
Atlantic–Pacific Links in Observed Multidecadal SST Variability: Is the
Atlantic Multidecadal Oscillation’s Phase Reversal Orchestrated by the Pacific

Decadal Oscillation?

SUMANT NIGAM,a,b AGNIV SENGUPTA,c AND ALFREDO RUIZ-BARRADAS

Department of Atmospheric and Oceanic Science, University of Maryland, College Park, College Park, Maryland

(Manuscript received 5 December 2019, in final form 16 March 2020)

ABSTRACT

TheAtlantic and Pacific basin are found linked in the context of multidecadal SST variability from analyses

of 118 years of observational data. Recurrent spatiotemporal variability, including multidecadal modes, was

identified using the extended-EOF technique in a longitudinally global domain, allowing unfettered ex-

pression of interbasin interactions. The physicality of the obtained decadal modes was assessed using fishery

records and analog counts.

A three-mode structure with bi-directional interbasin links frames the new perspective on the cycling of

multidecadal SST variability. The three modes are the Atlantic multidecadal oscillation (AMO), low-fre-

quency North Atlantic Oscillation (LF-NAO), and North Pacific decadal variability [PDV-NP; resembling

negative (–ve) PDO]. The two previously documented links AMO/PDV-NP (with ~12.5-yr lead) and LF-

NAO/AMO (with 16-yr lead) are corroborated, while a third one, PDV-NP/(2LF-NAO) with ~6.5-yr

lead, is uncovered. The interaction triad closes the loop on the cycling of multidecadal SST variability,

generating AMO’s phase reversal in ~35 years, consistent with its widely noted ~70-yr time scale. The two

previously noted links—one intrabasin and one interbasin—were unsuccessful in this regard.

Other findings include the deeper subsurface extensions of Atlantic multidecadal SST variability, and the

hitherto unrecognized similarity of Pan-Pacific decadal variability and North Pacific Gyre Oscillation.

Instrumental records, albeit short in the context of multidecadal variability, must continue to be mined for

insights into the functioning of the climate system as its model representations while improving, remain

inadequate.

1. Introduction

Sea surface temperature (SST) exerts a significant,

and often predictable, influence on Earth’s climate.

Interannual SST variations related to El Niño–Southern
Oscillation (ENSO), for instance, impact the Indian sum-

mer monsoon to the west (Rasmusson and Carpenter

1983) and the North American hydroclimate to the east

(e.g., Ropelewski and Halpert 1987; Joseph and Nigam

2006). Decadal SST variations have been implicated in

notable hydroclimate episodes: The 1930s ‘‘Dust Bowl’’

drought over the Great Plains of North America has been

linked to decadal SST variability in the Pacific (e.g., Ting

and Wang 1997; Nigam et al. 1999; McCabe et al. 2004;

Seager et al. 2005; Nigam et al. 2011) and Atlantic (e.g.,

Namias 1966; McCabe et al. 2004; McCabe and Palecki

2006; Ruiz-Barradas and Nigam 2005; Nigam et al. 2011)

basins. The 1950s–80s ‘‘drying’’ of the Sahel has also been

attributed to multidecadal SST variations (Folland et al.

1986; Giannini et al. 2003; Zhang and Delworth 2006;

NigamandRuiz-Barradas 2016; Thomas andNigam2018).

Regional hydroclimate predictions can as such benefit

from the improved characterization of the nascent and

mature phases (i.e., evolution) of the recurrent, perti-

nent interannual and decadal SST variations—a key

goal of this analysis. Coherent large-scale SST anoma-

lies on interannual-to-multidecadal time scales result

not only from ocean wave dynamics (as in, but not lim-

ited to, tropical basins) and the overlying atmospheric
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circulation and related surface energy fluxes (as in ex-

tratropical basins; Frankignoul and Hasselmann 1977;

de Coetlogon and Farnkignoul 2003; Deser et al. 2003,

2010), but also from heat transports by ocean currents

and coastal and equatorial upwelling. Large-scale SST

anomalies in one basin can moreover impact SSTs in the

other basins through the atmospheric bridge (e.g.,

Alexander et al. 2002; Liu andAlexander 2007), thwarting

efforts to unravel regional versus remote contributions in

SST evolution.

Evolution-centric analysis of recurrent SST variability

has been undertaken in the Pacific (Guan and Nigam

2008, hereafter GN2008) andAtlantic (Guan andNigam

2009, hereafter GN2009) basins, but seldom in both

basins together (i.e., without a priori specification of

basin preference). While conducting such an analysis is

the preeminent goal of this study, interbasin links have

been studied before albeit in a piecemeal manner.

The impact of ENSO on the tropical Atlantic (e.g.,

Hameed et al. 1993; Enfield and Mayer 1997; Chung

et al. 2002; Alexander et al. 2002) or of theAtlantic Niño
on ENSO (e.g., Ham et al. 2013), or of these both on

regional climate (Wang 2006), has been studied; see Liu

and Alexander (2007) for an overview. The impact of

tropical Indo-Pacific SSTs on North Atlantic SST vari-

ability has also been assessed (Hoerling et al. 2001;

Bader and Latif 2003). On longer time scales, the recent

warming of the tropical Atlantic was linked with inten-

sification of the Walker circulation and related eastern

Pacific cooling (Chikamoto et al. 2012; McGregor et al.

2014; Li et al. 2015).

The Atlantic and Pacific basins are linked on multi-

decadal time scales as well. In seminal investigations,

d’Orgeville and Peltier (2007) from observational anal-

ysis and Zhang and Delworth (2007) from observational

and modeling analyses uncovered links between these

basins, finding the Atlantic multidecadal oscillation

(AMO) leading the Pacific decadal oscillation (PDO)

by 12–13 years; Wu et al.’s (2011) and Marini and

Frankignoul’s (2014) observational analyses support this

AMO lead over the PDO. Chafik et al. (2016) indicate a

prominent role of the subpolar North Atlantic (SPNA)

in fostering Atlantic–Pacific links through the propaga-

tion of heat anomalies from the Gulf Stream region to

the SPNA. The Atlantic pacemaker experiments of Sun

et al. (2017) show the AMO to be teleconnected with

decadal variability in the western tropical Pacific.

Themodes of decadal–multidecadal SST variability in

the Atlantic and Pacific basins, and especially the in-

terbasin interactions in their evolution, are the principal

targets of this analysis. Themature phase of thesemodes

is reasonably well known but their characteristic evo-

lution and development mechanisms remain uncertain.

The origin of multidecadal variability in the North

Atlantic, for example, is being actively investigated. The

role of oceanic processes, especially heat transports

through modulation of Atlantic meridional overturning

circulation (e.g., Delworth et al. 1993; Knight et al. 2005;

Latif and Keenlyside 2011), is being assessed relative to

atmospheric forcing through surface fluxes, both aerosol-

influenced radiative fluxes (e.g., Booth et al. 2012) and

stochastic heat flux variations (Clement et al. 2015). Zhang

et al. (2013, 2016), Zhang (2017), Delworth et al. (2017),

O’Reilly et al. (2016), Drews and Greatbatch (2016), and

others have stressed the importance of ocean circulation in

the generation of multidecadal variability. Decadal fluc-

tuations in the subpolar North Atlantic salinity and heat

content were recently shown to result from a process se-

quence involving surface flux forcing, coastal upwelling,

Ekman transports, ocean circulation, and bathymetric in-

fluences (Nigam et al. 2018).

The SST variability is analyzed in this study using the

extended empirical orthogonal function extended-EOF

technique, which extracts variability modes based on both

spatial and temporal recurrence, without imposing any

periodicity constraints and data preprocessing conditions.

As such, it is able to depict the spatiotemporal evolution

of recurrent variability—unlike canonical EOF analysis,

which identifies the mature-phase spatial structure (i.e.,

pattern) but not the space–time structure (i.e., mode) of

variability.1 The technique yields characterization of sec-

ular warming (through a nonstationary secular trend) and

multidecadal variability, contextually (i.e., from the same

single analysis), as opposed to the more common residual

estimation of either component; a contextual separation is

deemed essential for detection and attribution of climate

change.UnlikeGN2008 andGN2009, this analysis pursues

contextual characterization ofmultidecadal SSTvariability

also in the basin realm, that is, without prejudicing the

analysis with an a priori basin preference, as was the case

earlier; GN2008 analyzed Pacific basin variability while

GN2009 analyzed the Pacific-unrelated variability in the

Atlantic basin. In addition to allowing full expression of

interbasin links via a longitudinally global analysis domain

1 Prior analyses of global SST variability used theEOF technique

after preprocessing the SST record through time series normali-

zation (Kawamura 1994), low-pass filtering (Enfield and Mestas-

Nuñez 1999), mode rotation (Mestas-Nuñez and Enfield 1999), and
separation of seasons (Yasunaka and Hanawa 2005); no pre-

processing was used in Messié and Chavez (2011). Chen et al.

(2017) used pairwise rotation of EOFs to eliminate mode mixing.

The present analysis uses the extended-EOF technique (Weare

and Nasstrom 1982), followed by varimax rotation (Kaiser 1958);

see GN2008 and GN2009 for elaboration on the relative advan-

tages of this strategy.
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(208S–808N), this analysis is based on 15 more years of

recent data vis-à-vis GN2008; the 1900–2018 SST record is

its target.

The physicality of multidecadal modes is assessed

using Pacific andAtlantic fish recruitment data as well as

observational analog counts; Pacific recruitment records

were augmented and the Atlantic ones sourced for this

assessment. Sensitivity tests, including varying the sam-

pling window width and the number of rotated modes, are

performed to assess the robustness of the final analysis.

