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ABSTRACT: Investigating Pacific meridional modes (PMMs) without the influence of tropical Pacific variability is technically

difficult if basedonobservationsor fully coupledmodel simulationsdue to their overlapping spatial structures.Toconfront this issue, the

present study investigates both the North PMM (NPMM) and South PMM (SPMM) in terms of their associated atmospheric forcing

and response processes based on amechanically decoupled climatemodel simulation. In this experiment, the climatological wind stress

is prescribedover the tropical Pacific,which effectively removes dynamically coupled tropical Pacific variability (e.g., ElNiño–Southern
Oscillation). InterannualNPMMin this experiment is forcednot onlyby theNorthPacificOscillationbut alsobyaNorthPacific tripole

(NPT)patternofatmospheric internal variability,whichprimarily forcesdecadalNPMMvariability. Interannual anddecadal variability

of the SPMM is partly forced by the South Pacific Oscillation. In turn, both interannual and decadal NPMM variability can excite

atmospheric teleconnections over the Northern Hemisphere extratropics by influencing the meridional displacement of the climato-

logical intertropical convergence zone throughout the whole year. Similarly, both interannual and decadal SPMM variability can also

excite atmospheric teleconnections over the Southern Hemisphere extratropics by extending or shrinking the climatological South

Pacific convergence zone in all seasons.Our results highlight a newpolewardpathwaybywhich both theNPMMandSPMMfeedback

to the extratropical climate, in addition to the equatorward influence on tropical Pacific variability.
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1. Introduction

Tropical Pacific climate varies on a range of time scales, in-

cluding interannual [El Niño–Southern Oscillation (ENSO);

Timmermann et al. 2018] and decadal [tropical Pacific decadal

variability (TPDV); Okumura 2013; Liu and Di Lorenzo 2018]

time scales. The predictability of ENSO and TPDV is limited by

several factors, such as atmospheric high-frequency noise arising

from wind bursts (Fedorov et al. 2003; Hu et al. 2014) and the

Madden–Julian oscillation (Slingo et al. 1999), systematic model

errors in the mean state of the tropical Pacific (Bellenger et al.

2014), and the growth of initial condition perturbations in coupled

models (e.g., Larson and Kirtman 2015) due to imperfect obser-

vations (McPhaden 2003). Predictability of tropical Pacific climate

variations is also thought to be influenced by physical processes

originating from the extratropics (Pegion et al. 2020). For

example, stochastic atmospheric forcing in the North Pacific

can generate sea surface temperature (SST) variability in the

subtropical eastern Pacific related to the so-called Pacific

meridional mode (PMM; Chiang and Vimont 2004; Amaya

2019) through the ‘‘seasonal footprinting mechanism’’

(Vimont et al. 2003), which has been shown to impact ENSO

(Chang et al. 2007; Larson and Kirtman 2014; Thomas and

Vimont 2016; Ma et al. 2017; Amaya et al. 2019). Thus, im-

proving our understanding of PMM-related teleconnections

can benefit tropical Pacific climate prediction.

Previous studies suggest that the PMM exists both in the sub-

tropical northeastern [i.e., the North Pacific meridional mode

(NPMM); Chiang and Vimont 2004; Di Lorenzo et al. 2015] and

southeastern Pacific [i.e., the South Pacific meridional mode

(SPMM); Zhang et al. 2014]. TheNPMMis thought to be primarily

initiated by the southern lobe of the North Pacific Oscillation

(NPO; Rogers 1981; Chiang and Vimont 2004), which represents

the second mode of sea level pressure (SLP) variability over the

North Pacific during boreal winter. By extending as far south as the

Hawaiian Islands, the NPOmodulates the strength of trade winds,

resulting in changes in surface latent heat flux and underlying SST

variations to generate the NPMM. The NPO is partly a stochastic

atmospheric phenomenon and partly forced by tropical SST
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anomalies (Stuecker 2018). The NPO-associated SST anomalies

can persist into late summer and fall through wind–evaporation–

SST (WES) feedback (Xie and Philander 1994;Wu et al. 2010) as

well as through shortwave–SST positive feedback (Vimont et al.

2009). In late summer, the intertropical convergence zone (ITCZ)

is at its northernmost point and is sensitive to NPMM-related

subtropical SST anomalies. As a result, the NPMM can shift the

ITCZ meridionally, driving a broad atmospheric circulation re-

sponse that occupies much of the midlatitude North Pacific basin.

This atmospheric response was recently termed the summer deep

convection (SDC) response (Amaya et al. 2019; Amaya 2019).

In the southeast Pacific, the SPMM resembles the NPMM,

driven stochastically by the northern lobe of the South Pacific

Oscillation (SPO; You and Furtado 2017, 2018), a mirror of the

NPOover the South Pacific. Although the origins of both NPMM

and SPMM are similar, their impacts on the tropical Pacific var-

iability may be time-scale dependent. For instance, some studies

suggested that the NPMM primarily impacts ENSO variability

(Chang et al. 2007; Larson and Kirtman 2013; Ma et al. 2017;

Amaya 2019), while the SPMM is more effective at lower fre-

quencies relevant for TPDV (Okumura 2013; Zhang et al. 2014).

In particular, Liguori and Di Lorenzo (2019) used a coupled

model in which they artificially suppressed NPMM and SPMM

variability. They found that when the NPMM was suppressed,

ENSO variability dropped by ;35%, while suppressing the

SPMM had little impact on ENSO. However, suppressing the

NPMM did not have a significant influence on low-frequency

variability, but suppressing the SPMM reduced TPDV by;30%.

In contrast, other studies have suggested that the relative influ-

ences of the NPMMand SPMMonENSO and TPDV are of equal

importance (Min et al. 2017; Zhao and Di Lorenzo 2020). For ex-

ample, Lu et al. (2017) showed that externally forced ENSO vari-

ability is contributed roughly equally and independently by the

Southern and Northern Hemisphere extratropical atmosphere. The

debate on the relative contribution to ENSO and TPDV might be

related to the different time scales of PMM variability. Indeed, ob-

servations and modeling studies have suggested that both NPMM

and SPMMare ‘‘reddened’’ as they integrate stochastic atmospheric

forcing, suggesting that they include variability both on interannual

and decadal time scales (Min et al. 2017; You and Furtado 2018;

Stuecker 2018).However, there has been little effort to separate and

investigate PMM variability on these two time scales, as almost all

related studies have been based on raw (i.e., unfiltered) PMM var-

iations (Stuecker 2018, Amaya 2019).

