOE SSTs respond to Aleutian Low variability in an AR(1)339

manner. LFCA can be used to derive an index of this integrated PDO-like SST and ocean340

circulation response. The similarity of the LFC-PDO SST pattern with the PDO-like LFC341

in observations (Wills et al., 2018) suggests that these are the relevant mechanisms in the342

real world as well.343

A key limitation of the CMIP5 models is their low resolution (∼1◦ ocean, ∼1-3◦ atmo-344

sphere), which may influence both the ocean dynamics and the atmospheric response to SST345

anomalies. The steady-state Sverdrup balance governing the oceanic response to wind-stress346

forcing is well resolved, though nonlinear and eddy dynamics in the KOE are not, leading to347

mean-state biases in the KOE system and stronger and larger-scale KOE SST variability in348

low-resolution models than in observations and high-resolution models (Thompson & Kwon,349

2010). Additionally, the low atmospheric resolution of the CMIP5 models may lead to an350

underestimation of the atmospheric response to KOE SST anomalies (Fig. 4, Years 1-2)351

compared to observations (Liu et al., 2006; Frankignoul & Sennéchael, 2007; Frankignoul et352

al., 2011; O’Reilly & Czaja, 2015; Wills & Thompson, 2018). Several studies have shown353

that a higher resolution of at least ∼0.5◦ is needed to get the full response to sharp ocean354
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fronts (Minobe et al., 2008; Nakamura et al., 2008; Xu et al., 2011; Smirnov et al., 2015).355

More work is needed to constrain the atmospheric response to KOE SST anomalies and356

determine if the AR(1) model of the LFC-PDO (Eq. 1) remains valid for higher resolution357

models and the real world. A stronger negative feedback of LFC-PDO SST anomalies onto358

the Aleutian Low would lead to more oscillatory behavior at decadal timescales [cf. Qiu et359

al., (2007)].360

We have found that intedecadal variability of the PDO in CMIP5 models is well ex-361

plained as an integrated response to prior Aleutian Low wind-stress forcing. The main way362

this differs from previous studies suggesting that the PDO primarily represents an inte-363

grated response of the ocean mixed layer to atmospheric heat-flux forcing (Alexander et al.,364

2002; Newman et al., 2003; Roe, 2009), is that there is a preferred pattern of SST response365

to wind-stress forcing set by the structure of the ocean gyres, whereas the distribution of366

SST anomalies in response to heat-flux forcing is set by the heat fluxes themselves. While a367

number of previous studies have suggested that SST, SSH, and heat-flux variability within368

the KOE represents an integrated response to prior wind-stress forcing in the Aleutian Low369

region [e.g., Latif and Barnett, (1994); Deser et al., (1999); Seager et al., (2001); Schneider370

et al., (2002); Qiu et al., (2007)], our work characterizes the broader structure of this vari-371

ability and its relationship with the PDO. We find that SST and SSH variability in the KOE372

are highly coherent with PDO variability on decadal and longer timescales. Altimetric ob-373

servations of SSH in this region provide a direct measure of the ocean circulation adjustment374

associated with interdecadal PDO variability. It is this ocean circulation adjustment that375

is responsible for the interdecadal persistence of PDO-like SST anomalies.376
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Figure 1. Low-frequency component (LFC) of the Pacific Decadal Oscillation (PDO): (a) SST

anomaly pattern associated with the leading LFC of Pacific SST anomalies (LFC-PDO) over the

latitudes 45◦S-70◦N, based on low-frequency component analysis with 50 EOFs retained and a

10-year lowpass cutoff. (b) SST anomaly pattern associated with the traditional (PC-PDO) defini-

tion of the PDO, based on principal component analysis of North Pacific SST anomalies over the

latitudes 20◦N-70◦N. (c) and (d) Lead-lag correlations with LFC-PDO and PC-PDO, respectively.

Positive lag indicates anomalies that lag the respective PDO index. Grey shading indicates the au-

tocorrelation of each index. The KOE SST anomaly shown in (c) is averaged over 39◦N–45◦N and

140◦E–180◦. (e) Multi-model mean power spectra of LFC-PDO, PC-PDO, and the North Pacific

Index (NPI, sea-level pressure averaged over 160◦E–140◦W and 30◦N–65◦N). Grey lines show the

power spectra of LFC-PDO for individual models.
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Figure 2. LFC-PDO lead-lag relationships: Lag-0 regressions of (a) sea-level pressure (SLP,

shading) and wind stress (arrows), (b) net air-sea heat flux (including radiative fluxes, positive

upward), (c) ocean barotropic streamfunction, and (d) sea-surface height (SSH) anomalies onto

the LFC-PDO, showing the anomalies associated with a 1-standard-deviation LFC-PDO anomaly.

The climatological ocean barotropic streamfunction is shown in (c) with black contours (contour

interval 10 Sv, dashed negative). The latitude of maximum SSH gradient is shown in (d) with

a black dashed line (for 140◦E–160◦W). Insets show the lead-lag regressions of (a) the NPI, (b)

the net air-sea heat flux anomaly averaged over the Kuroshio-Oyashio Extension (KOE, 140◦E–

180◦; 39◦N–45◦N), and (c) the barotropic streamfuntion anomaly averaged over the western Pacific

(140◦E–160◦W; 35◦N–50◦N), onto the LFC-PDO. Positive lag indicates anomalies that lag the

LFC-PDO. Dashed grey horizontal lines in the insets of (a)-(c) show the 95% significance levels,

computed using phase randomization [cf. Ebisuzaki, (1997)]. Averaging regions are shown with

boxes in the corresponding map plots. The inset in (d) shows the lead-lag correlation of the LFCA-

based SSH index (solid line, see also Fig. S6) and the KOE SSH anomaly (dashed line, averaged

over 140◦E–160◦E and 35◦N–45◦N) with LFC-PDO, compared with the LFC-PDO autocorrelation

(grey shading). (e) Observed KOE SST and SSH anomalies (averaged over 140◦E–160◦E and

35◦N–45◦N, minus global mean) and an LFCA-based PDO index from Wills et al. (2018) (10 EOFs

included). Kuroshio SST and SSH anomalies have their signs flipped and are normalized by their

standard deviations, 0.52◦C and 3.2 cm, respectively.
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Figure 3. Coherence spectra and AR(1) model fit: (a) Spectral relationships between the Aleu-

tian Low and LFC-PDO. The Aleutian Low is characterized by the North Pacific Index (NPI)

(Trenberth & Hurrell, 1994). The top panel shows squared coherence. The middle panel shows

phase (positive where LFC-PDO lags NPI). The bottom panel shows the frequency response func-

tion or gain (i.e., the LFC-PDO response per unit NPI anomaly). Black lines show the multi-model

mean, grey lines show individual models, and red lines show the AR(1) model fit. (b) Squared

coherence between NPI and El Niño (as characterized by Niño3.4). (c) Time series of LFC-PDO

(black) and the NPI-forced AR(1) model fit (red) for models with good (CanESM2), average (MPI-

ESM-MR), and bad (HadGEM2-ES) fits as characterized by the squared correlation (R2) and the

squared correlation after 10-year lowpass filtering (R2
LP ). For (c), the AR(1) model is fit in the

time domain. See Fig. S9 for other CMIP5 models.
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Gulf of Alaska warming and KOE cooling as characterized by LFC-PDO.
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