Datasets and analysis method are briefly described in

section 2. Principal components and modal evolution

from the primary analysis are discussed in sections 3 and 4

where the focus is on decadal to multidecadal vari-

ability; modal links with ocean subsurface temperature

and salinity are documented in section 4. The simul-

taneously extracted interannual variability modes (e.g.,

ENSO growth and ENSO decay) are displayed in the

appendix, for completeness. Intra- and interbasin links

between multidecadal modes, revealed by lead–lag anal-

ysis and supported by spatiotemporal evolutions, are pre-

sented in section 5 with a brief commentary on related

atmospheric circulation, which is a key linking agent. The

sensitivity of the primary analysis and the physicality of

extractedmodes are discussed in section 6, with concluding

remarks following in section 7.

2. Datasets and analysis method

a. Sea surface temperature

The U.K. Met Office’s Hadley Centre Sea Ice and Sea

Surface Temperature data (HadISST 1.1; Rayner et al.

2003), available monthly from 1900 to 2018 on a 18 grid,
are analyzed. For computational efficiency, monthly

SSTs are regridded onto a 58 3 2.58 longitude–latitude
grid. Seasonal SSTs are computed using Northern

Hemisphere seasondefinitions (e.g.,winter is theDecember–

February average). Seasonal SST anomalies are con-

structed by removing the long-term climatology of each

season. The same procedure is used for other variables

in the study.

b. Mean sea level pressure

TheMet Office’s Hadley mean sea level pressure data

(HadSLP2; Allan and Ansell 2006) are used to infer the

surface atmospheric circulation associated with SST

evolution. The dataset, a combination of land and ma-

rine pressure observations, is available at monthly res-

olution on a 58 global grid from 1850 to the present.

c. Subsurface temperature and salinity

The Met Office’s Hadley Centre-produced, quality-

controlled EN.4.2.1 dataset (Good et al. 2013), which

was bias-corrected using the climatological World Ocean

Atlas 2009 (Levitus et al. 2009), is used for the analysis of

ocean subsurface temperature (including heat content)

and salinity. The data are available at monthly resolution

on a 18 grid from 1900 to the present.

d. Analysis method

Seasonal SST anomalies in a longitudinally global

domain (208S–808N, 08–3608) are analyzed from winter

1900 to winter 2017/18 using the extended-EOF tech-

nique (Weare and Nasstrom 1982). A five-season-long

sampling window is used in the primary analysis, fol-

lowed by varimax rotation (e.g., Richman 1986) of the

leading principal components (PCs). The analysis

closely follows GN2008 in its implementation of the

extended-EOF technique, sampling window, and PC

rotation. Eleven PCs were rotated in order to accord

this global analysis the same degrees of freedom (i.e.,

variability modes) as that available in total in the re-

lated individual basin analyses (GN2008; GN2009); the

choice of 11 was also guided by physicality assessments

of the modes, through analog counts and PC correla-

tion with fishery records (cf. section 6). Because of the

focus on both spatial and temporal recurrence, the

analysis yields recurrent modes (and not just patterns)

of variability; specifically, a five-season-long spatio-

temporal pattern (loading vector, or extended EOF)

and its related time series (principal component) are

obtained for each mode.

The SST principal components are smoothed, when

noted, using the LOESS filter (Cleveland and Loader

1996) with a 10% span window (LOESS-10%; or with

window span equaling 10% of the 118-yr record, or;12

years). The smoothing suppresses seasonal-to-interannual

variations, thereby highlighting decadal-to-multidecadal

variability.

The evolution of SST (and other related variables) can

be obtained from the linear lead–lag regressions of their

seasonal anomalies on the principal components, smoothed

or unsmoothed. Note that linear regressions of SST on any

PC in the62-seasonwindow completely recover the related

SST loading vector that was initially obtained. Standard

statistical tools such as autocorrelation and cross-correlation

are used to estimate modal time scale and intermodal links,

respectively.

e. Physicality of multidecadal variability modes

Hare and Mantua’s (2000) pioneering use of marine

ecosystem data in evaluating the physicality of Pacific de-

cadal oscillation (obtained from statistical analysis of SSTs)

opened a new avenue in physicality assessment—one pur-

sued by GN2008, who also used observational analog

counts. North Pacific and the Bering Sea recruitment is
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assembled from Hare and Mantua (2000; data period

1965–97), the International Pacific Halibut Commission

(IPHC) regulatory areas 3B and 4A2 catchment (data

period 1991–2014), and from two IPHCmodels (Stewart

and Martell 2014) for a more extended period (1925–

2010). For theAtlantic basin, stock assessment records

for mackerel (NEFSC 1996, 2006, 2018), Gulf of Maine

cod (Palmer 2014), menhaden (SEDAR 2015), and

the Norwegian herring (Toresen and Østvedt 2000;

ICES 2011) were used in physicality assessments of

the Atlantic basin modes.

As the observational realization of a statistically

extracted mode is the ultimate proof of its physicality,

the observed SST anomalies were objectively scanned

to detect instances when they closely resembled any

one of the leading modes; an observational analog

was recorded when this occurred and the total analog

count was an evaluative metric for the physicality of

modes (see GN2008 for how resemblance was objec-

tively assessed).

An array of sensitivity tests and mode-physicality as-

sessments lead to the choice of the five-season-wide

sampling window and the rotation of 11 leading modes

in the 208S–808N basin for the primary analysis.

3. Spatiotemporal analysis of SST variability:
Pacific decadal variability

The section begins with the display of principal com-

ponents of all the 11 variability modes (Fig. 1). The

originally extracted PCs and their smoothed versions are

shown, along with and in the order of explained vari-

ance. The decadal variability modes in the Pacific are

presented in this section.3 Pacific decadal variability

(PDV) is represented by twomodes in this analysis, as in

GN2008: the Pan-Pacific (4th leading) and North Pacific

(7th leading) modes; the more familiar North Pacific

mode is discussed first. Modal evolution over a 5-yr

period is shown in Fig. 2.

a. North Pacific mode (PDV-NP)

The mature phase of the North Pacific mode (Deser

and Blackmon 1995; Nigam et al. 1999; Barlow et al.

2001; GN2008) consists of a zonal band of warm SST

anomalies (;0.3K) extending from the coast of Japan

into the central-eastern midlatitude Pacific, and negli-

gible anomalies elsewhere (cf. Fig. 2, right column, t).

The 1-yr precursor phase, however, is more populated,

with cold anomalies additionally present in the central-

eastern equatorial Pacific, i.e., in the cold-tongue do-

main (e.g., marked in Nigam and Chao 1996). The

evolution of the PDV-NP mode is very similar to that

displayed in GN2008 (Fig. 12) and the depicted 5-yr

evolution is just a snapshot given the mode’s multi-

decadal time scale (estimated later in this section).

PDV-NP has more extensive links to the tropics than

evident from the displayed regressions: Its links to the

southern Indian Ocean and western Pacific become

apparent in SST correlations (Fig. 3a), which, unlike

regressions, are not adversely impacted by the small SST

variability amplitude in this region. The PDV’s link with

the tropical Indian basin has been noted earlier (Deser

et al. 2004; GN2008, their Fig. 12).

The PDV-NP mode closely resembles Mantua et al.’s

(1997) Pacific decadal oscillation, as noted in GN2008.

The PDV-NP PC and PDO index are maximally cor-

related when PDV-NP lags PDO (Fig. 3b): at20.56 at 2-

season lag (unsmoothed) and 20.79 at 1-yr lag

(smoothed). The negative correlations indicate that the

PDV-NP’s positive phase (displayed in Fig. 2) corre-

sponds to the PDO’s negative phase. Both capture the

1976/77 shift to a colder Pacific surface state. The PDV-

NP and PDO exhibit subtle differences, the above sim-

ilarities notwithstanding, notably from the extension of

PDO’s coastal footprints into theGulf of Alaska (Fig. 2a

inMantua et al. 1997; Fig. 3 here)—a feature not present

in PDV-NP’s evolution (Figs. 2 and 3).

b. Pan-Pacific mode (PDV-PP)

The Pan-Pacific (PP) mode’s mature phase (Fig. 2;

left column, t) consists of warm SSTs along the North

American coast extending from the Aleutians to Baja

California and then southwestward into the central

tropical Pacific; the horseshoe structure surrounds

weaker cold SSTs in the central midlatitude basin. The

mode was first documented by GN2008 (see their Fig.

11, left column). Its PC (Fig. 1) indicates a multi-

decadal transition in the 1930s to a warmer coastal

state which ended in the 1990s. Its cold phase since the

early 2000s, notably, around 2010, and the following

transition to the warm phase in;2013 is relevant in the

context of the warm ‘‘blob’’ of water that persisted in

the northeastern Pacific for a few years since 2013

(Bond et al. 2015). In recent decades, since at least

2000, the PDV-PP mode has been more energetic than

the PDV-NP one.

The PDV-PP SSTs resemble the horseshoe-shaped,

coastally focused SSTs associated with North Pacific

Gyre Oscillation (NPGO; Di Lorenzo et al. 2008, Fig. 4b),

the second leading EOF of modeled sea surface height

2 The IPHC regulatory areas are described in their Tech. Rep. 49

(Kong et al. 2004).
3 The interannual ones (including ENSO) and the secular trend

mode are shown in the appendix.
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variations in the extratropical basin. Despite this re-

semblance, the connection between the two has, sur-

prisingly, remained uninvestigated. The similarity is

stronger in the SST regressions of the common period

(1950–2017), as shown in Fig. 4 (top panels). The

extensive correspondence between the regressions of

upper-ocean (5–657m) heat content and salinity on

the Pan-Pacific PC and the NPGO index (Di Lorenzo

2019) in Fig. 4 (middle panels) underpins the close link

between them. Temporally, the Pan-Pacific PC and the

FIG. 1. Leading principal components (PCs) of global SST variability obtained from an extended-EOF analysis of

Hadley Centre SSTs; the PCs extend from 1900 (summer) to 2017 (summer). Tick marks on the vertical axis are

drawn every three standard deviations. The original, seasonally resolved PCs are shaded while their smoothed

versions (from LOESS-10% smoothing) are shown using solid black lines. The percentage of SST variance ex-

plained by each mode of spatiotemporal variability is indicated next to its name.
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NPGO index links are less impressive: The two are

found maximally correlated at a two-season lag, with

PDV-PP leading; the correlation is 20.56 for the un-

smoothed and 20.69 for the smoothed records (Fig. 4,

bottom panel).