Separating raw PMM variability ‘‘dynamically’’ into interannual

anddecadal components, however, is technically not easy if basedon

observations or fully coupledmodel simulations.This is duepartly to

the nature of two-way interaction between the PMM and tropical

Pacific variability (Stuecker 2018;YouandFurtado 2018; JohandDi

Lorenzo 2019). To remove the effect of tropical Pacific forcing,

statistical methods such as linear regression are often employed

(Chiang and Vimont 2004; Chang et al. 2007; Min et al. 2017; You

and Furtado 2018). However, this approach cannot completely re-

move ENSO variability because of ENSO’s strong seasonality

(Rasmusson and Carpenter 1982) and nonlinearity (An and Jin

2004; Stuecker 2018). Likewise, isolating TPDV is also difficult due

to ocean reemergence processes in the extratropics, which can per-

sist SST anomalies fromone year to another (Alexander et al. 1999).

In the present study, we address these issues by isolating essential

physical processes that force and develop PMM variability by sup-

pressing equatorial Pacific variability using a mechanically decou-

pled model experiment in which the climatological wind stress is

prescribed over the tropical Pacific. Because this simulation effec-

tively removes both ENSO variability and TPDV (Larson et al.

2018a,b), it offers a unique opportunity to investigate PMM dy-

namics, independent of tropical Pacific forcing. We focus on the

forcing and response of atmospheric variability associated with both

NPMMand SPMM.We find that interannual NPMM is forced not

onlybyNPOvariabilitybut alsobyaNorthPacific tripolevariability,

which primarily drives decadalNPMMvariability. In addition to the

atmospheric forcing, NPMM variability can excite atmospheric tel-

econnections over the Northern Hemisphere extratropics by influ-

encing the meridional migration of climatological ITCZ. For the

SPMM, it is found tobepartly forcedbySPOvariability andcanalso

excite atmospheric teleconnections over the Southern Hemisphere

extratropics through the extension or contraction of climatological

South Pacific convergence zone (SPCZ).While the extratropical-to-

tropical link between the PMM and the tropical Pacific has been

established, our study identifies a new pathway by which the PMM

ultimately feeds back to the extratropical climate.

The rest of the paper is organized as follows. Section 2 introduces

themechanically decoupled experiment, aswell as the observational

data and methods used in this study. Section 3 investigates the raw

PMMs by comparing the model experiment with observations. In

section 4, we study the interannual and decadal NPMM variability,

in terms of their related atmospheric forcing and response processes.

Section5 investigates the interannual anddecadalSPMMvariability.

Section 6 is a summary with discussion.

2. Data and methods

a. Model experiments

We conduct a mechanically decoupled experiment, referred

to as Clim-t, based on the Geophysical Fluid Dynamic

Laboratory coupled model version 2.1 (CM2.1; Delworth et al.

2006). In the Clim-t, daily climatological wind stress, obtained

from a 1000-yr CM2.1 preindustrial control simulation, is

prescribed over the tropical Pacific (158S–158N; dark blue re-

gion in Fig. 1) with 108 buffer zone north and south (light blue

regions in Fig. 1) where the simulated and prescribed wind

stresses are blended, with the weight linearly tapering off.

Outside the tropical Pacific, the ocean and atmosphere are

fully coupled and free to evolve. To suppress tiny day-to-day

fluctuations that remain in the 1000-yr climatology, the pre-

scribed wind stress has been weakly smoothed temporally by

removing the annual harmonics higher than 18 (corresponding

to a frequency of about 20 days). The model horizontal reso-

lution is 2.58 longitude3 28 latitude for the atmosphere and 18
longitude3 18 latitude for the ocean, with the ocean latitudinal

resolution equatorward of 308 getting gradually finer to 1/38 at
the equator. Themodel is integrated for 310 years, and only the

last 300 years are analyzed. Results are consistent when we

repeat this Clim-t experiment using the Community Earth

SystemModel version 1.2 (CESM1Clim-t; Hurrell et al. 2013).

Mechanically decoupling the ocean and atmosphere

removes the possibility for anomalous wind-driven ocean
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dynamics [see Larson et al. (2018b) for impacts on global SST

variability]. Specific to ENSO, applying such decoupling in the

tropical Pacific eliminates anomalous wind-driven equatorially

trapped oceanic Kelvin and Rossby waves that play important

roles for ENSO growth and phase transition (Bjerknes 1969;

Wyrtki 1975; Zebiak and Cane 1987; McGregor et al. 2012;

Larson andKirtman 2015; Timmermann et al. 2018). As a result,

this experiment effectively eliminates ENSO variability in the

model at time scales shorter than 10 years (Fig. 2a). This is ap-

parent from the markedly reduced standard deviation of inter-

annual SST (91%) and precipitation (95%) variability over the

Niño-3.4 region (58S–58N, 1708–1208W), compared with a 300-yr

fully coupled CM2.1 control simulation (Fig. 2c). The control

(CTRL) simulation is also used to compare the raw PMM sim-

ulation with observations. Note that the NCAR CESM1 model

shows a similar roughly 90%decline in eastern equatorial Pacific

SST variability when the mechanical coupling is disengaged

(Larson et al. 2018b).

Additionally, TPDV (at time scales greater than 10 years) is

also damped markedly in the Clim-t (cf. Figs. 2b and 2d). This

result contrasts with those from slab-ocean models, which

suggest that thermodynamic coupling alone can drive TPDV

(Okumura 2013; Zhang et al. 2014). The damped TPDV in the

Clim-t may be due to the damping effect generated by clima-

tological upwelling in the central-eastern equatorial Pacific,

which is driven by the climatological trade winds over the

tropical Pacific. In the Clim-t, subsurface temperature anom-

alies in the central-eastern equatorial Pacific are rather weak

since they are mostly induced by the anomalous ocean dy-

namics, which is largely suppressed due to the model design.

