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Previous studies have investigated the role of the Pacific meridional mode

(PMM), a climate mode of the mid-latitudes in the Northern and Southern

Hemisphere, in favoring the development of the El Niño Southern Oscillation

(ENSO). However little is known on how ENSO can influence the development

of the PMM. Here we investigate the relationship between ENSO and the

South Pacific Meridional Mode (SPMM) focusing on strong SPMM events that

follows strong El Niño events. This type of events represents more than 60%

of such events in the observational record and the historical simulations of the

CESM Large ensemble (CESM-LE). It is first shown that such a relationship is

rather stationary in both observations and the CESM-LE. Our analyses further

reveal that strong SPMM events are associated with a coastal warming o�

northern central Chile peaking in Austral winter resulting from the propagation

of waves forced at the equator during the development of El Niño events. The

time delay between the ENSO peak (Boreal winter) and this coastal warming

(Austral winter) can be understood in terms of the di�erential contribution of

the equatorially-forced propagating baroclinic waves to the warming along

the coast. In particular, the di�erence in phase speeds of the waves (the

high-order mode the wave the slower) implies that they do not overlap

along their propagation south of 20◦S. This contributes to the persistence

of warm coastal SST anomalies o� Central Chile until the Austral summer

following the concurrent El Niño event. This coastal warming is favorable

to the development of strong SPMM events as the South Pacific Oscillation

become active during that season. The analysis of the simulations of the

Coupled Intercomparison Project phases 5 and 6 (CMIP5/6) indicates that very

few models realistically simulate this ENSO/SPMM relationship and associated

oceanic teleconnection.
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1. Introduction

The El Niño-Southern Oscillation (ENSO) phenomenon

represents the strongest fluctuation of the global climate system.

Despite extensive research over the last five decades (Neelin

et al., 1998; McPhaden et al., 2020) it has remained difficult to

predict (Barnston et al., 2012; L’Heureux et al., 2020). While

this is partly associated to the non-linearity of ENSO dynamics,

which could make prediction sensitive to initial conditions, it

is also related to the nature of the external excitation processes

of ENSO (hereafter referred to as “external forcing”), which has

multiples sources and facets [e.g., Dommenget and Yu (2017)

and Thomas et al. (2018) among many others]. One important

issue in ENSO research in recent years has been to determine

how external forcing outside the equatorial Pacific can modulate

either the background state, the atmospheric noise along the

equator (i.e., Westerly Wind Bursts, hereafter WWBs), or both

(Kug et al., 2020). In fact external forcing has been recently

considered as an integral part of the so-called ENSO complexity

(Timmermann et al., 2018), that refers to the mechanisms that

produce amplitude and temporal asymmetry of the ENSO cycle,

and different ENSO patterns. Studies have also highlighted that

the low-frequency part of the noise is certainly as important as

the high-frequency part for ENSO development (Roulston and

Neelin, 2000; Levine and Jin, 2010; Lopez et al., 2013; Cai et al.,

2018; Capotondi et al., 2018; Takahashi et al., 2018), although

both are linked (Jin et al., 2007; Seiki and Takayabu, 2007;

Tziperman and Yu, 2007).

Among the sources of low-frequency external forcing to

ENSO one finds the so-called Pacific Meridional Modes (PMM).

These refer to a seasonally evolving mode of coupled climate

variability linking the tropics and the extra-tropics through the

Wind-Evaporation-Sea Surface Temperature (WES) feedback

mechanism (Xie and Philander, 1994; Xie, 1999; Vimont et al.,

2001; Chiang and Vimont, 2004; Yu and Kim, 2011; Larson

and Kirtman, 2013). In this feedback, the low-level atmosphere

responds to warm/cold SST anomalies occurring underneath

the subtropical branch of the trade winds: During warm SST

anomalies, the concurrent reduction in surface winds tend to

reduce evaporation and produces a positive feedback for SST

anomalies along with favoring its propagation in the direction of

the trade winds. Most of the literature on PMMs has focused on

the North Pacific Meridional Mode (hereafter NPMM), which

represents the second leading mode of North Pacific ocean-

atmosphere variability (Chiang and Vimont, 2004; hereafter

CV04). The NPMM has been shown to influence the ENSO

diversity that refers to the existence of two types of El Niño

events, the Central Pacific (CP) El Niño and the Eastern Pacific

(EP) El Niño (Capotondi et al., 2020). Vimont et al. (2014)

showed in particular that the NPMM is linked to the occurrence

of CP El Niño events, although there is also indication of a

significant role of natural variability and that this relationship

may not be stationary (Thomas and Vimont, 2016). While

it is usually assumed that the NPMM is a forcing of CP El

Nino events, Stuecker (2018) also suggests that there is in

fact a positive feedback between the NPMM and CP El Niño

development implying a quasi-in phase relationship, contrasting

with former studies (Chang et al., 2007; Yu and Kim, 2011;

Vimont et al., 2014) suggesting a delayed relationship (NPMM

leads CP El Niño). Although there is still a debate on the

existence of a selection mechanism of El Niño type through the

forcing of the NPMM, it is generally accepted that the realistic

simulation of the NPMM/ENSO relationship in forecast models

may reduce ENSO forecasting error (Amaya, 2019).

Recently a similar mode in the South Pacific was

documented called the South Pacific Meridional Mode

(hereafter SPMM) (Zhang et al., 2014). Like for the North

Pacific, this mode integrates the stochastic forcing from the

South Hemisphere extratropics [South Pacific Oscillation

(SPO), (You and Furtado, 2017)] and injects interannual to

decadal-scale variance into the tropical system through the

equatorward/westward propagation of SST anomalies [cf.