The PDO and NPGO indices are concurrently cor-

related at 20.18 and their smoothed versions at 20.30,

indicating some overlap. The PDV-NP and PDV-PP

principal components are however uncorrelated as man-

dated by the extended-EOF analysis, including PC

FIG. 2. Spatiotemporal evolution of Pacific decadal SST variability: The (left) Pan-Pacific (PDV-PP) and (right)

North Pacific (PDV-NP) modes are displayed over a 5-yr span at yearly intervals, with time running downward in

both columns. Lead–lag regressions of the seasonal SST anomalies on the PDV-PP and PDV-NP PCs over 1900–

2017 are displayed, with label t denoting simultaneous regressions. Red (blue) shading denotes positive (negative)

SST anomalies, and the zero contour is suppressed. The contour interval and shading threshold is 0.1K. The fields

are displayed after 12 applications of the function ‘‘smth9’’ in GrADS.
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rotation. Smoothing destroys the orthonormality of PCs

but, evidently, not by much; the smoothed PCs are

concurrently correlated at 20.01. The PDV-NP and

PDV-PP modal structures thus constitute an optimal

basis for resolving multidecadal SST variations in the

Pacific basin; the PC correlations with Pacific marine

ecosystem data, discussed in section 6, support this

assessment.

FIG. 3. The PDV–North Pacific SST variability mode (PDV-NP) and Pacific decadal oscillation (PDO). (top) Lead–

lag SST correlations on (left) the PDV-NP principal component and (right) the negative PDO index over 1900–2017; the

PC, PDO index, and the SSTs were all temporally smoothed (LOESS-10%) before computation. Red (blue) shading

denotes1 (2ve) values starting at60.2. Correlations were spatially smoothed withGrADS function smth9, applied 12

times. (bottom) Lead–lag correlations of the PDV-NP PC and the negative PDO index over 1900–2017 are displayed,

both before (black curve) and after LOESS-10% smoothing (red curve). The two are maximally correlated at 0.56

(0.79) at a 2-season (1 yr) lead of the unsmoothed (smoothed) negative PDO index. Note that correlations larger than

0.19 (0.33) are statistically significant at the 95% confidence level for the unsmoothed (smoothed) time series, as

assessed by a two-tailed Student’s t test after factoring for serial correlation [following Metz (1991)].
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FIG. 4. The PDV-Pan-Pacific SST variability mode (PDV-PP) and North Pacific Gyre Oscillation

(NPGO): Simultaneous upper-ocean regressions on (left) the smoothed PDV-PP principal component

and (right) the negative NPGO index in the common 1950–2017 period are shown in the upper panels;

time series were smoothed to retain similar decadal-to-multidecadal variabilities from the use of 10%

LOESS filter on the 118-yr-long PC and a 17% filter on the 69-yr-long index. (top) SST (K), (middle)

upper-ocean (5–657m) heat content (108 Jm22), and (bottom) vertically averaged (5–657m) salinity

(1022) regressions are displayed after spatial smoothing with GrADS function smth9, applied 12 times

and plotted using the shading and threshold specified in the color bar; the subsurface fields are from

EN.4.2.1 data. Lead–lag correlations of the PDV-PP PC and the negative NPGO index over 1950–2017

are displayed in the lower panel, both before (black curve) and after smoothing (red curve). The two are

maximally correlated at 0.56 (0.69) at two-season lead of the PDV-PP PC. Note that correlations larger

than 0.27 (0.38) are statistically significant at the 95% confidence level for the unsmoothed (smoothed)

time series, as assessed by a two-tailed Student’s t test after factoring for serial correlation [fol-

lowing Metz (1991)].
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c. Variability time scale

Autocorrelation structure of theLOESS-10%smoothed

PDVprincipal components and the equivalently smoothed

PDO and NPGO indices are examined to estimate vari-

ability time scales (Fig. 5, top). For periodic variations, the

oscillation period is twice the temporal distance between

the zero-crossings of the autocorrelation.Autocorrelations

of PDV-NP andPDOare similar, with no secondary peaks

and nearly coincident zero-crossings at ;13 years,

yielding a 50–55-yr variability time scale that is broadly

consistent with its earlier estimate (60 years; d’Orgeville

and Peltier 2007). Autocorrelation of the PDV-PP, in

contrast, exhibits ‘‘wings’’ (i.e., a nonmonotonic decrease

with increasing lead and lag, confounding time scale esti-

mation); consideration of the zero-crossings alone yields a

;50-yr time scale for the PDV-PP mode. Autocorrelation

is also computed for the NPGO and compared with that

of PDV-PP in the common period (1950–2017). The

comparison reveals reasonably similar zero-crossings,

the first of which occurs much earlier than in PDV-PP’s

full-period autocorrelation (thick red line), indicating an

estimation bias toward shorter time scales in the shorter-

period analysis.

Quantitative estimation of variability time scales is

accorded by the power spectra of the unsmoothed time

series (Fig. 5, bottom). PDV-NP and PDO exhibit

similar spectra (with a primary peak at 55–60 years

and secondary peaks at 35–40 and 20–30 years) rep-

resenting multidecadal periods, with PDV-NP having

more power at nearly all periods; the PDO’s 60- and 20-yr

time scales have been noted before (d’Orgeville and

Peltier 2007). The PDV-PP and NPGO, however, ex-

hibit differences: NPGO’s primary peak is at 10–15 years

while PDV-PP’s is at 25–30 (and also 15–20 and 55–60)

years, with the PDV-PP having more power at longer

periods.

4. Spatiotemporal analysis of SST variability:
Atlantic multidecadal variability

Multidecadal SST variability in the Atlantic basin con-

sists of at least two modes of variability: the Atlantic

multidecadal oscillation (AMO; Enfield et al. 2001;

GN2009; Kavvada et al. 2013; Ruiz-Barradas et al. 2013;

Nigam et al. 2018), with warm footprints in the subpolar-

to-subtropical basins in its positive phase and an approxi-

mate 7-decade time scale (cf. Fig. 1), and low-frequency

North Atlantic Oscillation (LF-NAO), a decadal-to-

multidecadal variability mode known variously for over

half a century (Bjerknes 1964; Rogers 1984; Hurrell

1995; Joyce et al. 2000; Marshall et al. 2001; Nigam 2003;

Czaja et al. 2003; Hurrell et al. 2003; Zhang and Vallis

2006; Álvarez-García et al. 2008; GN2009; Sun et al.

2015; Gastineau and Frankignoul 2015; Nigam et al.

2018; and others). LF-NAO is a tripolar SST pattern,

with warm anomalies off Newfoundland and southwest-

to-northeast sloping cold anomalies in the subtropical

and northeastern Atlantic basin, in its positive phase.

The AMO (5th leading) and LF-NAO (10th leading)

mode evolution are shown in Fig. 6.

FIG. 5. Pacific decadal variability time scales: (top)Autocorrelations

of the PDV–North Pacific (solid black) and PDV–Pan-Pacific

(solid red) principal components are compared with that of the

Pacific decadal oscillation (PDO; dashed black) and North

Pacific Gyre Oscillation (NPGO; thin red). PDV-NP and PDO

autocorrelations were obtained from their LOESS-10%

smoothed versions over 1900–2017. Autocorrelation of the

similarly smoothed PDV-PP PC are in solid red for the full

period (1900–2017) and dashed red for the latter half (1950–

2017). To facilitate comparison, the NPGO index was smoothed

with a LOESS-17% filter over 1950–2017, so as to retain time

scales similar to those in PDV-PP. Autocorrelations of the

smoothed NPGO index are in thin red. (bottom) Power spectra

of the unsmoothed Pacific PCs/indices. The mean of the spectral

peaks identified in each 5-yr bin (1–5, 6–10, 11–15-, . . . , 56–60 years)

are plotted for the PDV-NP (solid black), PDO index (dashed

black), PDV-PP (solid red), and the NPGO index (dashed red),

with the x axis showing the period (in years). See legend for

more details. The NPGO spectra are curtailed in view of the

shorter record length.
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a. Atlantic multidecadal oscillation

A 10-yr evolution of AMO SSTs (Fig. 6, left) shows

notable subpolar anomalies in the Labrador and

Irminger Seas in the premature phase (t 2 4 years). Two

years later (t 2 2 years), warm SSTs are found along the

western flank of the subpolar gyre, continuing southward

along the Grand Banks. The southeastward extension of

warm SSTs at this time and their rapid development to-

ward and along the African coast in subsequent years

suggest entrainment of the warm subpolar anomalies into

the subtropical gyre, and their anticyclonic development

hence. In the mature phase (t) of the AMO, the entire

North Atlantic, except for the Sargasso Sea, is warm; SST

anomalies are;0.48C in the subpolar basin, with a weaker

extension into the subtropics and the tropics that bears

resemblance to the interhemispheric variability mode in

the Atlantic (e.g., Ruiz-Barradas et al. 2000). The 10-yr

evolution (Fig. 6, left)—which is short in the context of

AMO’s multidecadal time scale—indicates a subpolar

origin of the AMO SSTs followed by their southeast-

ward advance and development in the North Atlantic

basin, much as described in GN2009 (Fig. 4) and

Kavvada et al. 2013 (Fig. 5). In short, the AMO SST

anomalies do not develop concurrently across the basin.

The AMO is not apparently linked to the Pacific and

Indian basin SSTs.