SST variability in the Clim-t, however, can be driven by the

air–sea thermodynamic coupling process, as in slab-ocean

models. As a result, the climatological upwelling in the

central-eastern equatorial Pacific plays a role in damping

TPDV.With ENSO variability and TPDV effectively removed

from themodel, the Clim-t experiment cuts off the pathway for

the equatorial Pacific to influence the midlatitudes. Therefore,

our experiment can be used to investigate ‘‘pure’’ PMM vari-

ability, without equatorial Pacific influence.

We emphasize that air–sea thermodynamically coupled

processes, such as the WES feedback, are still retained. Thus,

FIG. 1. Schematic of the Clim-t experiment. Dark blue shading

indicates the region where daily climatological wind stress is pre-

scribed (158S–158N). Light blue shading denotes the buffer zones to

the north (158–258N) and south (258–158S). Otherwise, the ocean

and atmosphere are fully coupled and free to evolve.

FIG. 2. Standard deviations of (a),(c) interannual and (b),(d) decadal SST (shading; 8C) and surface zonal wind

(black contours; m s21) anomalies in the (a),(b) Clim-t and (c),(d) CTRL experiments. Purple boxes denote SVD

domains for the NPMM (108–308N, 1608E–1008W) and SPMM (308–108S, 1808–708W), respectively.
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FIG. 3. NPMM and SPMM (unfiltered). Regression maps of SST (shading; 8C), SLP [contour interval: 0.2 hPa; solid red

(blue) is positive (negative) anomaly; zero contour is omitted], and surface wind (arrows; m s21) anomalies against nor-

malized SSTECof the rawPMMs. Shown are (a)–(c) the rawNPMMinobservations, CTRL, andClim-t, respectively, and

(f)–(h) the raw SPMM in observations, CTRL, and Clim-t, respectively. Small wind speed is omitted for clarity. The

horizontal black line denotes the equator. The explained squared covariance fraction of SVD analysis is marked in each

panel.Also shown are themonthly standard deviation of the normalized SSTECof the raw (d)NPMMand (i) SPMM, and

the autocorrelation of the normalized SST EC of raw (e) NPMM and (j) SPMM.
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both the NPMM and SPMM are expected to be simulated.

Indeed, the interannual (Fig. 2a) and decadal (Fig. 2b) variability

in the Clim-t experiment both exhibit off-equatorial Pacific SST

signatures. In particular, Clim-t reproduces over 75% of the SST

standarddeviation (averagedover the purple boxes of Fig. 2) from

the CTRL simulation, suggesting that the NPMMand SPMMare

largely unaffected by the mechanical decoupling. Moreover, their

simulations in the Clim-t are not likely affected by themeridional

width of the restoring domain in which only anomalous ocean

dynamics is suppressed. Nevertheless, more research is needed to

test the sensitivity of the results shown in this study to the wind-

stress-restoring region.

Interestingly, the NPMM- and SPMM-related SSTs in the

Clim-t do not seem to strongly project onto the equator

(Figs. 2a,b), which we might have expected from numerous

studies using slab-ocean and fully coupled models and obser-

vations (Chiang and Vimont 2004; Okumura 2013; Zhang et al.

2014; Di Lorenzo et al. 2015; Min et al. 2017). This weak pro-

jection in the Clim-t may be due largely to the poleward mean

Ekman transport, which acts against the equatorward propa-

gation of the PMM variability. Detailed analyses of the role of

ocean dynamics in the PMM propagation will be carried out in

future research. It is also worth noting that the damped inter-

annual and decadal SST anomalies along the equatorial Pacific

can also damp zonal wind and surface wind speed over most of

the tropical Pacific (Figs. 2a,b).

We also conduct two atmosphere-only experiments to in-

vestigate the atmospheric response to the NPMM (hereafter

NPMM experiment) and SPMM (hereafter SPMM experi-

ment) variability, respectively. The two experiments are based

on the atmosphere module of CM2.1, and are forced by the

SST anomalies only in the respective PMM domain (purple

box in Fig. 2 with 108 linear buffer zone outside the box) with

climatological SST and sea ice variations globally, all of which

are from the Clim-t experiment. Each experiment is run once,

and the length is 300 years, identical to the Clim-t experiment.

b. Observational data

We also employ observational data to compare with the

model simulation. We use SST data from the Hadley Centre

Global Sea Ice and Sea Surface Temperature version 1.1

(HadISST v1.1; Rayner et al. 2003). The horizontal resolution

is 18 longitude 3 18 latitude. We also use SLP and 10-m surface

wind from the European Centre for Medium-Range Weather

Forecasts twentieth-century reanalysis (ERA-20C; Poli et al.

2016). The horizontal resolution is 0.758 longitude 3 0.758 lati-
tude. All the data aremonthlymean, and the period is from 1900

to 2010. Analyses based on the period after 1950 are similar

(not shown).

c. Methods

All the variables fromobservations andmodel experiments are

linearly detrended after removing the annual cycle. To separate

the monthly anomalies into interannual and decadal variability,

respectively, we filter the data using a 10-yr high-pass and 10-yr

low-pass Lanczos filter. We then perform a singular value de-

composition (SVD) analysis between SST and surface wind

anomalies to extract the PMM variability for the respective time

scales. We define the raw PMM as the leading SVD mode based

on monthly anomalies (i.e., unfiltered), and we define the inter-

annual and decadal PMM as the leading SVD mode of interan-

nual and decadal anomalies, respectively. The SVD analysis is

performed over the subtropical northeastern Pacific for the

NPMM and southeastern Pacific for the SPMM (purple boxes in

Fig. 2), respectively.

In observations and in our CTRL simulation, anomalies as-

sociated with tropical Pacific variability are removed before the

SVD analysis. Following Chiang and Vimont (2004), we use the

cold tongue index (CTI; SST anomalies averaged over 68S–68N,

1808–908W) to represent the tropical Pacific variability. To ex-

tract the raw and interannual PMM, given the seasonality of the

tropical Pacific variability, we linearly regress out the CTI-

related SST and surface wind anomalies for individual calendar

months. To extract the decadal PMM,we linearly regress out the

10-yr low-pass filtered CTI for the entire time series.

