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Abstract
Purpose of Review This paper reviews recent progress in understanding of the North Pacific Meridional Mode (NPMM) and its
influence on the timing, magnitude, flavor, and intensity of the El Niño-Southern Oscillation (ENSO).
Recent Findings The NPMM is a seasonally evolving mode of coupled climate variability and features several distinct oppor-
tunities to influence ENSO. They include: (1) AWind-Evaporation-SST (WES) feedback-driven propagation of surface anom-
alies onto the equator during boreal spring, (2) Trade Wind Charging (TWC) of equatorial subsurface heat content by NPMM-
related surface wind stress curl anomalies in boreal winter and early spring, (3) The reflection of NPMM-forced ocean Rossby
waves off the western boundary in boreal summer, and (4) A Gill-like atmospheric response associated with anomalous deep
convection in boreal summer and fall. The South Pacific Meridional Mode (SPMM) also significantly modulates ENSO, and its
interactions with the NPMMmay contribute to ENSO diversity. Together, the NPMMand SPMMare also important components
of Tropical Pacific Decadal Variability; however, future research is needed to improve understanding on these timescales.
Summary Since 1950, the boreal spring NPMM skillfully predicts about 15–30% of observed winter ENSO variability.
Improving simulated NPMM-ENSO relationships in forecast models may reduce ENSO forecasting error. Recent studies have
begun to explore the influence of anthropogenic climate change on the NPMM-ENSO relationship; however, the results are
inconclusive.

Keywords Pacific meridional mode . El Niño-southern oscillation . Extratropical-tropical interactions . Teleconnections . ITCZ
shifts . Energetics framework . Climate prediction . Climate modeling . Climate variability . Internal variability . Climate
dynamics . Pacific variability . Pacific decadal variability . Subseasonal-to-seasonal forecasting . Climate change . Tropics .

Paleoclimate

Introduction

Tropical Pacific climate variability is dominated by interannu-
al fluctuations of the El Niño-Southern Oscillation (ENSO).
El Niño refers to a warming of the central/eastern equatorial
Pacific. This is driven by a reduction in the climatological
zonal trade winds, which decreases upwelling by deepening
the thermocline along the equator through oceanwave dynam-
ics. The opposite is true of La Niña or cold phase ENSO
events. The resulting equatorial sea surface temperature
(SST) anomalies (SSTAs) then trigger large-scale atmospheric

teleconnections that can significantly impact global weather
and climate [1]. As a result, improving our understanding and
predictability of ENSO is of great societal relevance.

Historically, the mechanisms that govern the timing and
evolution of ENSO events have been thought to be primarily
intrinsic to the tropics. For example, the buildup of ocean heat
content in the West Pacific Warm Pool have long been lever-
aged in an effort to extend the skillful predictability of ENSO
on seasonal timescales [2–7]. However, while this tropical
precursor may point towards the development of an ENSO
event, it is not always a successful predictability tool because
stochasticWesterlyWind Events (WWEs) are required to trig-
ger the release of built-up heat content [8, 9]. Generally, it is
not possible to predict individual WWEs beyond weather
timescales. Further, recent evidence suggests that these high-
frequency WWEs may play a minor role in ENSO initiation
when compared to interannual stochastic forcing driven by
interactions with the underlying SST (i.e., multiplicative
noise) [10]. This complicated interaction of stochastic

This article is part of the Topical Collection on Internal Climate
Variability

* Dillon J. Amaya
djamaya@ucsd.edu

1 Scripps Institution of Oceanography, University of California-San
Diego, 9500 Gilman Drive #0206, La Jolla, CA 92093-0206, USA

Current Climate Change Reports
https://doi.org/10.1007/s40641-019-00142-x

http://crossmark.crossref.org/dialog/?doi=10.1007/s40641-019-00142-x&domain=pdf
http://orcid.org/0000-0001-6720-3265
mailto:djamaya@ucsd.edu


atmospheric forcing with internal tropical states makes it dif-
ficult to produce accurate long-lead ENSO forecasts and high-
lights the competing influences of stochasticity versus ocean
memory.

Over the past decade, studies have indicated that Pacific
ocean-atmosphere variability outside of the tropics may pro-
vide an important deterministic component for the excitation
of ENSO events [11–15]. Such external forcing can “push”
the aggregated statistics of stochastic tropical noise (e.g.,
WWEs) towards ENSO-favorable conditions throughout the
developing stages of ENSO, potentially increasing long-lead
predictability [12, 13, 16, 17]. These extratropical-tropical in-
teractions primarily manifest through the evolution of the so-
called North Pacific Meridional Mode (NPMM; Fig. 1a),
which represents the second leading mode of North Pacific
ocean-atmosphere variability [18].