The AMO in this analysis closely resembles its earlier

description: The NOAA-AMO index—based on the

linearly detrended, area-averaged SST anomaly in the

North Atlantic (08–608N, 758–58W), following Enfield

et al. (2001) and plotted in Nigam et al. (2018, their

Fig. 1)—is correlated with the AMO PC at 0.69 during

1900–2017, and at 0.80 when both are LOESS-10%

smoothed. The AMO PC and the NOAA-AMO index

track closely, capturing the constituent decadal pulses

(Nigam et al. 2018) and the multidecadal warm-to-cold

basin transition in the mid-1960s and the reverse tran-

sition in the mid-1990s; both PC and the index have in-

creased since the mid-1970s.

Sea level pressure (SLP) regressions on the AMO PC

(Fig. 6, blue contours) show lower SLP in the polar

latitudes, with foci over southern Greenland and East

Siberian Sea (at t 2 4 years); the former, leading to en-

hancedwesterlies over the subpolarAtlantic. Interestingly,

the underlying SSTs are warmer (i.e., opposite of what

wind speed–driven intensification of surface fluxes would

produce), suggesting other origins for the nascent AMO.

In the mature phase (t), meridional SLP gradient is re-

versed, leading to weakened westerlies and to underlying

SST anomalies whose sign (positive), at least, is consistent

with the weakening of surface fluxes. This mechanism’s

viability, however, depends onmore than just the sign: Is a

0.48C warming of the subpolar gyre consistent with an

›(SLP)/›u increase of (0.4 hPa)/(158latitude)?4 Notable

SLP regressions in the postmature phase (t 1 4 years)

are found, interestingly, not in North Atlantic but in the

North Pacific, indicating potential interbasin links—a

topic pursued in the next section.

b. Low-frequency North Atlantic Oscillation

The low-frequency North Atlantic Oscillation (LF-

NAO) name stems from its notable SLP footprint over

North Atlantic: a meridional dipole with a low centered

over the Denmark Strait (i.e., between Greenland and

Iceland) and an expansive high over the subtropical and

midlatitude basin centered westward of the Azores (cf.

Fig. 6, right, t), which broadly resembles the NAO pos-

itive phase (e.g., Deser et al. 2010, their Fig. 1). The two

NAO index stations are marked in the LF-NAO’s ma-

ture phase (t) whose weak SST anomalies exhibit a tri-

band structure, reminiscent of the NAO SST anomalies

(Deser et al. 2010, their Fig. 1); note that some differ-

ences are inevitable due to differences in dominant time

scale (multidecadal here vs subseasonal in Deser et al.)

and seasonal stratification (all-season regressions in

Fig. 6 vs winter regressions in Deser et al.). The resem-

blance continues in the temporal domain, with the LF-

NAO PCmaximally correlated with Hurrell’s NAO index

at 0.62 at four-season lag (i.e., withLF-NAOlagging)when

both PC and index are smoothed (LOESS-10%) over the

1900–2017 period.

Unlike the AMO, the LF-NAO is associated with

more impressive SLP than SST anomalies, reflecting,

perhaps, an important role of atmospheric processes in

4A perusal of Fig. 1 in Deser et al. (2010) shows that a pressure

difference of approximately 4.0 hPa over 158 of latitude is related

to a ;0.48C change in subpolar gyre temperature. This pressure

difference is about 10 times larger than that in AMO’s mature

phase, andwhile this discrepancy can call into question the viability

of the surface flux forcing mechanism for AMO’s mature-phase

SSTs, one needs to take into account the larger variability time

scale in AMO’s case (multidecadal) versus the subseasonal scale in

Deser et al.’s (2010) NAO example. For a passive mixed layer (of

depth H), subject to periodic downward surface heat-flux forcing

Fsrf, the thermodynamic response of mixed layer temperature T is

T̂’2iF̂srf /(HCpv), where T(t)5RealfT̂eivtg and Fsrf is similarly

represented. Although the equation governing mixed layer tem-

perature is more complex [cf. Deser et al. 2010, their Eq. (1)], a

simplified version is used here to highlight the concept of frequency

modulation of forcing, i.e., the temperature response is propor-

tional to the forcing amplitude divided by v, the variability fre-

quency. As v associated with multidecadal time scales is much

smaller than the one associated with subseasonal NAO variability

inDeser et al., a realistic multidecadal SST response is, in principle,

obtainable even with an order of magnitude smaller surface-flux

forcing.
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FIG. 6. Spatiotemporal evolution of Atlantic multidecadal SST variability: (left) The Atlantic multidecadal os-

cillation (AMO) and (right) the low-frequency North Atlantic Oscillation (LF-NAO) modes are displayed over a

10-yr span at 2-yr intervals, with time running downward in both columns. Lead–lag regressions of the seasonal SST

(shaded) and sea level pressure (SLP, from HadSLP2; contoured) anomalies on the LOESS-10% smoothed AMO

andLF-NAOPCs over 1900–2017 are displayed, with label t denoting simultaneous regressions. Red (blue) shading

denotes positive (negative) SST anomalies, and the zero contour is suppressed. The overlaid solid (dashed) blue

contours denote1ve (2ve) SLP regressions. The contour interval and shading threshold for both regressions is 0.1

(K, hPa). The fields are displayed after smoothing from 12 applications of smth9 in GrADS. The black dots in LF-

NAO’s mature phase mark Stykkisholmur/Reykjavik (Iceland) and Ponta Delgada (Azores), the two stations

whose SLP anomalies define the synoptic monthly NAO index.
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its genesis and evolution. More interestingly, and also

unlike AMO, the LF-NAO is associated with significant

SST and SLP anomalies in the Pacific, notably in the

midlatitude basin where a band of cold SSTs extends

from the coast of Japan toward the North American

coast (e.g., Fig. 6, right; t 1 2 years); the related SLP

regressions indicate that these cold SSTs underlie a belt

of strengthened surface westerlies. That the band of cold

SSTs resembles the negative phase of the PDV-North

Pacific mode (Fig. 2, right; t) is noteworthy, and sug-

gestive of interbasin interaction, which is investigated in

the next section.

c. Variability time scale

Autocorrelation of the smoothedAMO and LF-NAO

PCs (Fig. 7) is similarly structured with secondary peaks

but the zero-crossings indicate a longer time scale (.80

years) of the LF-NAO vis-à-vis the AMO (;70 years).

The power spectrum is not shown as it was unable to

identify the dominant low frequencies given the short-

ness of the SST record (116 years), which lead to a

spectrum void between the ultimate and penultimate

periods (116 and 58 years, respectively).

d. Subsurface structure

The subsurface temperature and salinity extensions of

the multidecadal modes of sea surface temperature

variability—AMO and the LF-NAO—are shown along

transects that bisect their key SST anomalies (Fig. 8); the

transects are marked on the mature-phase SST anoma-

lies (Fig. 8, left).

The AMO transect goes through the subpolar gyre

bisecting the large SST anomaly; it extends from Long

Island to the southwest to Faroe Islands (between

Iceland and Norway) to the northeast. The AMO tem-

perature and salinity anomalies exhibit coherent, down-

sloping structure indicating the gradual sinking of warm,

salty anomalies up to a depth of ;1000m as they head

northeast along the transect. Interestingly, this transect

is broadly coincident with the path of the North Atlantic

Current, which must steer the AMO anomalies; these

anomalies, however, do not head out of the northeastern

basin as they are entrained into the subpolar gyre

(Nigam et al. 2018; see their Fig. 4).

The LF-NAO transect (Fig. 8, second row) is the

;458N latitude line that cuts across the midbasin SST

anomaly, the middle of the triband SST anomalies

associated with this mode (cf. Fig. 6, right). Notable

subsurface anomalies (warm and salty) are present in

the western basin, confined to the near-coastal re-

gion along the Grand Banks. They represent north-

ward excursion of the Gulf Stream, which typically

follows the positive phase of the LF-NAO, with an;1-yr

lag. Such meridional excursions of the Gulf Stream on

decadal time scales and their lead–lag relationship with

the LF-NAO and AMO’s decadal pulses were analyzed

by Nigam et al. (2018).5 The cold freshwater in the upper

layers (0–200m) just east of the Grand Banks represents

leakage of subpolar water through the Newfoundland

basin [see Fig. 4, the third column, in Nigam et al. (2018)].

The warm salty anomalies further to the east originate

from the Gulf Stream excursion and its sectional detach-

ment (cf. Nigam et al. 2018).

The subsurface temperature and salinity anomalies

associated with the Pacific modes (Fig. 8, bottom

rows) do not extend as deeply as the Atlantic ones.

The PDV–pan Pacific ones are confined to upper

layers (0–200m), likely from this mode’s transect be-

ing limited to the tropics and subtropics. The warm

salty nature and the modest subsurface reach of the

anomalies off Baja California indicate anomalous

downwelling as their origin. Southwestward toward

the equator in the central Pacific, the upper-layer

anomalies are essentially cold and fresh but for the

very thin warm layer near the surface. More coherent

and deeply extended (up to ;500m) anomalies are

FIG. 7. Atlantic multidecadal variability time scales: Autocorrelation

of the AMO (black) and LF-NAO (red) principal components. The

autocorrelations were obtained from the LOESS-10% smoothed ver-

sions of the principal components over 1900–2017.