Di Lorenzo et al. (2015) for the North Pacific]. The SPMM

has thus also the potential to influence ENSO evolution and

diversity. In particular, it has been suggested that SPMM could

be associated with the development of EP El Niño events based

on modeling studies (Zhang et al., 2014; Larson et al., 2018) and

Reanalysis data (Min et al., 2017). However, the mechanisms

behind the SPMM/ENSO relationship remain unclear. While

Zhang et al. (2014) suggest that the SPMM triggers ENSO in

a similar manner than the NPMM does, that is by influencing

westerlies in the equatorial-central Pacific, Larson et al. (2018)

suggests that the SPMM influences thermal damping in the

NINO3 [90–150◦W; 5◦S−5◦N] region, which modulates

the amplitude of ENSO if it has developed. In the former

mechanism, the SPMM acts as a trigger of the deterministic

ENSO dynamics (e.g., reduced trade winds yield the equatorial

westerlies that can excite downwelling Kelvin waves), while in

the latter, it is an external forcing acting as a “booster” of the

ENSO strength through reduction of thermal damping. The

statistical analysis of Min et al. (2017) suggests that the SPMM

mainly favors the development of SST anomalies (SSTAs) in

the eastern equatorial Pacific. However in their composite

evolution analysis of SPMM events, the variance of ENSO is

not removed, which implies no statistical independence at near

zero lag. On the other hand, the residual definition of the PMMs

as in CV04 through removing the influence of a single ENSO

index [i.e., the Cold Tongue Index, the SSTAs averaged over

6◦S−6◦N and 180◦-90◦W (Deser and Wallace, 1990)], has

some limitations because of the diversity of ENSO that needs

to be accounted for by two indices at least (Takahashi et al.,

2011; Capotondi et al., 2020). In that definition the PMMs

still contain some ENSO variance not necessarily exclusively

associated with the WES feedback. A statistical definition
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FIGURE 1

(A) Regression map of the SVD leading mode SST/Wind expansion coe�cients for the SST and 10-m wind vectors. The expansion coe�cients
have been normalized so that units are ◦C and m/s for SST and wind respectively. The longest arrow on the maps corresponds to a wind
amplitude of 0.66 m/s. The mode explains 70% of the covariance between the variables. The contour in thick blue line corresponds to the
iso-contour 0.25◦C of the E mode pattern. (B) Time series of the SPMM index (i.e., expansion coe�cient of the first SVD mode for SST) and the E
index. The shading indicates periods of strong EP El Niño events (1972/73, 1982/83, 1997/98 and 2015/16). (C) Lagged correlation analysis
between the SPMM and E indices. The segments in thick line indicate when the correlation is statistically significant at the 99% level based on a
Student’s t-test. Negative lags mean that the SPMM index is ahead the E index.

of the SPMM is thus not straightforward when it comes to

investigate its relationship with ENSO near zero lag. Here,

recognizing the current limitations of the statistical definition

of the PMMs to infer quasi-in phase relationship (Stuecker,

2018), we focus on the SPMM/ENSO relationship at “long” lags,

that is beyond two seasons which corresponds to a timescale

for which the persistence of ENSO is significantly reduced.

Additionally, observing that the SPMM tends to lag EP El Niño

event by ∼10 months (well manifested during strong EP El

Niño events; see purple shading in Figure 1B), we focus on

investigating the SPMM/ENSO relationship when ENSO is a

precursor signal of the SPMM. This does not discard the fact

that the SPMM can also acts as a precursor signal of ENSO, but

our results suggest that this relationship is weaker within the

considered assumptions (i.e., statistical independence at zero

lag between indices).

Our aim is thus to investigate the dynamical linkage

behind this relationship considering its relevance for

understanding ENSO complexity (Timmermann et al., 2018).

Our motivation also extends to the need to evaluate how model

participating in the Coupled Models Intercomparison Project

(CMIP) accounts for such an SPMM/ENSO relationship.

In particular CMIP models still suffer persistent biases

in their representation of the ENSO cycle (Timmermann

et al., 2018), which calls for better understanding external

excitation processes.
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The paper is organized as follows: Section 2 describes

the data sets and the methods. Section 3 analyses the lead-

lagged relationship between the SPMM and ENSO diversity in

the observations and the CESM-LE, while section 4 provides

evidences of the role of oceanic teleconnection along the coast

in the development of the ENSO-induced SPMM. Section 5 is

a discussion based on an analysis of the CMIP (Phases 5 and 6)

models in terms of the SPMM/ENSO relationship, which is

followed by concluding remarks.

2. Data and methods description

2.1. Data sets

The SSTs analyzed in this study are taken from the

HadISST v1.1. data set (Rayner et al., 2003) covering the period

1948–2017 and released by the Met Office Hadley Center.

10-m wind data were taken from the National Centers for

Environmental Prediction/National Center for Atmospheric

Science (NCEP/NCAR) reanalysis data for the same period

(Kalnay et al., 1996).

In order to overcome limitations associated to the relatively

short data set used here for addressing decadal variability in

the SPMM/ENSO relationship, we use long-term simulations

of the NCAR Community Earth System Model (CESM) (Kay

et al., 2015), a Coupled General Circulation Model skillful

in representing ENSO diversity (Karamperidou et al., 2015;

Dewitte and Takahashi, 2017; Cai et al., 2018; Carréric et al.,

2020) and the NPMM characteristics (Liguori and Di Lorenzo,

2019). The 42 members of the historical runs (1920–2005) of

the CESM Large Ensemble Project (CESM-LE) are used here

consisting in a total of 3,600 years. This allows to estimate

the spread between the members and thus uncertainties due to

internal climate variability in some diagnostics. Additionally we

use 62 models from the CMIP archive (Phases 5 and 6) (see

Table 1).

2.2. Methods

2.2.1. ENSO and SPMM indices

To characterize ENSO variability in the tropical domain, we

use the E and C indices of Takahashi et al. (2011) defined as E

= (PC1+PC2)/
√
2 and C = (PC1-PC2)/

√
2 where the PC1 and

PC2 are the principal component (PC) timeseries (normalized)

of the first two EOF (Extended Orthogonal Function) modes of

SST anomalies in the tropical Pacific [11◦S−11◦N; 120–290◦E].
E and C are thus linearly uncorrelated by construction and can

be conveniently used for deciphering the influence of ENSO

types on a particular field or vice-versa. The E index accounts

for EP El Niño events and captures extreme El Niño events (and

is thus positively skewed, see blue curve on Figure 1B), while

the C index accounts for CP El Niño and La Niña events (see

Takahashi et al., 2011).