To examine if decadal NPMM and SPMM variability are

stochastically forced by the respective dominant atmospheric

variability, we construct a first-order autoregressive (AR-1)

model (Di Lorenzo et al. 2010) to reconstruct the PMM index

and compare its 10-yr low-pass filtered time series with the SST

expansion coefficient (EC) of decadal PMM variability. The

AR-1 model is formulated as

dPMM(t)

dt
5SLP(t)2

PMM(t)

t
e

,

where PMM(t) denotes the reconstructed PMM index at

month t; SLP(t) denotes the normalized principal component

FIG. 4. As in Figs. 3a and 3c, but for interannual NPMM.
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(PC) at month t, which is obtained from an empirical or-

thogonal function (EOF) analysis of monthly SLP anomalies;

te denotes the e-folding time scale of 6 months, which is es-

timated from the decorrelation time scale of the raw PMM

SST EC (changing te slightly does not affect the result); and

the time step dt is 1 month.

Significance tests in this study are all based on a two-tailed

Student’s t test. The effective degree of freedom is estimated

based on the decorrelation time scale of the SST EC of inter-

annual and decadal PMMs (autocorrelation drops to 1/e), re-

spectively. The number of effective degrees of freedom is

approximately the length of SST EC divided by the decorre-

lation time scale minus 2.

3. Raw PMM

We first investigate the raw PMM by comparing the CTRL

simulation with observations and then comparing the Clim-

t simulation with CTRL. Figure 3 shows the regression maps of

SST, SLP, and surface wind anomalies against the normalized

SST EC of the raw PMMs, along with the seasonality and au-

tocorrelation of the raw PMMs. Overall, the CTRL simulates

the NPMM structure, with a southwestward extension of SST

warming from the coast of Baja California and trades relaxation,

although the extension is displaced more westward and the

simulated NPMM magnitude is slightly stronger than that in

observations (purple boxes in Figs. 3a and 3b). Additionally, the

FIG. 5. Leading EOF modes of interannual SLP variability over the North Pacific in the Clim-t experiment.

(a)–(d) Regression maps of 10-yr high-pass filtered SLP [contour interval: 0.4 hPa; solid red (blue) is positive

(negative) anomaly; zero contour is omitted] and surface wind (arrows; m s21) anomalies against normalized SLP

PCs. The EOF domain is 08–708N, 1208E–808W. The purple box is as in Fig. 4, representing the region of NPMM

variability. (e) Cross-correlation between SLP PCs and SSTEC of interannual NPMM. Black solid lines denote the

correlations at 95% confidence interval based on the two-tailed Student’s t test. (f) Monthly standard deviation of

normalized SLP PCs.
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NPMM in the CTRL exhibits more loading over the western

equatorial Pacific than that in observations (Figs. 3a,b).

The CTRL also simulates the atmospheric pattern associ-

ated with the NPMM over the North Pacific, which resembles

the NPO structure (Rogers 1981). Comparing the Clim-

t simulation with the CTRL (Figs. 3b,c), the simulated NPMM

and associated ocean–atmosphere variability are mostly con-

fined to the North Pacific, suggesting that the Clim-

t experiment is unique to investigate the NPMM variability

without equatorial Pacific influence. The northern lobe of the

NPO-like pattern associated with the NPMM in the Clim-t is

westward displaced slightly compared to the CTRL, causing

larger positive SST anomalies southwest of the Bering Strait

(Fig. 3c). In addition to the NPMM-related spatial pattern,

both the CTRL and Clim-t capture the seasonality (Fig. 3d)

and persistence (Fig. 3e) of the observed NPMM variability.

The Clim-t NPMM autocorrelation decays more quickly than

in the CTRL, suggesting that the linear approach to removing

ENSO from the CTRL simulation may leave behind statistical ar-

tifacts that impact the subtropical North Pacific temporal variability

[see discussion in Stuecker (2018)]. In addition, linearly removing

ENSOmay account for someof the larger differences in the tropical

FIG. 6. Seasonality of the interannual (a)–(d) AL, (e)–(h) NPO, and (i)–(l) NPT variability in the Clim-t experiment. Regression maps of

10-yr high-pass filtered SLP [contour interval: 0.4 hPa; solid red (blue) is positive (negative) anomaly; zero contour is omitted], surface wind

(arrows;m s21), and SST (shading; 8C) anomalies in different seasons against corresponding normalized seasonalmean SLPPCs. The value in

the parentheses in each panel denotes the regression coefficient of seasonal mean SST EC of interannual NPMM variability against cor-

responding seasonal mean SLP PC. The regression coefficients significant at 95% confidence interval are shown as italic. The purple box in

each panel denotes the SVD domain of NPMM variability.
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NPMM spatial pattern between the observation/CTRL andClim-t,

since lagged and nonlinear ENSO–NPMM interactions are retained

in both observations and the CTRL but are effectively removed in

Clim-t. Regardless, the Clim-t NPMM analysis (Fig. 3c) provides a

usefulmetric to test the null hypothesis that the traditionally defined

NPMM index (e.g., Chiang and Vimont 2004) truly captures the

leading modes of subtropical coupled climate variability indepen-

dent of ENSO.

For the raw SPMM, the CTRL captures the observed SPMM

structure, with SST warming and trade wind weakening over the

subtropical southeastern Pacific (purple boxes in Figs. 3f and 3g),

albeit with much stronger amplitude than in observations. The

SPMM in the CTRL is strongly associated with an SLP pattern

over the entire Southern Hemisphere (Fig. 3g), which is nearly

identical to results in a similar mechanically decoupled NCAR

CESMexperiment (Larson et al. 2018a, their Fig. 11) and to that

in Garreaud and Battisti (1999). In contrast, the SPMM in ob-

servations is weakly associated with the SLP variability (Fig. 3f).