5 Note that the LOESS-10 smoothed SSTPCs (Fig. 1, black lines)

fully retain the notable decadal pulses present in the raw PCs, and

as such, regressions on the smoothed PCs (e.g., Fig. 8) represent,

primarily, the structure of decadal variability.
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FIG. 8. Subsurface extensions of decadal-to-multidecadal SST variability: Contemporaneous regressions of (left) SST (K), (center)

subsurface temperature (K), and (right) salinity (1021) on the smoothed (LOESS-10%) principal components of (top)AMO, (topmiddle)

LF-NAO, (bottom middle) PDV-PP, and (bottom) PDV-NP over 1900–2017. The subsurface structure (in the center and right columns)

is along transects marked on the related mature-phase SST regressions (in the left column) using dashed blue lines; the transects inter-

sect regions of maximum sea surface temperature anomalies; subsurface fields are from the EN4.2.1 dataset. Red (blue) shading de-

notes positive (negative) regressions as per the color bars. The fields are displayed after smoothing from 12 applications of smth9

in GrADS.
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found along the transect bisecting the key feature of

the PDV–North Pacific mode. The warm salty anom-

alies in the central basin with largest amplitude in the

near-surface layers and the cold fresh anomalies in

near-coastal sector of the eastern basin are consistent

with the impact of anomalous anticyclonic atmo-

spheric flow on the underlying ocean. Such circulation

would lead to diminished westerlies in the midbasin,

reducing heat and moisture fluxes (loss) from the

ocean surface, while the related northerlies along the

U.S. West Coast would result in increased upwelling

(see next section).

5. Link between multidecadal modes: Intrabasin
and interbasin linkages

The EOF (and extended-EOF) analysis yields prin-

cipal components that are orthonormal.6 All modes,

includingmultidecadal ones, are thus unrelated from the

PC correlation perspective. Simultaneous correlation—

mandated to be zero in this analysis—is however an

incomplete measure of linkage, whose assessment re-

quires additional evaluation of the lead–lag correlations.

a. Intrabasin links

Lead–lag correlations of the AMO and LF-NAO PCs

(Fig. 9, top) show the smoothed PCs to be essentially

uncorrelated at zero lag. The AMO however lags the

LF-NAOby;6.5 years, andmore robustly by;16 years

when the lag correlation is 0.70. The two lead–lag cor-

relation peaks arise from the presence of decadal and

multidecadal variability components. The;6.5-yr lag of

the AMO vis-à-vis LF-NAO was noted also in Nigam

et al. (2018), where decadal fluctuations of the subpolar

gyre were of interest and zeroed on through regressions

on the AMO index tendency rather than the index itself.

The longer AMO lag (;16 years)—in accord with Li

et al.’s (2013) estimate of 15–20 years from observa-

tional analysis—is of considerable interest in the context

of multidecadal evolution of Atlantic SSTs and elabo-

rated on after noting the interbasin links.

b. Interbasin links

Lead–lag links between the key Atlantic and Pacific

multidecadal modes are documented in Fig. 9: PDV-NP

[or PDO’s negative (2ve) phase] leads the negative

phase of LF-NAO by ;6.5 years (red) whereas AMO

leads PDV-NP by;12.5 years (black), with correlations

of 0.69 and 0.56, respectively, indicating significant in-

terbasin interaction on multidecadal time scales.

Stated differently, PDV-NP’s positive phase pre-

cedes the negative phase of LF-NAO by ;6.5 years,

which, in turn, precedes AMO’s negative phase by

;16.5 years. The interbasin interaction loop is closed

by noting the AMO’s ;12.5-yr lead over PDV-NP,

which applies to both phases. The positive-to-negative

phase evolution of PDV-NP thus takes ;35 years (5
6.5 1 16.5 1 12.5). A 35-yr estimate for phase reversal

would suggest an ;70-yr period. The AMO and LF-

NAO’s period would be just as long in this scheme as

the interaction loop can begin with these modes too.

The estimated period (;70 years) is broadly consis-

tent with the independent estimate based on auto-

correlation structure (Figs. 5 and 7), which indicated a

55–80-yr period range, with PDV-NP (;55 years) and

FIG. 9. Intra- and interbasin modal links. (top) Within-Atlantic

basin links are documented from the lead–lag cross correlations of

the smoothed (LOESS-10%) AMO and LF-NAO principal com-

ponents (PCs). (bottom) The Atlantic–Pacific basin links are

documented through lead–lag cross correlations of the smoothed

AMO and PDV-NP PCs (black) and the smoothed LF-NAO and

PDV-NP PCs (red). Note that correlations larger than j0.33j are
statistically significant at the 95% level for the smoothed PCs in

both panels, as assessed by a two-tailed Student’s t test after fac-

toring for serial correlation [following Metz (1991)]. The plotting

convention is as follows: If r(A, B). 0 for t, 0, B leadsA; if r. 0

for t . 0, B lags A; and if r , 0 for t . 0, B lags 2A.

6 Rotation of PCs, performed in this analysis, destroys the spatial

orthogonality of the related loading vectors (i.e., extended EOFs)

but leaves intact the temporal orthogonality of the PCs. The

smoothed PCs also remain approximately orthonormal; e.g., the

smoothed PDV-NP and PDV-PP PCs are simultaneously corre-

lated at 20.01.
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LF-NAO (;80 years) bracketing the range and AMO

(;70 years) at its center. Note that some discrepancy in

estimation is inevitable due to the shortness of the ob-

served SST record (118 years), which accommodates less

than two cycles of multidecadal SST variability in

either basin.

Lead–lag correlations of PCs (Fig. 9) are provided a

spatiotemporal context in Fig. 10 from the display of SST

and SLP regressions on the smoothed PDV-NP, LF-

NAO, and AMO PCs. The strategy is to temporally

sequence the regressions on PDV-NP [over 6 years be-

ginning with its peak positive (1ve) phase; time [], LF-
NAO (over 16 years starting with its peak 2ve phase;

time Y), and on AMO (over 12 years starting from its

peak 2ve phase; time [) to facilitate direct visual rec-

ognition of the PDV-NP’s phase reversal; each lag period

is set by the lead–lag links identified in Fig. 9.

Lagged regressions of PDV-NP (Fig. 10, left) begin

with its peak 1ve phase, consisting of a zonal band of

warm SST anomalies (;0.3K) extending from the coast

of Japan to the central-eastern midlatitude Pacific;

some differences from its Fig. 2 portrayal stem from

the regressions in Fig. 10 being on LOESS-smoothed

PCs. Interestingly, Atlantic SSTs are relatively quies-

cent at this time, but not SLP. In ;6 years (time [),
PDV-NP’s coherent structure dissipates while the

Atlantic SSTs evolve into a triband structure resembling

LF-NAO’s 2ve phase (Fig. 10, top middle). The re-

semblance is quantified via spatial correlation (0.93) of

the Atlantic SST anomalies in the top left and middle

panels, corroborating the earlier finding that PDV-NP’s

peak phase leads ;6 years later to an opposite-signed

LF-NAO peak phase—a Pacific orchestration of North

Atlantic SST variability!

Lagged regressions on the negative LF-NAO PC

(Fig. 10, middle column; time Y) broadly show the

Pacific SSTs winding down further, becoming nonde-

script in ;12 years—a time span over which Atlantic

SSTs exhibit phenomenal evolution, beginning with

the southward leakage of cold freshwater from the

subpolar gyre through the Newfoundland Basin, along

the Grand Banks (t 1 2 years) and its subsequent east-

ward, southeastward, and southwestward expansion into

the midlatitude and subtropical basins. At t 1 16

years, SST anomalies in the North Atlantic resemble

the mature-phase AMO SST anomalies (cf. Fig. 6,

left, but for the sign),7 with a lopsided amplitude

distribution favoring the subpolar basin. Comparison

with simultaneous SST regressions on the negative

AMO PC (Fig. 10, bottom right) indicates broad

similarity in the Atlantic (spatial correlation is 0.84),

supporting the LF-NAO’s;16-yr lead over the AMO

(a notable intrabasin link on multidecadal time

scale); a leading role for NAO’s decadal variations

(i.e., LF-NAO) in engendering AMO variability has

been noted before (e.g., Latif and Keenlyside 2011; Sun

et al. 2015).

Lagged regressions on the negative AMOPC (Fig. 10,

right column; time [) show gradual diminution of SST

anomalies in the Atlantic alongside coherent develop-

ment in the Pacific. At t 1 12 years, the Pacific SST

anomalies resemble the 2ve phase of the PDV-NP (or

the1ve PDO) while the Atlantic anomalies are anemic;

the strong resemblance with PDV-NP is supported

by the robust spatial correlation (20.92) of the Pacific

SST anomalies in the left-bottom and top-right panels.

The phase reversal of the multidecadal PDV-NP

mode evidently involves Atlantic-leading interbasin in-

teractions along with modal interactions within the

Atlantic basin. Such assertions can be made also for the

LF-NAO and AMO modes, all indicating the impor-

tance of interbasin interactions in the generation of

multidecadal SST variability.

c. Interbasin links: Mechanics

Investigation of themechanisms generating interbasin

linkage is beyond the scope of this observational anal-

ysis, for reasons of both space and the climate modeling

experiments that would need to be conducted for un-

derstanding how regional and remote influences of each

basin develop. A brief commentary on related atmo-

spheric circulation (a key link agent) follows, albeit at

the surface. The surface focus, through SLP regressions,

will limit insights on interbasin signal propagation (best

tracked at an upper-tropospheric level; e.g., Chafik et al.

2016) but could indicate how the near-surface ocean is

influenced.

Concurrent SLP regressions on the PDV-NP PC

(Fig. 10, bottom left) consist of an expansive anticyclone

in the Pacific midlatitudes and another over northeast-

ern Canada. The former—the more impressive one—

weakens theAleutian low (and themidlatitudewesterlies),

and as noted earlier (section 4d), the collocation of the

westerly reduction region [where ›(SLP)/›y is large

and 1ve] and 1ve SST anomalies support the surface

flux modulation origin for the Pacific SST anomalies.8

In subsequent years, the Aleutian low recovers some

7 Fig. 6 shows SST regressions on the unsmoothed PCs, not the

LOESS-smoothed PCs used in Fig. 10.