To derive the SPMM index, we follow Chiang and Vimont

(2004) and use Singular Value Decomposition (SVD) analysis

(Bretherton et al., 1992) to derive the eigenvectors and

eigenvalues of the covariance matrix between 10-meter winds

and SST anomalies that have been previously filtered out

from ENSO influence (See first eigenvector and eigenvalue

in Figures 1A, B). The SVD is carried out over the region

(140◦W−90◦W; 40◦S−0◦). While CV04 remove from the

original fields the regression on the Cold Tongue Index (i.e., SST

anomalies averaged over the region (180◦-90◦W; 6◦S−6◦N),
hereafter CTI) prior to the SVD analysis, here we remove from

the SST and 10-meter wind fields (linear trend removed) the

contribution of both the E and C indices. This is motivated by

the fact that two indices at least should be used in order to

account for the different location of peak SST anomalies during

ENSO (Takahashi et al., 2011). In particular the approximate

CTI index obtained through bilinear regression onto the E and

C indices over the period 1948–2017 yields CTI_approx= 0.46E

+ 0.51C, (which explains 99% of the CTI variance), so that the

CV04’s method only removes a certain percentage of the share

associated to the EP and CP El Niño variability. This limits the

interpretation of the lead-lag relationship between the SPMM

and ENSO indices near zero lag since part of this relationship

would be associated to the persistence of ENSO. Another

difference with CV04’s method is that, instead of projecting the

full SST field on the SVD mode pattern for SST to derive the

index, we use as an index the timeseries associated to the SVD

modes, which ensures the orthogonality of the index with ENSO

indices at zero lag while easing the interpretation of the inferred

SPMM/ENSO relationship. In particular the index accounts for

the exact share of the variability in SST (winds) that covaries

with the winds (SST) and is thus not “contaminated” by noise

(i.e., uncoupled variability). For the observations, anomalies are

relative to the seasonal cycle calculated over the period 1950–

2014 for all fields and are detrended. A 3-month running mean

is applied to the anomalies prior to any manipulation. For the

models anomalies are relative to the seasonal cycle over the

period 1920–2005.

2.2.2. SPO index

The South Pacific Oscillation (SPO) index is calculated

following You and Furtado (2017) and thus corresponds to the

normalized PC timeseries of the first EOF model of sea level

pressure anomalies over the domain (10–45◦S; 160–70◦W).

2.2.3. Vertical mode decomposition

In order to diagnose equatorial and along-shore propagation

in sea level in the CESM-LE simulations, it is convenient to

estimate the contributions of the gravest baroclinic modes to the
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TABLE 1 Description of the selected 62 models and statistics: The SPMM/E relationship is diagnosed from the maximum value of the correlation

between the SPMM and E indices.

Archives Name Model center SPMM/E
relationship: max

correlation with lag

SPMM/C
relationship: max

correlation with lag

ENSO
non-linearity

bcc-csm1-1m BCC/China 0.38 (11) −0.30 (−10) −0.21

CCSM4 NCAR/United States 0.62 (11) 0.49 (9) −0.53

CESM1-BCG NSF-DOE-

NCAR/United

states

0.29 (13) 0.16 (11) −0.15

CMIP5

CESM1-CAM5 NSF-DOE-

NCAR/United

states

0.58 (10) 0.45 (9) −0.40

CMCC-CM CMCC/Italy 0.12 (−3) −0.14 (5) −0.17

CMCC-CMS CMCC/Italy −0.09 (−17) 0.18 (11) −0.31

CMCC-CESM CMCC/Italy 0.16 (−11) 0.23 (−18) −0.22

CNRM-CM5 CNRM-

CERFACS/France

−0.14 (18) 0.25 (9) −0.26

GFDL-CM3 NOAA-

GFDL/United States

0.38 (12) 0.39 (9) −0.30

GFDL-ESM2G NOAA-

GFDL/United States

0.18 (13) −0.16 (18) −0.03

GFDL-ESM2M NOAA-

GFDL/United States

0.42 (10) 0.42 (13) −0.49

GISS-E2-H NASA-

GISS/United States

0.25 (9) −0.27 (−10) −0.27

GISS-E2-R NASA-

GISS/United States

0.09 (16) 0.21 (9) −0.26

FGOALS-s2 LASG-IAP/China 0.18 (9) 0.12 (−9) −0.23

FIO-ESM FIO/China 0.33(13) 0.24 (7) −0.56

IPSL-CM5B-LR IPSL/France −0.19 (12) 0.21 (−6) −0.13

MIROC5 MIROC/Japan 0.29 (−14) 0.10 (18) −0.43

MPI-ESM-LR MPI-M/Germany −0.15 (−18) 0.17 (4) −0.05

MRI-CGCM3 MRI/Japan 0.29 (9) 0.13 (6) −0.19

ACCESS-CM2 CSIRO-

ARCCSS/Australia

0.29 (10) 0.25 (12) −0.08

ACCESS-ESM1-5 CSIRO/Australia 0.27 (17) 0.21 (9) 0.01

AWI-CM-1-1-MR AWI/Germany 0.12 (15) 0.22 (12) 0.03

BCC-CSM2-MR BCC/China 0.17 (13) 0.18 (9) −0.05

CMCC-ESM2 CMCC/Italy 0.53 (12) 0.27 (18) −0.51

CNRM-CM6-1-HR CNRM-

CERFACS/France

0.14 (−4) 0.16 (−10) −0.06

CanESM5 CCCma/Canada 0.26 (18) 0.16 (10) −0.03

CanESM5-CanOE CCCma/Canada −0.19 (−16) 0.13 (12) −0.02

CAMS-CSM1-0 CAMS/China 0.23 (9) 0.22 (7) −0.29

CAS-ESM2-0 CAS/China −0.08 (15) 0.16 (4) −0.23

(Continued)

Frontiers inClimate 05 frontiersin.org

https://doi.org/10.3389/fclim.2022.1080978
https://www.frontiersin.org/journals/climate
https://www.frontiersin.org


Dewitte et al. 10.3389/fclim.2022.1080978

TABLE 1 (Continued)