This distinction might be caused by the lack of observations

in the South Pacific before the satellite era, or the stronger

simulation of Southern Hemisphere atmospheric variability in

the CTRL. In addition, using the wind EC rather than the SST

EC of the SPMM variability gives similar results as in You and

Furtado (2018). This suggests the sensitivity of selecting differ-

ent indices to show the SPMM-related SLP pattern. Moreover,

the distinctionmay also be due to the strong interaction between

the tropical Pacific and southeastern Pacific variability in ob-

servations (e.g., Luo and Yamagata 2001). As a result, removing

the effect of tropical Pacific variability on the SPMMwill largely

reduce the amplitude of both SPMM and associated atmo-

spheric teleconnections. Comparing the Clim-t simulation with

CTRL (Figs. 3g,h), the Clim-t simulates the SPMM-related

variability mostly over the Southern Hemisphere, further

highlighting the usefulness of our Clim-t experiment in

studying intrinsic PMM variability. The CTRL well simu-

lates the weak seasonality of the observed SPMM with a

slight peak in austral summer, while the Clim-t shows the

opposite with a minor peak in austral winter (Fig. 3i). The

SPMM seasonality in our CM2.1 Clim-t differs from that in

the Clim-t based on the Community Climate System Model

FIG. 7. As in Fig. 5, but for observations.
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version 4 (Larson et al. 2018a; see their Fig. 3). This discrepancy

might be due to the different seasonality of South Pacific wind

variability and/or the seasonal cycle of southeastern Pacific

mixed-layer depth, according to the analysis of observedSPMM

seasonality from You and Furtado (2018). Future study based

on multimodel Clim-t experiments is needed to deeply inves-

tigate the SPMMvariability. Finally, to a large extent, theCTRL

and Clim-t capture the persistence of the observed SPMM

variability (Fig. 3j). Overall, the simulated spatiotemporal

SPMMvariability in the Clim-t can be used for investigating the

interannual and decadal SPMM variability, both of which are

largely independent of tropical Pacific forcing.

4. NPMM variability

a. Interannual NPMM

We investigate NPMMvariability on interannual time scales

in observations and in the Clim-t experiment. Figure 4 shows

the regression maps of SST, SLP, and surface wind anomalies

against the normalized SST EC of the interannual NPMM.

The spatial pattern of interannual NPMM in observations

and Clim-t resemble the respective raw PMMs (comparing

Figs. 3a,c and Figs. 4a,b), suggesting that the traditionally

defined NPMM (the raw NPMM) in the literature primarily

reflects its interannual variability.

To investigate what dominant atmospheric variability forces in-

terannual NPMM in the Clim-t experiment, we first extract dom-

inant atmospheric modes by performing EOF analysis to 10-yr

high-pass filtered SLP anomalies and then calculate the cross-

correlation between SLP PCs and NPMM SST EC in the Clim-

t experiment (Fig. 5). All the EOFmodes shown in the following

are mutually well separated based on North’s rule (North et al.

1982). Figures 5a–d show only features significant at 95% con-

fidence interval based on the two-tailed Student’s t test (dotted

for SLP).

The first EOF mode is Aleutian low (AL) variability (Fig. 5a),

which leads interannualNPMMvariability by 2–3months (Fig. 5e),

implying a role in forcing interannual NPMM. Although AL

variability primarily features strong SLP anomalies over the

Aleutians, westerly anomalies associated with the weak negative

SLP anomalies around the Hawaii Islands can weaken trade

winds and thereby forceNPMM(Fig. 5a). The secondEOFmode

is NPO variability (Fig. 5b), which leads interannual NPMM

variability by 1 month (Fig. 5e), also implying a forcing role.

This is consistent with numerous previous studies that relate low

pressure anomalies associated with the NPO variability to

weakened trade winds and thereby NPMM variability (Fig. 5b;

FIG. 8. Atmospheric response to the interannual NPMM in the NPMM experiment: (a) DJF, (b) MAM, (c) JJA, and

(d) SON.Patterns are shownas regressionmaps of 10-yr high-pass filtered SLP [contour interval: 0.2 hPa; solid red (blue) is

positive (negative) anomaly; zero contour is omitted], surface wind (arrows; m s21), SST (shading; 8C), and precipitation

[contour interval: 0.2mmday21; solid green (brown) is positive (negative)] anomalies against the SST EC of interannual

NPMM variability. Climatological precipitation is overlaid as gray shading (only larger than 6mmday21 are shown,

shading interval: 4mmday21). The stippling denotes statistically significant regressed SLP at 95% confidence interval.
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e.g., Amaya 2019). The third EOF mode is characterized by a

zonal dipole pattern along 608N, which is too far away from the

subtropics and cannot influence the strength trade winds or

NPMMvariability (Figs. 5c,e). The fourth EOFmode exhibits a

tripolar structure from northeastern Asia to the northeastern

Pacific. Herewe term this mode theNorth Pacific tripole pattern

(NPT). Similar to the NPO, the NPT mode also leads NPMM

variability by about 1 month, suggestive of its forcing role in the

NPMM. Although this mode explains only 6.8% of total inter-

annual SLP variance, the prominent low pressure anomaly over

the northeastern Pacific can effectively weaken trade winds and

force NPMM (Figs. 5d,e).

To further demonstrate the robustness of the NPT mode, we

select a region where SLP variability dominantly forces the in-

terannual NPMM (see Fig. S1a in the online supplemental ma-

terial) and correlate the SLP index averaged over the region with

the NPT PC time series. The result shows that their correlation is

statistically significant (Fig. S1b), indicating that although only the

center of action over the northeastern Pacific associated with the

NPT plays the role in forcing the interannual NPMM, the other

two centers of action will covary with this center and collectively

force the interannual NPMM. We highlight the necessity of tak-

ing the three centers of action as a whole (i.e., the NPT mode) to

investigate the relationship with NPMM variability.

As a caveat, the NPT mode obtained by applying EOF

analysis to the interannual SLP field may involve the variability

forced by the interannualNPMM. To examinewhether theNPT

mode, like the AL and NPO modes, is an atmospheric internal

variability, we analyze an atmosphere-only experiment forced

by the global climatological SST and sea ice from the Clim-

t experiment. The result shows that the NPT mode in the

atmosphere-only simulation also emerges as the fourth EOF

mode (and is also mutually well separated based on North’s

rule), resembling the one simulated in the Clim-t in both spatial

pattern and magnitude (not shown). Furthermore, the seasonal

evolution of theNPTmode in the atmosphere-only simulation is

also similar to that in the Clim-t. These analyses demonstrate

that the NPTmode is amode of atmospheric internal variability.