8 Note the small contour interval (0.05 hPa) in SLP regressions,

which would lead to ;1m s21 change in wind speed—small but

consequential given the multidecadal time scales (cf. footnote 4).
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FIG. 10. Basin links manifest in lag regressions of multidecadal PCs: Lagged regressions of SST (shaded) and

SLP (contoured) on the smoothed (LOESS-10%) (left) PDV-NP, (center) negativeLF-NAO, and (right) negative

AMO PCs over 1900–2017, are shown from the mature phase at 2-yr intervals with red arrows indicating in-

creasing time lag. Red (blue) shading denotes1ve (2ve) SST regressions (K); the shading interval and threshold

is 0.05K. The overlaid solid (dashed) blue contours denote1ve (2ve) SLP regressions at a 0.05-hPa interval. The

fields are shown after smoothing from 12 applications of smth9 in GrADS. Note that the 6-yr-lag regressions

on PDV-NP (at top left) resemble themature2ve phase of the LF-NAO (at topmiddle), as evident from the high

spatial correlation (0.93) of the Atlantic SST anomalies (within the red box in both panels). The 16-yr-lag re-

gressions of the negative LF-NAO, on the other hand, resemble the mature negative phase of the AMO (at

bottom right), supported by the 0.84 spatial correlation of SST anomalies in the Atlantic domain (red box).

Finally, 12-yr-lag regressions of the negative AMO mode (at top right) closely resemble the mature phase of

PDV-NP (at bottom left) in the Pacific basin, but for the sign; the resemblance is underscored by the high

spatial correlation (20.92) of the SST anomalies in the Pacific basin (the red box in both panels). It is note-

worthy that an initial 1ve PDV-NP phase (at bottom left) leads to a 2ve PDV-NP phase (at top right), i.e., a

phase reversal, after 34 years (5 6 1 16 1 12 lags), from both intra- and interbasin interactions.
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but both it and the Icelandic low remain weaker than

normal (e.g., Fig. 10, middle column, top three panels).

Interestingly, SLP regressions, with a 1ve ›(SLP)/›y

structure over both northern basins, reflect the presence

of geostrophic easterly anomalies in the middle-high

latitudes, not unlike that in the low phase of the index

cycle (e.g., Namias 1950). SST anomalies in the subpolar

North Atlantic, unlike those in the Pacific, are not in

accord with the surface flux modulation hypothesis (e.g.,

cold SSTs at t 1 2 and t 1 4 years underlie easterly

surface wind anomalies), that is, reduced wind speed

regions. This is not altogether surprising given the

complex bathymetry (multiple basins and fracture

zones) and regional currents in the North Atlantic,

which can enhance the contribution of ocean dynamical

processes, including advection, in generation of multi-

decadal variability at the surface and subsurface.

6. Analysis sensitivity and mode physicality

a. Sensitivity tests

The robustness of the identified variability modes,

especially multidecadal ones, is assessed by perturbing

the primary analysis by changing the analysis domain,

the number of modes rotated, and the width of the

sampling window. Table 1 lists the sensitivity tests.

Test T1 closely resembles the primary analysis (T0)

but for a 108 southward shift in the analysis domain’s

northern boundary; the boundary is further shifted

southward in T3. Test T2 involves a change in the

number of modes rotated (from 11 to 10) vis-à-vis T1.
The temporal width of the sampling window is larger

(7 seasons) in T4 vis-à-vis T0, to assess if the 5-season

window width was adequate for sampling decadal-

multidecadal evolution. The analysis domain is re-

stricted to the Pacific basin in T5 and to the Indo-Pacific

basin in T6, relative to T3; note, a smaller number of

modes are rotated in T5 and T6, commensurate with the

smaller spatial domain. Sensitivity results are summa-

rized in Table 2 where eachmode of the primary analysis

(T0) is compared with its perturbed counterpart; the

correlation of PCs, variance explained, and the corre-

sponding rank are all tabulated. Key findings are the

following:

d Low sensitivity to modest variations in the analysis

domain’s northern boundary, which is at 808N in T0,

TABLE 1. Sensitivity tests: T0 is the primary analysis while T1–T6 are additional analyses performed for assessment of T0’s robustness.

Departures from T0 (or its cousins) are enumerated below.

Name Domain Modes rotated Width of sampling window

T0 808N–208S, 08–3608 11 5 seasons

T1 708N–208S, 08–3608 11 5 seasons

T2 708N–208S, 08–3608 10 5 seasons

T3 608N–208S, 08–3608 11 5 seasons

T4 808N–208S, 08–3608 11 7 seasons

T5 Pacific Ocean (608N–208S, 1208E–608W) 7 5 seasons

T6 Pacific 1 Indian Ocean (608N–208S, 308E–608W) 7 5 seasons

TABLE 2. Sensitivity results: Column 1 lists the 11 variability modes obtained in the primary analysis (T0). The number following each

mode is the percentage variance explained by it, and the subsequent number is its rank. The number in parentheses in the top row is the

total percentage variance explained by all modes in that analysis. Columns 2–7 list modal features, with the three slash-delimited numbers

denoting correlation between the unsmoothed principal component of the test case (T1–T6) and the primary analysis (T0) over the full

period (1900–2018), the percentage variance explained by that mode, and its rank in the test analysis, respectively. Dashed spaces indicate

‘‘not applicable.’’

T0 (60.9) T1 (61.9) T2 (60.7) T3 (62.8) T4 (58.6) T5 (64.5) T6 (62.1)

Trend/16.4/1 0.99/15.7/1 0.99/16.0/1 0.99/15.6/1 0.98/17.1/1 0.96/11.9/3 0.96/16.1/2

ENSO decay/12.8/2 0.99/13.2/2 0.99/13.3/2 0.99/13.6/2 0.77/8.8/3 0.99/18.9/1 0.99/17.0/1

ENSO growth/10.1/3 0.99/10.4/3 0.99/10.4/3 0.99/10.7/3 0.75/6.8/4 0.99/15.4/2 0.99/13.4/3

PDV-PP/4.2/4 0.99/4.4/4 0.98/4.4/4 0.99/4.5/4 0.95/3.6/5 0.95/6.8/4 0.94/5.5/4

AMO/3.4/5 0.99/3.6/6 0.94/3.5/6 0.99/3.6/6 0.97/3.1/6 — —

Atlantic Niño/3.3/6 0.99/3.6/5 0.99/3.5/5 0.99/3.7/5 0.95/2.4/8 — —

PDV-NP/2.7/7 0.99/2.8/7 0.99/2.8/7 0.99/2.8/7 0.83/2.7/7 0.92/4.3/5 0.88/3.8/5

Biennial/2.6/8 0.99/2.7/8 0.98/2.7/8 0.99/2.7/8 0.47/1.7/10 0.94/3.5/7 0.95/3.2/6

ENSO-NC/2.3/9 0.99/2.4/9 0.99/2.3/9 0.99/2.4/9 0.58/1.8/9 0.94/3.7/6 0.94/3.1/7

LF-NAO/1.7/10 0.98/1.6/10 0.97/1.8/10 0.93/1.8/10 — — —

Sub-Arctic DV/1.4/11 0.98/1.5/11 — 0.86/1.4/11 0.83/1.3/11 — —
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708N in T1, and 608N in T3. The PC correlation and

explained variance are almost identical in T0 and T1.

T0 was chosen as the primary analysis to fully resolve

variations of the subpolar gyre along with its current

systems. Test T3 (608N boundary) results are very

close to T0’s except for the representation of sub-

Arctic variability—understandably, in view of T3’s

curtailed northern domain. Note that the total

amount of explained variance increases with de-

creasing domain size for the same number of modes,

as expected.
d Low sensitivity to the number of modes rotated: 10

are rotated in T2 as opposed to 11 in T1, their only

difference. PC correlations with T0’s are between

0.97 and 0.99 except for one at 0.94, and variance

explained by the 10 leading modes is close: 60.7 in T2

versus 60.4 (5 61.9 2 1.5) in T1, indicating that the

10 leading modes are essentially unchanged, or

robust.
d Sampling window sensitivity: Tests T0 and T4 differ

only in the sampling window-width, with T4’s being

larger (7 seasons). Immediately noted are the mod-

est correlations (0.47–0.77) of interannual modes

(ENSO growth and decay, non-canonical ENSO,

and biennial variability); T4’s second-leading mode

is most correlated with T0’s ENSO growth (0.57) but

T4’s fourth mode is even more correlated with this

mode (0.75), as noted in the table. The trend and

decadal-to-multidecadal modes fare better, with

correlations in the 0.83–0.98 range but T0’s LF-NAO

has no counterpart in T4. Additional analysis re-

vealed that wider sampling was overkill in the in-

terannual context, with oversampling leading to

ENSO growth’s capture as two modes and aliased

representation of the others. This misrepresentation

is not without collateral damage in the decadal-to-

multidecadal realm; T0’s five-season window is more

optimal.
d The Pacific basin analysis (T5) is very similar to that of

GN2008 but for the updated dataset period. The T5

and the Indo-Pacific basin analysis (T6) PC correla-

tions with T0 are in the 0.92–0.99 and 0.88–0.99 range,

respectively; the weakest correlation in both cases is

for the PDV-NP mode (0.92 and 0.88, respectively).

That this of all the Pacific modes is impacted the most

by the inclusion of the Atlantic basin (T0), indirectly,

attests to the significance of interbasin links in PDV-

NP’s evolution.

b. Mode physicality

Assessing the physicality of modes—their physical re-

alizability—is an important step after the mathematical/

statistical analysis that yields the modes. These ana-

lyses identify optimal structures that succinctly (i.e.,

efficiently) capture variance but with no assurance that

such optimal structures are realizable/realized. A

straightforward test of physicality is scanning the ob-

served (or simulated) variability structures for modal

analogs. Indirect tests are based on correlations with

related but independently gathered/analyzed data.

Both have been used in assessing the physicality of the

SST variability modes [e.g., Mantua et al. (1997), who

pioneered the use of fish recruitment in such assess-

ments, and GN2008, who used both analogs and fish

recruitment data].