Archives Name Model center SPMM/E
relationship: max

correlation with lag

SPMM/C
relationship: max

correlation with lag

ENSO
non-linearity

CMCC-CM2-SR5 CMCC/Italy 0.34 (14) 0.37 (18) −0.16

CNRM-CM6-1 CNRM-

CERFACS/France

0.15 (13) 0.15 (18) −0.16

CNRM-ESM2-1 CNRM-

CERFACS/France

0.11 (14) 0.12 (10) −0.08

EC-Earth3-CC EC-Earth-

Consortium

0.37 (11) 0.14 (7) −0.26

EC-Earth3 EC-Earth-

Consortium

0.34 (12) 0.07 (7) −0.13

EC-Earth3-Veg EC-Earth-

Consortium

0.23 (13) 0.25 (9) −0.13

EC-Earth3-Veg-LR EC-Earth-

Consortium

0.25 (10) 0.18 (9) −0.26

CMIP6

FGOALS-f3-L CAS/China 0.49 (14) 0.43 (9) −0.43

FGOALS-g3 CAS/China 0.32 (14) 0.16 (9) −0.08

GISS-E2-1-H NASA-

GISS/United States

0.25 (9) 0.17 (15) −0.39

GISS-E2-1-G NASA-

GISS/United States

0.19 (−6) −0.08 (−4) −0.46

GFDL-ESM4 NOAA-

GFDL/United States

0.22 (14) 0.17 (10) −0.16

HadGEM3-GC31-

LL

MOHC NERC/

United Kingdom

0.23 (13) 0.19 (9) −0.14

HadGEM3-GC31-

MM

MOHC/

United Kingdom

0.19 (11) 0.27 (18) −0.19

INM-CM4-8 INM/Russia 0.09 (16) 0.19 (−7) −0.01

INM-CM5-0 INM/Russia 0.15 (9) 0.16 (15) 0.04

IPSL-CM6A-LR IPSL/France 0.19 (14) 0.19 (9) −0.06

KACE-1-0-G NIMS-

KMA/Republic of

Korea

0.21 (10) 0.22 (13) −0.11

KIOST-ESM KIOST/Republic of

Korea

0.26 (14) −0.19 (−15) −0.17

MIROC6 MIROC/Japan 0.06 (−7) −0.14 (15) −0.33

MIROC-ES2L MIROC/Japan 0.07 (−4) 0.11 (−13) −0.42

MPI-ESM1-2-HR MPI-M DWD

DKRZ/Germany

−0.07 (18) 0.11 (−8) −0.14

MPI-ESM1-2-LR MPI-M AWI DKRZ

DWD/Germany

0.14 (16) 0.12 (7) −0.15

MRI-ESM2-0 MRI/Japan 0.23 (16) 0.29 (17) −0.37

MCM-UA-1-0 UA/United States 0.12 (−18) 0.20 (18) 0.23

NESM3 NUIST/China 0.16 (17) −0.17 (−18) −0.06

UKESM1-0-LL MOHC NERC

NIMS-KMA

NIWA/

United Kingdom,

Republic of Korea

and New Zealand

0.26 (14) 0.22 (10) −0.24

(Continued)
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TABLE 1 (Continued)

Archives Name Model center SPMM/E
relationship: max

correlation with lag

SPMM/C
relationship: max

correlation with lag

ENSO
non-linearity

CESM2 NCAR/

United States

0.35 (14) 0.45 (13) −0.30

CESM2-WACCM NCAR/

United States

0.27 (15) 0.29 (14) −0.24

E3SM-1-1 E3SM-Project

RUBISCO/

United States

−0.14 (3) 0.18 (12) −0.03

NorESM2-LM NCC/Norway 0.16 (15) 0.25 (17) −0.22

NorESM2-MM NCC/Norway −0.20 (5) 0.21 (14) −0.17

TaiESM1 AS-RCEC/Taiwan 0.62 (9) 0.47 (8) −0.43

Observations HadISST/NCEP-

NCAR

0.47 (8) 0.15 (6) −0.31

Lag at maximum correlation is indicated in parenthesis. Positive lag means E ahead SPMM and numbers in bold indicate that the correlation is significant at the 95% level based on a

student t-test. The ENSO nonlinearity is diagnosed as in Cai et al. (2018), that is from the α parameter that corresponds to the first coefficient of the quadratic fit of PC2 onto PC1 [i.e.,

PC2 (t) = α [PC1 (t)]2 + β .PC1 (t) + γ ], where PC1 and PC2 are the timeseries associated to the first two EOF mode of SST anomalies in the tropical Pacific. Models in blue correspond

to the models with skill in simulating the observed SPMM/E relationship and form the group 1 (cf. Figures 7, 8).

variability. Eachmode is associated with a particular phase speed

and dissipation rate (the smaller the mode order the faster the

wave) so that their summed-up contributions (or the total sea

level anomaly) is somewhat difficult to interpret. The method

consists in projecting the pressure field onto the vertical modes

derived from the mean vertical stratification at each grid point

(Dewitte et al., 2008). Following Dewitte et al. (1999), for the

equatorial region, we further project the zonal current field in

order to derive the equatorial Kelvin waves’ amplitude. We fill

focus on the first three baroclinic modes because they capture

most of the sea level energy in the far eastern Pacific along with

exhibiting clear propagating characteristics.

2.2.4. Surface layer heat budget

To examine thermodynamical processes associated with SST

variability along the coast of Central Chile, we have performed a

mixed-layer heat budget analysis of the CESM simulations. The

formulation of the heat-budget follows Carréric et al. (2020):
[

∂T′
∂t

]

= −
[

u ∂T
∂x

]′

−
[

v ∂T
∂y

]′

−
[

w ∂T
∂z

]′

+ Q
′
net

ρ0Cph
+ R

′

The prime denotes the monthly mean anomaly relative to

the mean climatology. T is the 4D-potential temperature, u,

v and w are respectively 4-D zonal, meridional and vertical

currents. Square brackets indicate vertical integration over the

surface layer, whose depth h is set at 50m. The first three right

hand side terms correspond respectively to the zonal, meridional

and vertical advections. Qnet is the net downward surface

heat fluxes, composed of shortwave (SW) and longwave (LW)

radiation, latent (LH) and sensible (SH) heat fluxes to which we

remove the shortwave radiation transmitted at 50m following

the parametrization of Pacanowski and Griffies (1999). The

coefficients ρ0 and Cp are respectively the sea-water reference

density (kg/m3) and the specific heat content [J/(kg.C)]. The

residual term R includes the horizontal and vertical diffusion

of heat, and errors associated with the off-line calculation and

the use of monthly mean outputs. A Reynolds decomposition

of the advection terms is further performed to examine the

contribution of linear and non-linear processes.