To further investigate how these atmospheric internal modes

(AL, NPO, and NPT) influence interannual NPMM in different

seasons, we show their seasonality (Fig. 5f). We then regress

seasonal mean SST anomalies against corresponding seasonal

mean SLP PCs in December–February (DJF), March–May

(MAM), June–July (JJA), and September–November (SON) to

examine how the atmospheric modes influence SST variations in

theNPMMregion (purple box in Fig. 6). The regression patterns

are shown significant at 95% confidence interval based on the

two-tailed Student’s t test. We also compute the regression co-

efficient of the seasonal mean SST EC of interannual NPMM

against corresponding seasonal mean SLP PCs (marked in the

title of each panel in Fig. 6).

For the AL variability, although it is strong in DJF (Fig. 6a),

the anomalously low pressure around the Hawaiian Islands

that effectively weakens trade winds is strong in MAM, re-

sulting in the prominent forcing of interannual NPMM (Fig. 6b).

NPO variability is strong in DJF and MAM (Figs. 6e,f). Its

southern lobe during these two seasons can affect the strength of

trade winds over most of the NPMM domain. In JJA, NPO

variability weakens and its southern lobe only affects the trade

winds around ;308N, too far to effectively force the inter-

annual NPMM (Fig. 6g). In the subsequent SON, NPO vari-

ability strengthens and once again projects onto interannual

NPMM (Fig. 6h). Interestingly, although the seasonality of

NPT variability resemble that of AL and NPO variability, its

impact on the interannual NPMM variability largely persists

throughout the year, owing to a persistent anomalous low

over the eastern North Pacific, which effectively modulates

the strength of trade winds (Figs. 6i–l).

We also examine the atmospheric forcing of the interannual

NPMM in observations. To extract the dominant modes of

North Pacific atmospheric variability without equatorial Pacific

influence, we linearly regress out the CTI-related interannual

SLP anomalies for individual calendar months prior to the

EOF analysis. EOF1 shows the AL variability (Fig. 7a), which

negatively correlates with the interannual NPMM variability

(Fig. 7e), in contrast to the result shown in theClim-t experiment

(Fig. 5e). This negative correlation is because the observed

AL center extends farther south than in Clim-t. Therefore, the

associated easterly anomalies in its southern flank strengthen

the background trades and then drive negative phase of inter-

annual NPMM via WES feedback. Although the negative cor-

relation is statistically insignificant calculated based on the

whole time series, it is significant at 95% confidence interval in

MAM (r 5 0.22).

For the observed NPO variability, it significantly forces the

interannual NPMM at 1-month lead (Figs. 7b,e), consistent

FIG. 9. As in Fig. 4, but for decadal NPMM. Note that contour

interval is 0.1 hPa.
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with the result shown in the Clim-t (Fig. 5e). The NPT mode

detected in the Clim-t also exists in observations (and is

statistically significant based on North’s rule; North et al.

1982; Fig. 7d). Moreover, the observed NPT variability sig-

nificantly correlates with the interannual NPMM led by 1–

3 months (Fig. 7e), suggesting that the NPT plays a role in

forcing the interannual NPMM. These observational results

are more consistent with the same analysis in CESM1 Clim-t

(not shown) than in CM2.1 Clim-t. Thus, the distinct result on

the role of AL variability in forcing interannual NPMM may

be spurious in CM2.1 Clim-t. Here we conclude that the at-

mospheric forcing of the interannual NPMM includes NPO

and NPT variability.

We now examine the atmospheric response to the interan-

nual NPMM in the NPMM experiment. To show the season-

ality of the atmospheric response, we regress the seasonal

mean atmospheric variability against the corresponding sea-

sonal mean SST EC of interannual NPMM variability (Fig. 8).

Patterns are shown significant at 95% confidence interval. The

result shows that the atmospheric response to interannual

NPMM variability exhibits teleconnection pattern emanating

from the subtropical North Pacific to the Arctic. In DJF

(Fig. 8a), the atmosphere-forced interannual NPMM encoun-

ters the climatological ITCZ at;1508W, driving a meridional-

dipole pattern of precipitation anomalies. Although the

precipitation dipole is weak, a small atmospheric response to

the precipitation anomalies may develop quickly and become

strong through, for instance, barotropic energy conversion in

the exit of subtropical westerly jet during boreal winter

(Simmons et al. 1983). The resulting atmospheric response will

be an AL-like pattern over the Aleutians (Fig. 8a). This result

differs fromAmaya et al. (2019), in which they showed that the

atmospheric response to the NPMM occurs in late summer

and fall when ITCZ is displaced northward. This distinction

may be due to the model bias in simulating the latitude of

ITCZ in DJF (;108N), which shifts more northward than that

in observations (;58N). As a result, the NPMM can influence

the meridional displacement of ITCZ and feed back to the

atmosphere. Further examination will be needed based on

observed ITCZ and NPMM variability.

In MAM (Fig. 8b), as the developed interannual NPMM

extends westward, the meridional dipole of precipitation

anomaly also moves westward. In JJA (Fig. 8c), with the

FIG. 11. As in Fig. 4, but for interannual SPMM.

FIG. 10. The 10-yr low-pass filtered reconstructed NPMM time

series based on the AR-1 model, as reconstructed by (a) AL vari-

ability, (b) NPO variability, and (c) NPT variability. Red lines

denote the SST EC of decadal NPMM variability. Correlation

between the low-pass filtered reconstructedNPMM time series and

the SST EC is marked in each panel. (d) Cross-correlation between

the SST EC of decadal NPMM variability and 10-yr low-pass fil-

tered reconstructed NPMM time series forced by AL (blue), NPO

(purple), and NPT (yellow) variability based on the AR-1 model.