1) OBSERVATIONAL ANALOGS

A mode is deemed to have an observational analog

if the observed anomaly at any time strongly resem-

bles the modal structure (i.e., the observed anomaly

can be largely accounted for by the expression of just

one mode). More formally, an observed anomaly is

deemed to be a modal analog if any one of the PCs is

much larger than all the rest at that time. The analog

count—the total number of observational analogs in

the analysis period—is a useful measure of the

overall physicality of the analysis. Table 3 lists the

number of observational analogs in the primary (T0)

and perturbed analyses (T1–T6). The number de-

pends on the domain size, with more analogs found in

smaller domains (T1 and T3 vs T0; T5 vs T6). The

analog count will, of course, be smaller with fewer

modes (T2 vs T1). T0 has 37 analogs, fewer than in T1

and T3, but T0 was chosen as the primary analysis

because its more northern boundary resolves sub-

polar variability.

2) CORRELATIONS WITH FISH RECRUITMENT

Fish recruitment provides a unique assessment of

mode physicality, especially for the decadal-to-

multidecadal SST variability modes, which can influ-

ence marine ecosystems. The North Pacific and the

TABLE 3. Number of observational analogs present in various

(T0–T6) analyses of seasonal SST variability during the period

1900–2018. An analog is deemed to occur when the absolute value

of the unsmoothed principal component (PC) of any one mode is

larger than that of all others by at least one unit in that season; note

the PCs are orthonormal. Mathematically, if jjPCi(t)j2 jPCj(t)jj.
1.00 for all j not equal to i, an analog is counted at time t.

T0 T1 T2 T3 T4 T5 T6

Analog count 37 38 31 52 31 44 42
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Bering Sea recruitment records of Hare and Mantua

(2000) for the 1965–97 period were augmented and

new ones assembled for the North Atlantic basin

(cf. section 2e). Their correlations with the Pacific

(PDV-PP, PDV-NP) and Atlantic (AMO, LF-NAO)

modes are listed in Table 4, along with those of the

widely used multidecadal SST variability indices

(e.g., PDO and AMO).

The PDV-NP is most strongly correlated (20.76) with

the Gulf of Alaska halibut (FR4), and then with West

TABLE 4. Correlations of the unsmoothed principal components (PCs) of the Pacific and Atlantic multidecadal SST variability modes

from the primary analysis (T0) with selected fish recruitment (FR) records. The FR source is noted in the related footnote while the period

is listed next to its name. All time series, including PCs, are annually resolved here. The two highest correlations for each decadal-to-

multidecadal mode are in bold.

Multidecadal PCs and variability indices

FR

No. Fish recruitment record PDV-NP PC PDO index PDV-PP PC NPGO index AMO PC AMO index LF-NAO PC

1 Eastern Pacific zooplankton

biomass (40);a 1965–97

20.19 0.10 0.20 0.32 0.46 0.23 20.21

2 British Columbia coho

salmon catch (67);a 1965–97

0.03 20.17 20.42 0.32 20.28 20.19 20.33

3 British Columbia pink salmon

catch (68);a 1965–97

20.12 20.13 20.24 0.32 20.13 0.07 0.01

4 Gulf of Alaska halibut

recruitment (43);a 1965–97

20.76 0.73 0.11 0.37 20.07 0.06 0.41

5 West Coast mackerel

recruitment (81);a 1965–97

20.63 0.66 0.36 0.12 0.05 0.14 0.55

6 Central Alaska chinook catch

(51);a 1965–97

20.41 0.59 0.38 20.12 20.16 0.24 0.76

7 Eastern Bering Sea rock sole

recruitment (20);a 1965–97

20.42 0.67 0.34 20.18 0.43 0.52 0.27

8 Central Alaska pink catch

(54);a 1965–97

20.45 0.67 0.61 20.14 0.26 0.38 0.56

9 Regulatory area 3B halibut

catch, IPHC;b 1991–2014

20.41 20.12 20.35 0.51 0.17 0.26 20.51

10 Regulatory area 4A halibut

catch, IPHC;b 1991–2014

20.50 20.05 20.20 0.54 0.13 0.25 20.28

11 Regulatory areas 3B and 4A

combined catch, IPHC;b

1991–2014

20.45 20.10 20.33 0.53 0.17 0.26 20.48

12 IPHC coastwide model;c

1925–2010

20.41 0.39 20.05 0.11 20.21 20.16 0.18

13 IPHC areas-as-fleets model;c

1925–2010

20.45 0.39 20.11 0.15 20.07 20.04 0.21

14 Norwegian spring-spawning

herring;d,e 1907–2010

0.28 20.28 — — 0.54 0.57 20.20

15 Atlantic mackerel (Canadian

landings);f,g,h 1901–2016

20.11 0.06 — — 20.15 20.02 20.10

16 Atlantic mackerel (U.S., Canada,

foreign landings);g,h 1960–2016

0.11 20.27 — — 20.53 20.54 20.32

17 Atlantic menhaden;i 1955–2013 0.20 20.06 — — 20.15 20.09 20.24

18 Gulf of Maine cod;j 1982–2013 0.08 0.27 — — 20.75 20.70 0.19

a Hare and Mantua (2000); the number following the name in FR1–8 is the original dataset tag and is listed for reference.
b Kong et al. (2004); FR data come from the International Pacific Halibut Commission (IPHC) regulatory areas.
c Stewart and Martell (2014); FR data obtained from the two IPHC models.
d Toresen and Østvedt (2000).
e ICES (2011): Report of the working group on widely distributed stocks (WGWIDE).
f NEFSC (1996): 20th Northeast regional stock assessment workshop report.
g NEFSC (2006): 42nd Northeast regional stock assessment workshop report.
h NEFSC (2018): 64th Northeast regional stock assessment workshop report.
i SEDAR (2015): Atlantic menhaden stock assessment report.
j Palmer (2014): Assessment update report of the Gulf of Maine cod stock.
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Coast mackerel (20.63, FR5);9 corresponding PDO

correlations are 0.73 and 0.66. Longer recruitment rec-

ords such as FR12–13 (each 96 years as opposed to the

33-yr-long FR4–5) are preferred in assessments of

multidecadal variability,10 yielding PDV-NP correla-

tions of 20.41 and 20.45, and PDO ones of 0.39.

Correlations with both short and long recruitment rec-

ords reveal that the PDV-NP PC is at least as good a

marker of marine ecosystem variations as the PDO—and

a preferred one, perhaps, in view of its temporal ortho-

normality with other PCs at zero lag.

The PDV-PP PC exhibits highest correlation with the

centralAlaska pink catch (0.61; FR8) and thenwithBritish

Columbia Coho salmon (20.42; FR2), both with 33-yr-

long records. The NPGO—a close cousin of the PDV-

PP—is however weakly correlated with the FR8 (20.14)

and FR2 (0.32) records. The NPGO does exhibit a higher

correlation (0.54) with FR10 (i.e., catchment in the eastern

Aleutians) but this record is even shorter (24 years).

FIG. 12. Lead–lag cross correlations of the smoothed (LOESS-

10%) Pacific decadal oscillation index (PDO; Mantua et al. 1997)

and the Atlantic multidecadal oscillation index (AMO-NOAA;

Enfield et al. 2001) are in red, while those of the corresponding SST

principal components (PCs)—AMOand the negative PDV-NP—both

similarly smoothed, are in black; correlations were computed over

1900–2017 and displayed using a lead–lag convention noted in Fig. 9.

The positive correlation peak (;0.67) at t’ 21 years implies that the

PDO leads the AMO by 21 years (much as in Figs. 10 and 11) while

the negative peaks (; 20.57) imply that the AMO’s negative phase

leads the PDO by 12 (and 19) years; the 12-yr lead was noted in

Figs. 10 and 11 but not the 19-yr one. Lead–lag correlations of the

PCs are similar to those of the indices but for notable differences

when t,212 years; in particular, the PCs do not support the indices-

based finding of a 19-yr lead of AMO’s negative phase over the

PDO. Note that correlations larger than j0.34j and j0.33j are statis-

tically significant at the 95% level in the red and black curves, re-

spectively, as assessed by a two-tailed Student’s t test after factoring

for serial correlation [following Metz (1991)].

FIG. 11. Schematic of intra- and interbasin interactions:

Spatiotemporal analysis of global SST variations during 1900–2017

reveals the Pacific andAtlantic basins to be linked.A black (red) line

connects similar (opposite) phases of the lead–lagged modes, with

line thickness reflecting, qualitatively, the lag-correlation strength.

Note that one or an odd number of red-line links in a closed loop

indicates phase reversal, permitting cycling through both phases of

all the linked modes. For example, the 1ve phase of PDV-NP

evolves in the Atlantic basin into a2ve LF-NAO in 6.5 years, which

in the following 16 years evolves into a2ve AMO; interestingly, the

2ve AMO evolves in the Pacific basin into a 2ve PDV-NP (i.e., a

full clockwise cycle leads to a phase reversal of PDV-NP). The

phase-reversal time (about 35 years, obtained by summing, clock-

wise, the lags in the main loop) would be the same for the LF-NAO,

AMO, and the PDV-NP modes in this scheme. The spatiotemporal

analysis of SST variations also yielded the sub-Arctic mode, which

was lowest ranked in terms of explained variance, and whose evo-

lution is thus not documented. Although its interactions are indi-

cated in the schematic, they are not the focus as the origin of this

high-latitude SST variability mode remains enigmatic. The sche-

matic also depicts, outside of the main loop, an LF-NAO-to-AMO

transition over 6.5 years related to AMO’s decadal pulses, several of

which populate each of its multidecadal phases. This 6–7-yr lag is

fully consistent with the findings reported in Nigam et al. (2018) on

the evolution and phase reversal of AMO’s decadal pulses.