3. The SPMM and ENSO diversity

3.1. Observations

We estimate the lagged correlation between ENSO and the

SPMM indices (SST and winds) over the full period (1948–

2017). The results are presented in Figure 2. First we note

that the correlation at zero lag between the SPMM index and

ENSO indices is zero by construction. The Figure 2A indicates

that the correlation between the SPMM index and the ENSO

indices reach statistically significant values for both positive and

negative lags. However, the relationship is stronger for positive

lags. In particular, the lag-correlation between the SPMM index

and the E index peaks at 0.5 at lag 10 months for SST while

it is much weaker (not significant) for the C index, indicating

that the SPMM relates more to EP El Niño events than to CP

El Niño. We checked that the results are only weakly impacted

when the fields are not filtered prior to performing the SVD

analysis to derive the SPMM index (not shown). The peak

negative correlation (r = −0.3) is reached for a lag of ∼17

months (SPMM leads ENSO), meaning that a positive phase

of the SPMM tends to yield a reduction of the E index almost

1 year and a half later. In order to evaluate the stationarity of
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FIGURE 2

(A) Lagged correlation analysis between the SPMM index and ENSO indices: The color code refers to the ENSO indices (black is NINO34, red is E
and blue is C). The segments in thick line indicate when the correlation is statistically significant at the 99% level based on a Student’s t-test.
Negative lags mean that the SPMM index leads the ENSO indices. (B–D) 21-year running mean correlation between the SPMM index and the
ENSO indices [(B): NINO34, (C): E, and (D): C]. Shading is for correlation values significant at the 95% level. Positive lags mean that the ENSO
indices lead the SPMM index.

the relationship between SPMM and El Niño types, we extend

the previous analysis by considering the lead-lagged relationship

of the El Niño indices (NINO34, E and C) and the SPMM

index over 21-years running segments (Figures 2B–D). Results

indicate that the SPMM/E relationship for positive lags is rather

stationary (E leads SPMM by ∼10 months over most of the

record) although its strength is enhanced (i.e., larger values of

maximum correlation) after 1975 probably due to the enhanced

variability of the E index (e.g., stronger ENSO) after the 1977

climate shift (An and Wang, 2000). For negative lags (SPMM

leads ENSO), the inverse relationship between the SPMM and

E is mostly observed over the period 1950–1995. On the other

hand, the SPMM/NINO34 relationship (Figure 2B) exhibits a

change from before and after 1980, which is similar to that of

the SPMM/C relationship (Figure 2D). There is in particular a

strong negative relationship between the SPMM-induced SST

and the C index (SPMM ahead C) during the period 1984–2000,

indicating that SPMM tends to precede La Niña events. This can

be interpreted as resulting from some SPMM events culminating

after El Niño events that are followed by La Niña events, like for

the 1987/88 and 1997/98 El Niño events.

3.2. CESM-LE

Due to limitations associated with the short observational

record, we used the CESM-LE simulations to access a larger

number of events and evaluate the influence of natural variability

on the SPMM/ENSO relationship. The CESM model has also

been shown to be skillful in accounting for ENSO diversity and

asymmetry (Karamperidou et al., 2017; Cai et al., 2018; Carréric

et al., 2020) and used for investigating aspects of the Meridional

Modes (Liguori and Di Lorenzo, 2018, 2019). The SPMM

variability is also rather realistic (Figure 3A), which motivates
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FIGURE 3

(A) Regression map of the SVD leading mode SST/Wind expansion coe�cients for the SST and 10-m wind vectors. The expansion coe�cients
have been normalized so that units are ◦C and m/s for SST and wind respectively. The longest arrow on the maps corresponds to a wind
amplitude of 0.89 m/s. The covariance of the mode is 83 ± 3.4%. The contour in thick blue line corresponds to the iso-contour 0.25◦C of the E
mode pattern. (B) Ensemble mean lagged correlation between the SPMM index and (red) E and (blue) C indices. The shading in corresponding
color indicates ± the standard deviation amongst the ensemble, while the thin lines indicate the 10% and 90% percentiles. Negative lag means
SPMM ahead E/C. (C, D) Distribution of the correlation between the SPMM index and the (C) E and (D) C indices as a function of lead time for
20-year periods chunks of the historical runs of the CESM model. The black lines indicate the 10 and 90% percentiles. The dashed line in blue
corresponds to the ensemble mean of the lagged correlation [i.e., curves of (B)]. The red diamonds indicate where the “dip test” for
multimodality yields a p value lower than 0.05 (i.e., passing the 95% level).

the comparison with observation (Figure 1). Figure 3B shows

the ensemble mean lead-lagged correlation between the SPMM

index and the E and C indices. It indicates that, like in the

observations, that the SPMM/ENSO relationship is strongest

for positive lags, that is when ENSO leads. The maximum

correlation is reached for lag ∼10 months and is larger for

the E index than for the C index, like in the observations.