Horizontal solid line denotes the correlation at 95% confidence

interval based on the two-tailed Student’s t test.
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farther-westward extension of the NPMM and northward-

displaced climatological ITCZ, the precipitation dipole pattern

extends zonally along with a broad low pressure anomaly

pattern. In SON (Fig. 8d), the zonally broad low pressure

anomaly persists and the associated westerly wind anomalies

penetrate into the central equatorial Pacific. This atmospheric

pattern is reminiscent of the SDC response proposed by

Amaya et al. (2019) that takes place in August–October.

We further investigate the upper-tropospheric response to

the interannual NPMM variability in the NPMM experiment.

The response is not confined to the North Pacific, with tele-

connection pattern over the Northern Hemisphere extra-

tropics throughout the year (Fig. S2).

b. Decadal NPMM

We now investigate decadal NPMM variability in observa-

tions and the Clim-t simulation. Figure 9 shows the regression

maps of SST, SLP, and surface winds against the normalized

SST EC of decadal NPMM variability. The observed decadal

NPMM is associated with variability in both the Northern and

Southern Hemispheres (Fig. 9a). The associated SLP anoma-

lies over the Southern Hemisphere extratropics exhibit a me-

ridional seesaw pattern between the mid- and high latitudes. In

contrast, the Clim-t isolates the Pacific-centered characteris-

tics of decadal NPMM variability (Fig. 9b). Similar results are

obtained when performing SVD analysis on the model seg-

ments with an identical number of time length as in observa-

tions (not shown). As a result, the remainder of our analysis

will only focus on the Clim-t experiment.

To explore which dominant mode of atmospheric variability

can force the decadal NPMM variability, we compare the 10-yr

low-pass filtered reconstructed NPMM index, which is obtained

by the AR-1 model (see section 2c for details), with the SST EC of

the decadal NPMM variability, and examine their lead–lag rela-

tionship (Fig. 10). The AL-forced AR-1 model weakly correlates

with the decadal NPMM variability (Figs. 10a,d), suggesting that

AL variability cannot effectively force decadal NPMM. In contrast,

the correlation between the NPO-forced AR-1 model and decadal

FIG. 12. As in Fig. 5, but for leading EOFmodes of interannual SLP variability over the South Pacific in the Clim-

t experiment. The EOF domain is 708S–08, 1408E–608W. Purple boxes in (a)–(d) denote the SVD domain of SPMM

variability.
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NPMM variability is slightly larger (Figs. 10b,d). Surprisingly, the

NPT-forced AR-1 model best reproduces the decadal NPMM

(Figs. 10c,d), suggesting that it is the primary driving role. Similar to

the interannual NPMM, the decadal NPMM can also feed back to

the atmosphere and excite atmospheric teleconnection in the

Northern Hemisphere extratropics (Fig. S3).

5. SPMM variability

a. Interannual SPMM

Next, we investigate SPMM variability on interannual time

scales in observations and the Clim-t. Figure 11 shows the re-

gressionmaps of SST, SLP, and surface wind anomalies against

the normalized SST EC of the interannual SPMM. The inter-

annual SPMM in observations and Clim-t also resemble the

respective raw SPMM, in both structure and magnitude (cf.

Figs. 3f,h and Figs. 11a,b), suggesting that the traditionally

defined SPMM (the raw SPMM) in the literature also primarily

reflects its interannual variability.

To investigate what dominant modes of atmospheric vari-

ability over the South Pacific force interannual SPMM, we

perform EOF analysis of 10-yr high-pass filtered monthly SLP

anomalies over the South Pacific (708S–08, 1608E–608W; re-

sults are insensitive to the selected EOF domain) and then

compute cross-correlations between SLP PCs and the SSTEC

of the interannual SPMMvariability in the Clim-t experiment

(Fig. 12). All the EOF modes shown in the following are also

mutually well separated based on North’s rule (North et al.

1982). The first EOFmode exhibits a meridional dipole pattern,

which resembles SPO variability (You and Furtado 2017). This

mode can affect the strength of southeastern Pacific trade winds

(Fig. 12a) and thereby force SPMMat a 1-month lead (Fig. 12e).

Higher-order SLP modes cannot effectively influence trade

winds, thus contributing weakly to interannual SPMM vari-

ability (Figs. 12b–e).Note that the SPMM-related SLP pattern is

not totally identical to the first SLP EOF pattern (cf. Figs. 11b

and 12a). This is because the SPMM-related SLP pattern also

involves other higher SLP EOF modes, as well as the coupled

atmospheric response to the SPMM.

We further decompose the seasonality of SPO variability and

quantify its forcing effect by regressing seasonal mean SST

anomalies and the SST EC of interannual SPMM variability

against normalized the seasonal mean SPO PC time series

(Fig. 13). The result suggests that SPO variability can drive in-

terannual SPMM throughout the year, with a slightly stronger

forcing effect in JJA, which is largely consistent with its sea-

sonality (Fig. 12f). This result is similar to that of You and

Furtado (2018) (see their Fig. 7), which showed that latent heat

flux associated with the SPMM variability is strong in boreal

summer, indicative of the forcing role of SPO variability.

Next, we investigate the atmospheric response to the interan-

nual SPMM. Figure 14 shows the regressions of seasonal mean

atmospheric variability against the corresponding seasonal mean

FIG. 13. As in Fig. 6, but for the regressionmaps of 10-yr high-pass filtered SLP, surface wind, and SST anomalies

in different seasons against corresponding normalized seasonal mean SPOPC time series in the Clim-t experiment.

Regression coefficient of seasonalmean SSTECof interannual SPMMagainst seasonalmean SPOPC time series is

marked in each panel.
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SST EC of interannual SPMM variability in the SPMM experi-

ment. Based on these regressions, the positive phase of interan-

nual SPMM variability can influence the climatological SPCZ,

causing southeastward extension along its diagonal throughout

the whole year. This finding is similar to that of Min et al. (2017),

in which they showed that the SPMM favors an anomalous

eastward displacement of the SPCZ (see their Fig. 2d).