9 GN2008’s PDV-NP correlations with FR4 and FR5 were20.74

and 20.73, respectively, for the same 33-yr period.
10 These longer records (from models) differ significantly in the

early period when within-model standard deviation is as large as

half of the signal in some years, limiting their utility in physicality

assessment.
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The AMO PC and the AMO index (Enfield et al.

2001) are strongly correlated with the Gulf of Maine cod

(FR18), at20.75 and20.70, respectively, but the record

is only 32 years long. The PC and the index are similarly

and reasonably correlated (20.53 and20.54) withAtlantic

mackerel (FR16) whose record is longer (57 years).

The longest recruitment record in Table 4 is for the

Norwegian spring-spawning herring (FR14; 104 years) and

it is correlated with the PC and index at 0.54 and 0.57,

respectively.

Interbasin links are also manifest in Table 4:

d The AMO exhibits reasonable correlations with Pacific

fisheries—for example, its PC is correlated with eastern

Pacific zooplankton biomass (FR1) at 0.46 and the

AMO index with eastern Bering Sea rock sole recruit-

FIG. A1. Mature phase structure of the SST variability modes not displayed in the main section: (left) The ENSO

modes (canonical ENSO growth and ENSO decay, non-canonical ENSO, and biennial variability) and (right) SST

secular trend, Atlantic Niño, and sub-Arctic decadal variability. The contemporaneous regressions of seasonal SST

anomalies on the PCs over 1900–2017 define themature phase. Themature phase’s seasonal preference, if any, is noted

in theupper right.Red (blue) shadingdenotes positive (negative) SSTanomalies and the zero contour is suppressed.The

contour interval and shading threshold is 0.1K. The fields are displayed after 12 applications of smth9 in GrADS.
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ment (FR7) at 0.52—and not unexpectedly (cf. Fig. 6,

middle-left panel).
d PDV-NP and the PDO index are likewise correlated

with Norwegian spring-spawning herring (FR14) at

0.28; while smaller, the correlation is from a 3-times-

longer record and thus notable.
d Finally, and interestingly, the LF-NAO’s strongest

correlations with recruitment are found in the

Pacific, with central Alaska chinook catch (FR6,

0.76) and pink catch (FR8, 0.56); the strongest

Atlantic basin correlation is with mackerel (FR

16, 20.32). LF-NAO’s links with Pacific recruitment

are not surprising given its substantial Pacific footprint

(cf. Fig. 6, right).

7. Concluding remarks

The Pacific and Atlantic basins are found linked in

the context of multidecadal variations of sea surface

temperature.

Across basins, the two prominent Atlantic modes—the

Atlantic multidecadal oscillation (AMO) and low-

frequency North Atlantic Oscillation (LF-NAO)—are

found linked to the key Pacific multidecadal mode,

North Pacific decadal variability (PDV-NP; resembling

PDO’s 2ve phase). The AMO leads PDV-NP by ;12.5

years [consistent with Zhang and Delworth (2007),

d’Orgeville and Peltier (2007), andMarini and Frankignoul

(2014)] while the LF-NAO lags the opposite phase of PDV-

NP by ;6.5 years (a new finding?). The development of

notable sea level pressure regressions in the other basin in

Figs. 6 and 10 is indicator of these basin links.

Within the Atlantic basin, the AMO lags LF-NAO by

;16 years, consistent with the findings of Li et al. (2013).

The intra- and interbasin links are schematically

summarized in Fig. 11. The black (red) connecting lines

in the main loop link similar (opposite) phases of the

lead-lagged modes. One (or an odd number) of the

red-line links in a closed loop leads to phase-reversal,

permitting cycling through both phases of all the linked

modes. For example, the 1ve phase of PDV-NP (re-

sembling PDO’s 2ve phase) and its Atlantic vestiges

evolve into a 2ve LF-NAO in 6.5 years, which in the

following 16 years evolves into a 2ve AMO; interest-

ingly, the 2ve AMO (and its Pacific footprints) evolves

in the Pacific basin into a 2ve PDV-NP; that is, a full

clockwise cycle leads to the phase reversal of PDV-NP!

The related interbasin evolutions of SST and SLP (Fig. 10)

indicate a role for both intrabasin processes and interbasin

interactions in the phase reversal of the PDV-NP.

One could, similarly, have commenced with the 1ve

phase AMO in Fig. 11 and cycled clockwise to

AMO’s2ve phase, transitioning through the1ve PDV-

NP and 2ve LF-NAO states; that is, AMO’s phase re-

versal involves more than just intrabasin interactions,

which have figured prominently in other phase-reversal

hypotheses (e.g., Sun et al. 2015). The phase-reversal

time—about 35 years, obtained by summing, clockwise,

the lags in the main loop—would be the same for the

LF-NAO, AMO, and the PDV-NP modes in this

scheme.11,12

The bi-directional interbasin interactions between

three modes outlined in Fig. 11 frame a new per-

spective on the cycling of multidecadal SST variabil-

ity. The evidence for a Pacific-basin-leading link with

Atlantic SSTs (PDV-NP/LF-NAO)—presented, per-

haps, for the first time—closes the loop on the cycling of

multidecadal variability. The loop is closed by the

complementing of two uni-directional interactions

documented earlier and corroborated in this analysis:

The first, an inter-basin one (AMO/PDO), was noted

by Zhang and Delworth (2007), d’Orgeville and Peltier

(2007), and Marini and Frankignoul (2014), among

others. The second, an intra-basin one (LF-NAO/AMO),

was noted byLi et al. (2013) and Sun et al. (2015). The triad-

interaction model (Fig. 11) obviates the need for the

quadrature relationship among modes required for the cy-

cling of variability in a two-mode model.

The interbasin links become evident when the modal

linkage is investigated using measures that look be-

yond contemporaneous correlation—a commonly used

metric—which, interestingly, is mandated to be zero in

principal component (PC) analysis, the PC rotations

notwithstanding. The notable lead–lag correlations of the

PCs and lead–lag regressions of SST and SLP on these PCs

build the case for interbasin links in climate observations.

The interbasin links noted above are not an artifact

of the statistical technique used in analysis of spatio-

temporal variability. For one, the obtained PCs are

vetted from intercomparisons with widely used related

indices (e.g., PDO, AMO) and from physicality as-

sessments using fish recruitment records. The inter-

basin links are, moreover, patent in the lead–lag

correlations of the widely used AMO-NOAA (Enfield

11 The spatiotemporal analysis of SST variations also yielded the

sub-Arctic mode, which was lowest ranked in terms of explained

variance, and whose evolution is thus not documented. Although

its interactions are indicated in the schematic, they are not the

focus as the origin of this high-latitude SST variability mode re-

mains enigmatic.
12 Figure 11 also depicts, outside of the main loop, a same-phase

LF-NAO-to-AMO transition over 6.5 years related to AMO’s

decadal pulses, several of which populate each of its multidecadal

phases. This 6–7-yr lag is consistent with the findings of Nigam

et al. (2018) on the evolution and phase reversal of AMO’s

decadal pulses.
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et al. 2001) and PDO (Mantua et al. 1997) indices

(Fig. 12; see also Marini and Frankignoul 2014), which

are completely independent of the present analysis;

lead–lag correlations of related PCs are in black with

PDV-NP’s sign flipped to facilitate comparison. The

simultaneous correlation of the PCs (and even indices)

is near zero, suggesting a lack of relationship.

Evaluation of the lead–lag correlations, however,

suggests otherwise: the positive peak (;0.67) at t ’ 21

years suggests that PDO leads the AMO by 21 years

FIG. A2. Atmospheric extensions of SST variability: Contemporaneous regressions of (left) winter (December–

February) and (right) summer (June–August) seasonal 500-hPa geopotential height (from NCEP reanalysis;

Kalnay et al. 1996) on the 11 SST principal components (cf. Fig. 1) over 1949–2015. Orange (blue) shading denotes

positive (negative) height anomalies and the zero contour is suppressed. The contour interval and shading threshold

is 5m in winter and 2.5m in the summer.
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(much as in Figs. 10 and 11) while the negative peaks

(; 20.57) suggest that AMO’s negative phase leads

PDO by 12 (and 19) years.13

Other noteworthy findings include the following:

d Subsurface temperature and salinity anomalies linked

with multidecadal SST variability extend deeper (to

;1000m) in the Atlantic than in the Pacific; PDV-

NP’s extensions reach only ;450m while PDV-PP’s

are even shallower (;300m).
d SST anomalies of the Pan-Pacific decadal mode

(PDV-PP; identified by GN2008) are similar to the

horseshoe-shaped, coastally focused SSTs associated

with the North Pacific Gyre Oscillation (NPGO; Di

Lorenzo et al. 2008), the second leading EOF of the

modeled sea surface height variations in the extratropical

basin. Despite this similarity, connections between the

two have remained largely uninvestigated in the past

decade.

The Achilles heel of the above findings is the shortness

of the observed SST record, which presently accommodates

less than two cycles of multidecadal variability. While

this has not stopped pursuits to characterize the surface/

subsurface structure of the PDO and AMO since the

late 1990s (when observed records were even shorter),

our finding on Pacific–Atlantic basin links will need re-

assessment until such time we have multiple multi-

decadal cycles in the record. Unfortunately, climate

models (at least, the IPCC-AR5 genre) were unable to

generate realistic spatiotemporal expressions of multi-

decadal variability in the Atlantic basin (e.g., Kavvada

et al. 2013), precluding the use of this model class

in studying interbasin links and their underlying

mechanisms.
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APPENDIX

Mature Phase Structure and Atmospheric
Extensions of the SST Variability Modes

The mature-phase structure of the SST variability

modes not displayed in the main section is shown in

Fig. A1. Upper-air extensions of recurrent SST var-

iability, obtained from regressions of the winter

(December–February) and summer (June–August)

500-hPa geopotential height (fromNCEP reanalysis) on

the 11 SST principal components, are shown in Fig. A2.
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