On the other hand, the SPMM leads the C index with an

inverse relationship (i.e., negative correlation), meaning that

in this model a positive phase of the SPMM tends to precede

La Nina conditions by ∼7 months, which is distinct from

what is observed (Figure 2A). The dispersion of the correlation

amongst the ensemble is relatively weak (see shading in

Figure 2A), suggesting a rather stable SPMM/ENSO relationship

in this model. As a further evaluation of the role of low-

frequency variability onto the statistics, 21-year running lagged-

correlation analysis are performed on the 42 members of the

historical runs (1920–2005) of the model yielding a total of

33,264 realizations of lead-lag correlation values between the

SPMM index and the ENSO indices (E and C). The density

function as a function of lag is then estimated, providing the

distribution of the correlation values associated to the expected

SPMM/ENSO relationship (Figures 3C, D). The “shape” of the

distribution provides a metric of the decadal variability of the
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FIGURE 4

Scatterplot between SPMM and the E indices in the (A) observations and (B) the CESM-LE. Gray dots correspond to the monthly mean indices
phase-shifted by 10 months (E ahead SPMM). The blue dots correspond to the DJF E index and the maximum value of the SPMM index between
June and February. The inner red and orange dots indicate the strong El Niño events (based on the DJF NINO34) and the strong SPMM events
without preceding strong El Niño, respectively. In (A), we also indicate the CP and EP El Niño years with their dates. Note that 1978 is not an El
Niño year. The dashed horizontal line indicates the one and 1.75 time the standard deviation of the SPMM index (max. value over June-Feb),
while the dashed vertical lines indicate the value of the standard deviation of the DJF E index.

SPMM/ENSO relationship.Where it is wide and/or deviate from

Gaussianity, this indicates that decadal modulation is likely and

that the observational record may have limitations, assuming a

“perfect” model. Note that the dashed blue line in Figures 3B, C

corresponds to the ensemble mean of the lagged correlation

between the SPMMand ENSO indices (i.e., curves of Figure 3C).

The deviation of the value of correlation corresponding to the

peak of the distribution (∼50% percentile in case the distribution

is close to Gaussianity) from this mean value would also indicate

that decadal modulation in the SPMM/ENSO relationship is

notable; This is because this would mean that a large number of

correlation values for 21-years chunks does not match with the

mean value of the correlation between SPMM and ENSO indices

over the whole record. As an indication of the structure of the

distribution, we indicated on the panels where the distribution

passes the “dip test” (Hartigan, 1985) at the 95% level. This test

is based on the hypothesis that the given data have more than

one mode in their distribution. The test generates an unimodal

distribution function that has the smallest difference values from

the empirical distribution function (EDF). The maximum of

these differences is referred to as “dip statistic”. The larger the

value of the “dip statistic”, the more probable the empirical

data have multiple modes. Where the distribution is either

likely multimodal (at lags where red diamonds are indicated

in Figures 3C, D) or skewed, this indicates a deviation from

Gaussianity and therefore the influence of decadal variability on

the statistics of the SPMM/ENSO relationship. Overall, results

indicate some spread in the lagged correlation that can be

visualized by the distance between the 10 and 90% percentiles

(curves in thick black lines). Despite this spread, the SPMM

index has almost no delayed influence on the E mode (i.e.,

SPMM leading E) because the correlation values for the 10

and 90% percentiles remains low. However, the distribution for

negative lags of the relationship between the SPMM and the C

mode (Figure 6C) suggests that there can be periods when the

correlation reaches −0.5 (10% percentiles) from lag ∼6 months

and beyond, suggesting that the SPMM could be a precursor

of either CP El Niño or La Niña events over some particular

decades. That is a positive (negative) phase of the SPMM would

precede a CP La Niña (CP El Niño) event. For positive lags

(i.e., ENSO leads SPMM) and the E index, the model is in good

agreement with the observations (i.e., the E index preceding the

SPMM by ∼10 months; Figure 3B). This is consistent with the

distribution having a more leptokurtic shape than for negative

lags, with a high value for frequency at correlation values near 0.5

(peak correlation at lag 10 months is 0.47 in the observations).

This means that this high correlation coefficient is a robust

feature with regards to the sensitivity to the period over which

the statistics is done. Note that the correlation at lag 10 months

reaches 0.70 for the 90% percentiles, indicating that for some

decades, the SPMM is tightly linked to EP El Niño events. The

10-month lag indicates that the SPMM enters its peak phase

when the coincident EP El Niño event enters either in its decay

phase or has reversed into a La Niña event as it is often the

case for strong EP El Niño events in that model (Okumura

and Deser, 2010; DiNezio et al., 2017). This can explain why

the SPMM is ahead the C index with an inverse relationship

(i.e., negative correlation) because the C index captures La Niña
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events. Overall, this indicates that the SPMM follows EP El Niño

events in both observations and the CESM-LE simulations. This

is further illustrated by the scatter plots of the maximum value of

the SPMM index between June and February vs. the DJF E index

(Figure 4). The latter reveals in particular that strong SPMM

events (i.e., events for which the amplitude of the SPMM index

is larger than 1.75 time its standard deviation) are associated

with El Niño events with a DJF E index larger than 1, which

approximately corresponds to strong El Niño events based on

the NINO34 index (i.e., events for which DJF NINO34 larger

than 1.75 time its standard deviation). This has taken place 2

times over the observational record (2015/16, 1982/83); that is

66% of the time. Note, while the 1997/98 El Niño does not

enter this category it is however associated with a moderate

SPMM event. In the CESM-LE, this situation concerns 60% of

the SPMM events (Table 2).

4. Equatorial oceanic teleconnection
during strong SPMM

4.1. CESM-LE

Considering the strong relationship between the E index

and SPMM, we hypothesize that strong SPMM events are

triggered/favored by coastal warming along the coast of central

Chile and that the latter is induced by the equatorial oceanic

teleconnection during EP El Niño event. As a first step, in

order to diagnose the oceanic teleconnection along the coast, we

estimate the lead-lagged correlation between the SPMM index

and SST and sea level height (SSH) anomalies along the west

coast of South America in the CESM-LE simulations (Figure 5).

It shows that maximum correlation is found for positive

lags (SPMM behind SST/SSH) and that the latter reduces

with increasing latitude, implying a poleward propagation of

SST/SSH anomalies of equatorial origin in relation with the

SPMM. The correlation peaks in the latitude range 15◦-30◦S
(15◦-35◦S) for SST (SSH), which corresponds to the location

where the SPMM pattern seems to originate from the coast

and has a strong loading (see Figure 3A). In order to infer

the remote forcing mechanisms of these propagating SST/SSH

anomalies, we estimate the composite evolution of SST and

decomposed SSH anomalies (cf. method section) along the

coast during strong SPMM events (Figure 6). Since upwelling

favorable winds along the coast are modulated by the ENSO

atmospheric teleconnection through fluctuation of the SPO, we

also consider the composite evolution of 10-meter winds (brown

arrows in the bottom panels) along with that of the SPO index

(brown curves on the top panels). Figure 6 first indicates that

strong SPMM events are associated with El Niño conditions as

evidenced by the composite evolution of the equatorial Kelvin

wave in the eastern Pacific that peak around DJF (year Y0).