We further show that by influencing the mean SPCZ, the in-

terannual SPMM can feed back to the atmosphere, although the

feedback amplitude is rather weak compared to that for the in-

terannual NPMM (Fig. 8). In DJF (Fig. 14a), the atmospheric

response to the interannual SPMM is rather weak. It is charac-

terized by a convergence of surface wind anomalies ;1508W,

corresponding to a rather weak low pressure center. The anom-

alous low pressure center becomes stronger in MAM, accompa-

nied by an anomalous high pressure center over the east of New

Zealand (Fig. 14b). During DJF and MAM, apart from influ-

encing the SPCZ, the interannual SPMM also impacts ITCZ

south of equator. The impact in MAM may be attributed to the

model bias of CM2.1 that simulates strong double ITCZ

(Wittenberg et al. 2006). In JJA and SON (Figs. 14c,d), the in-

terannual SPMM can also feed back to the atmosphere, with

comparable amplitude to those in DJF and MAM. We further

show that the atmospheric response to the interannual SPMM is

not confined to the South Pacific with large-scale teleconnections

in much of the Southern Hemisphere extratropics (Fig. S4).

b. Decadal SPMM

Finally, we investigate decadal SPMM variability in obser-

vations and the Clim-t. The observed decadal SPMM exhibits

SST cooling off the west coast of South America, associated

with a seesaw SLP anomaly pattern between the Southern

Hemisphere middle and high latitudes (Fig. 15a). In addition,

the observed decadal SPMM is also linked to SLP anomalies

over the Northern Hemisphere extratropics. The strong link-

age of both Northern and Southern Hemispheric circulation

anomalies indicates that simultaneously linear-removingEPDV

will still retain coherent variability between the Northern and

Southern Hemispheres. Moreover, the result of the observed

decadal SPMM is not reliable due to the lack of SST mea-

surement in the South Pacific before satellite era. The decadal

SPMM in the Clim-t, in contrast, is simulated largely within

Southern Hemisphere extratropics (Fig. 15b). Specifically, it

is characterized by SST warming in the southeastern South

Pacific, associated with a weakening of southeasterly trade

winds. It is also associated with an SPO-like anomaly pattern

over the South Pacific. These features related to the decadal

SPMM resemble those associated with the interannual

SPMM in the Clim-t (Fig. 11b). To investigate whether the

decadal SPMM in the Clim-t is similar to the interannual

variability that is effectively forced by the SPO variability, we

reconstruct an SST time series forced by SPO variability

based on the AR-1 model. The result shows that the 10-yr

low-pass filtered reconstructed time series significantly (at

95% confidence interval) correlates with the SST EC of

decadal SPMM (Fig. 15c), suggestive of the role of SPO vari-

ability in forcing the decadal SPMM. Similar to the interannual

SPMM, decadal SPMM can also feed back to the atmosphere

and excite teleconnections over the Southern Hemisphere

extratropics through extending/shrinking the climatological

FIG. 14. As in Fig. 8, but for the atmospheric response to the interannual SPMM in the SPMM experiment.
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SPCZ, but the feedback amplitude is much stronger compared

to that for the interannual SPMM (Fig. S5).

6. Summary and discussion

We have investigated the characteristics of both interan-

nual and decadal PMM variability based in a mechanically

decoupled model experiment in which climatological wind

stress is prescribed over the tropical Pacific. ENSO variability

is inhibited in such experiments due to the absence of dy-

namical air–sea coupling (e.g., Larson and Kirtman 2015).

Additionally, TPDV is also markedly damped, due possibly

to the dynamical damping effect by the climatological up-

welling in the central-eastern equatorial Pacific. This exper-

iment is ideal to investigate essential processes that generate

PMM variability, as it cuts off the influence of equatorial

Pacific variability on the PMM. Past studies have argued or

demonstrated that the NPMM (e.g., Chiang andVimont 2004;

Chang et al. 2007; Ma et al. 2017; Min et al. 2017) and SPMM

(e.g., Min et al. 2017; Larson et al. 2018a; You and Furtado

2018; Zhang et al. 2014) can operate in the absence of tropical

forcing; this is confirmed in our experiments.

We have explored NPMM and SPMM variability with em-

phasis on the atmospheric forcing and response processes. For

the NPMM, the atmospheric forcing of its interannual vari-

ability differs from the decadal variability. Specifically, inter-

annual NPMM is primarily forced by NPO variability, with a

secondary contribution from another atmospheric internal

variability, the North Pacific tripole (NPT) mode, while de-

cadal NPMM is primarily forced by the NPT variability.

However, the atmospheric response to interannual NPMM

variability resembles the response to the decadal NPMM var-

iability in that both can influence the meridional migration of

mean ITCZ throughout the whole year. This effect will excite a

baroclinic atmospheric response over the subtropical North

Pacific and an equivalent barotropic teleconnection pattern over

the Northern Hemisphere extratropics. For the SPMM, both in-

terannual and decadal variability are partly forced by SPO vari-

ability. Moreover, both can excite atmospheric teleconnections

over the Southern Hemisphere extratropics through extending

or shrinking the mean SPCZ. Our study proposes a new

poleward pathway excited by the NPMM and SPMM vari-

ability, in addition to their equatorward influence on tropical

Pacific variability (Amaya et al. 2019; Amaya 2019). Further

research is needed to examine the robustness of the pathway

and its associated climatic effects based on observations.

Although numerous studies have pointed out the role ofNPO

variability in initiating the NPMM (e.g., Chiang and Vimont

2004; Vimont et al. 2009; Min et al. 2017; Stuecker 2018; Amaya

et al. 2019), not much attention is paid to the forcing role ofNPT

variability.While only the center of action over the northeastern

Pacific plays the role in forcing the NPMM, its covariation with

the other two centers of action, obtained from the EOF analysis,

maymutually initiate theNPMM. In addition, although theNPT

mode only explains a small percent of the total variance of SLP

variability over the North Pacific, it is more closely tied to de-

cadal NPMM variability than the AL and NPO variability

(Fig. 11d), both of which are the contributors to interannual

NPMM variability (Fig. 7e). More importantly, the decadal

NPMM will release the ‘‘reddened’’ NPT variability to the

Northern Hemisphere extratropics, impacting the predictability

of Northern Hemisphere extratropical climate. Thus, future

studies are needed to investigate the dynamics of NPT vari-

ability in observations and modeling experiments.
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