TABLE 2 Number of event types in observations and the CESM-LENS.

Type of events Number of events

CESM-LENS Observations

Strong EN (DJF NINO24

> 1.75.rms)

248 3 (1982, 1997, 2015)

Strong SPMM [max

SPMM (June–Feb) >

1.75.rms]

307 4 (1978, 1982, 1987, 2015)

Strong SPMM with

strong EN

183 2 (1982, 2015)

Strong SPMM without

strong EN

54 2 (1978, 1987)

Strong SPMM without

EN

9 1 (1978)

FIGURE 5

Ensemble mean lagged-correlation between the SPMM index
and SST (color)/SSH (contours) anomalies along the west coast
of South America (2◦-width coastal fringe) between 0◦ and 40◦S.
Positive lags indicate SPMM behind SST/SSH.

Another manifestation of the occurrence of El Niño is the

increase magnitude of the SPO index in Austral winter (Y0)

(You and Furtado, 2017). The latter is associated with reduced

upwelling favorable winds along the coast of Chile south of

∼30◦S (brown arrows). The coastal conditions feature a double-

dip warming associated with downwelling waves originating

from the equatorial region, the first one in Austral winter (Y0)

and the other one at the peak of El Niño in Austral summer.

Note that these waves are either Rossby waves that radiate

from the coast or Kelvin waves trapped along the coast or a
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FIGURE 6

Composite evolution during strong SPMM events (Number of events is 307) of the: (A–C) SPO index (brown line), the contribution of the mth

baroclinic mode Kelvin wave to SSH anomalies at 95◦W along the equator [blue line, (A) m = 1, (B) m = 2, and (C) m = 3], and the SPMM index
(red line). (D–F) The SST (color), surface winds (brown arrows, for clarity arrows are only drawn to the south of 12◦S and for negative meridional
wind stress anomalies) and decomposed SSH (contours in blue line) anomalies along the west coast of South America (average within a
2◦-width coastal fringe). Only the contour at 2 cm is displayed for the decomposed SSH. (G) Displays the ensemble mean spatial pattern of the E
mode (orange) and SPMM (red) modes (in ◦C) along the west coast of South America (average within a 2◦-width coastal fringe) and allows
visualizing the region of influence of the two modes along the coast. The shading in corresponding color in all the panels indicates the
dispersion amongst the ensemble (i.e., ± the standard deviation amongst the ensemble). The vertical dotted line in red indicates the culminating
phase of the SPMM event.

combination of the two kinds. In particular in Austral winter,

El Niño start developing in conjunction with the forcing of

intraseasonal Kelvin waves that are trapped along the coast while

as El Niño culminates an interannual Kelvin wave is forced and

radiate along the western coast as Rossby waves (Clarke and Shi,

1991), which results in a mixed-type of waves along the coast.

While the sucessive SST anomalies off Peru are well defined with

comparable propagating characteristics, they tend to dissipate

from 15◦S with altered southward propagation. In particular,

the SST anomalies peaking in Austral summer propagates much

slower from 15◦S until 20◦S, which is associated with the third

baroclinic mode wave. In particular, the maximum amplitude of

the third baroclinic mode contribution to sea level anomalies

along the coast coincides with the persistent warming between

15◦S and 30◦S until Austral winter (Y1). This is the season when
the El Niño event has transitioned to neutral to cold conditions

[see reversal of SST anomalies from July (Y1) within 0◦ and

10◦S] and the SPO activity is enhanced as evidenced by the

large dispersion of the SPO index (brown shading). The coastal

warming off Central Chile along with episodic positive SPO

events is favorable for the triggering of a SPMM event. Values

of the SPO [JJA Y(1)] index above its standard deviation take

place 30% of the time during strong SPMM events associated

with strong El Niño events in CESM, while 25% of these same

SPMM events are associated with a negative SPO index in JJA

(Y1) (i.e., below minus the standard deviation). This means

that a large portion of the strong SPMM events following

strong El Niño events (70%) can take place independently of a
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FIGURE 7

The SPMM/E relationship in models participating to CMIP Phases 5 and 6: (A) maximum/minimum correlation between the SPMM and E indices
(lag of maximum correlation is provided in Table 1). The model names in black are for CMIP6 while those in light green are for CMIP5; Ensemble
mean lead-lagged correlation between the SPMM index and SST anomalies along the coast (2◦ width coastal fringe) between the equator and
40◦S (B) amongst models with a “strong” SPMM/E relationship [red bars in (A)] and (C) amongst models with a “weak” SPMM/E relationship [blue
bars in (A)].
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FIGURE 8

Ensemble mean SST bias (in ◦C) with respect to HadISST data (1948-2020) for (A) the models with a “strong” SPMM/E relationship (group 1), and
for (B) those with a “weak” SPMM/E relationship (group 2). Groups are defined based on (A). The contours in (A) and (B) stands for the standard
deviation of the mean SST bias amongst the corresponding ensemble (also in ◦C). (C) Di�erence between (B) and (A). Dots show grid points
where the di�erence between the 2 groups is statistically significant at 90% based on a two-sample Student’s t-test.

favorable state of the SPO, supporting the key role of the oceanic

teleconnection along the coast of Peru/Chile in favoring the

SPMM growth.

4.2. CMIP models

In this section we evaluate how models participating in

the CMIP behave in terms of the SPMM/ENSO relationship

evidenced here. We find that only a few models (10 out

of 62) simulate to some extent this observed SPMM/ENSO

relationship (Figure 7). Interestingly, this is independent of

whether or not they can simulate realistically ENSO diversity

(see Table 1), although the few models with skill (i.e., max

correlation between SPMM and E index superior or equal

to 0.35) do simulate a realistic ENSO non-linearity/diversity

(α = −0.39 ± 0.11, see Table 1). The large number of models

with low skill can be interpreted as resulting from biases in

both mean state and equatorial variability. In particular the

warm bias in the eastern Pacific (Cai et al., 2020) extends

poleward along the coast (Figure 8), which may decouple

surface processes with wave dynamics through deepening the

thermocline and/or favoring faster wave propagation. This

in turn may weaken the equatorial oceanic teleconnection

associated with the SPMM. Also models with low skill have

on average a weaker ENSO non-linearity than observations

(α = −0.17 ± 0.14, see Table 1), which is associated to a

tendency to simulate weaker EP El Niño events and therefore

a weaker oceanic teleconnection along the west coast of South

America. They have also a larger mean SST bias on average

(Figure 8), whichmay affect both the oceanic teleconnection and

regional air-sea interactions propitious for the development of

the SPMM.

5. Discussion and concluding
remarks

While previous studies have suggested that the SPMM is

a precursor of ENSO events (Zhang et al., 2014; Min et al.,

2017), here we show that the relationship is stronger in the other

direction. We find that strong SPMM events can be forced by

ENSO, observing a strong lead-lagged relationship at about 3

seasons (∼10 months) when ENSO is ahead SPMM. We show

that this ENSO/SPMM relationship arises from EP El Niño

events that produce warm SST anomalies along the coast of

Central Chile through oceanic teleconnection ∼6 months after

the concurrent El Niño peak, favoring to the development of

the SPMM. This coastal warming has been recently documented

by Xue et al. (2020) from Reanalysis data and was termed

“Chile El Niño”. In their composite analysis, Xue et al. (2020)

suggest that Chile El Niño events are tightly linked to the

SPMM. In the CESM-LE, we also find that Chile El Niño

events, as defined by Xue et al. (2020), are tied to the SPMM

development [maximum correlation coefficient between the

SPMM and Chile El Niño indices is 0.64 (lag = 0)], which

supports our interpretation of ENSO-induced coastal warming

off Central Chile favoring SPMM development. While Xue et al.

(2020) suggests the existence of a positive “coastal Bjerknes

feedback” for which warm SST anomalies are associated with

anomalous southward alongshore surface winds suppressing

the coastal upwelling and mixing, they did not investigate the

remote forcing mechanisms of this type of event. Here we show

that remote forcing of equatorial origin can induce advection

processes associated with the propagation of coastal Kelvin wave

and/or extra-tropical Rossby waves during ENSO development,

which in turn triggers air-sea interactions favorable to the

development of the coastal warming and subsequent SPMM.
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FIGURE 9

Mixed-layer heat budget along the coast (15–25◦S): Lagged-regression coe�cient (in ◦C/month) between the rate of change of the SPMM
index (normalized by its variance) and the tendency terms. (A) Total advection and total net heat flux, (B) decomposition of the net heat flux into
solar radiation (SW), longwave radiation (LW), latent heat (LH) and sensible heat (SH). Note that the shortwave radiation transmitted at 50m is
removed from SW. (C) Reynolds decomposition of vertical advection, i.e., climatological vertical advection of anomalous temperature (W.dTa),
anomalous vertical advection of climatological temperature (Wa.dT) and non-linear vertical advection (Wa.dTa); (D, E) same as (C) but for
horizontal and meridional advection. Negative lag indicates that the tendency term leads ∂SPMM

∂t
. The shaded colored zone around the curve

indicate the dispersion amongst the members (±the standard deviation), whereas the portion of the curve in thick line indicate where the
regression coe�cient is significant at the 95% level based on a student t-test for 75% (31) of the members.

We find that in the CESM-LE, the relationship between SPMM

growth rate ( ∂SPMM
∂t ) and the mixed-layer heat-budget terms

along the coast of Central Chile (Figure 9) indicates that the

SPMM precursor signal along the coast is dominated by the

advection terms consistent with the mechanism of oceanic

teleconnection proposed here. In particular, each advection

term and their decomposition exhibit distinct phase relationship

reflecting the differential response of the mixed-layer processes
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to the various baroclinic waves. Furthermore, sensible heat acts

as the main damping term in this model (Figure 9B) probably

due to the strong warm bias in the model off Central Chile

(not shown) while long wave and latent heat contribute to the

persistence of coastal warm anomalies once the SPMM has

fully developed.

Considering the delicate balance between the terms of

the heat-budget, the results obtained from the CESM-LE are

likely model-dependent. Coastal upwelling dynamics is in

particular sensitive to model resolution and mixing formulation

(Small et al., 2015; Astudillo et al., 2019) while the oceanic

teleconnection along the west coast of South America depends

on mean stratification along the coast and ENSO diversity

(Dewitte et al., 2012). Mean SST bias along the coast (Figure 8)

may also affect regional air-sea interactions propitious to the

development of the SPMM. Experimentation with a regional

ocean model that can resolve more realistically coastal upwelling

dynamics would be necessary for gaining confidence in the

mixed-layer heat budget associated to precursor signal of the

SPMM, which is beyond the scope of this paper.

Our results have implications for the understanding of

ENSO dynamics itself since the ENSO-induced SPMM has the

ability to influence the evolution of the concurrent El Niño

event. Larson et al. (2018) showed from experiments with the

National Center for Atmospheric Research (NCAR) Community

Climate System Model version 4 (CCSM4; Gent et al., 2011)

that the SPMM could act as a coincident source of latent

heat flux forcing that counteracts a fraction of the thermal

damping of El Niño, allowing for a more intense El Niño. Here,

considering the 10 months delay between ENSO and SPMM

peaks, we suggest that SPMM could in fact participate to damp

the multi-year La Niña events that generally follow strong EP

El Niño events (Okumura and Deser, 2010). In other words,

the ENSO-induced SPMM could contribute to the temporal and

amplitude asymmetry of the ENSO cycle. Besides implications

for improving the seasonal forecasts of 2-year La Niña events in

models (DiNezio et al., 2017) and associated impacts in South

America (Cai et al., 2020), this issue if worth addressing for

gaining insights in the processes yielding to ENSO complexity

(Timmermann et al., 2018).
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