Since Chiang and Vimont [18] first formalized the NPMM
definition, studies have shown significant skill in predicting
boreal winter ENSO conditions when considering the state of
the NPMM in the preceding spring [11–13, 19–22]. This con-
nection stems from four main physical pathways: (1) A posi-
tive feedback between wind-induced latent heat flux anoma-
lies and SSTAs known as Wind-Evaporation-SST (WES)
feedback [23], which propagates surface wind anomalies from
the subtropics onto the equator during boreal spring and early
summer [21, 24–26], (2) Trade Wind Charging (TWC) of
equatorial subsurface heat content by NPMM-related surface
wind stress curl anomalies in boreal winter and early spring
[27, 28], (3) The reflection of NPMM-triggered ocean Rossby
waves off the western boundary as equatorial Kelvin waves in
boreal summer [21, 29], and (4) A NPMM-forced shift of the
mean Intertropical Convergence Zone (ITCZ) in boreal sum-
mer and fall, which results in a Gill [30]-like atmospheric
response that projects on the equator [11, 22, 31, 32].

Given this progress and the socioeconomic relevance of
ENSO, the goal of this paper is to review the current under-
standing of the evolution of the NPMM, its governing mech-
anisms, and its relationship to the timing, magnitude, flavor,
and predictability of ENSO. More specifically, we will focus
on a seasonal decomposition of the NPMM and its interaction
with the tropical ocean-atmosphere state during different
stages of the ENSO lifecycle. The manuscript is organized
as follows. “North Pacific Meridional Mode: Seasonal
Connections to ENSO” outlines the seasonal evolution of
the NPMM and the various mechanisms by which it influ-
ences ENSO. “Role of Mean State” assesses the importance
of the tropical mean state in modulating the efficacy of these
extratropical-tropical interactions. “NPMM vs. SPMM” and
“PMM and Tropical Pacific Decadal Variability” discusses the
South Pacific and the PMM’s role in contributing to Pacific
decadal variability, respectively. Finally, “Summary and
Pathways Forward” offers a summary and a perspective on
future research questions.

North Pacific Meridional Mode: Seasonal
Connections to ENSO

The NPMM is traditionally defined as the first Maximum
Covariance Analysis (MCA; [33]) pattern of detrended, 3-
month running mean SSTA and 10 m wind anomalies from
about 20°S-30°N, 175°E-85°W [18]. In order to isolate
extratropical variability that is independent of concurrent
ENSO conditions, linear regression is often used to remove
an ENSO index from all fields prior to the analysis. Figure 1
shows the results of the calculation using gridded observation-
al products from 1979 to 2018 [34, 35]. Figure 1a depicts the

Fig. 1 MCA analysis of SST and 10 m wind anomalies. Calculated for
the region 21°S-32°N, 175°E-95°W from 1979 to 2018. For all x/y maps,
shading is SSTAs (°C) and arrows are 10 m wind anomalies (m s−1). (a)
SSTAs and 10 m wind anomalies regressed on normalized SST
Expansion Coefficient (EC) in (b). Black contours are SLP anomalies
(hPa) regressed on 2-month lagged SST EC (i.e., SLP leads by 2 months).
SLP anomaly contour intervals are 2 hPa. (b) SST and Wind ECs

describing time variability of MCA1. First number in title is the squared
covariance fraction forMCA1. Second number in title is the correlation of
the two ECs. (c) Monthly variance of SST and Wind ECs. (d)–(g)
Seasonally averaged SSTAs and 10 m wind anomalies regressed on
March–May averaged SST EC. Note ENSO linearly removed from data
prior to taking regressions in (a), but not (d)–(g). SST data is from
HadISSTv1.1 and atmospheric variables are from ERA5
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linear regression of SSTAs and 10 m wind anomalies on the
SST Expansion Coefficient (ECs) in Fig. 1b.

The NPMM spatial pattern features warm SSTAs in the
subtropical Pacific and cool SSTAs in the eastern equatorial
Pacific, producing a characteristic anomalous meridional SST
gradient. The positive subtropical SSTAs are maintained by
southwesterly surface wind anomalies, which tend to weaken
the background trade winds, reduce evaporative cooling at the
surface, and warm the upper ocean through a downward latent
heat flux [18, 22, 23]. The lead-lag relationship between the
surface winds and the upper ocean is more apparent when
analyzing the temporal characteristics of the normalized SST
(dark gray) and wind (light gray) ECs (Fig. 1b and c). The
month-to-month variance of the SST EC peaks in March,
while the wind EC peaks a month earlier in February. As a
result, while the two ECs are significantly correlated at zero-
lag (R = 0.86), a cross-correlation analysis shows an asymme-
try towards stronger correlations when the wind EC leads the
SST EC (see Fig. 2 of Chiang and Vimont [18]).

The original NPMM index was calculated using monthly
mean data from all months; however, the physical mecha-
nisms that govern the evolution of the NPMM and its interac-
tion with ENSO strongly vary from season-to-season [11, 16,
21, 22, 26, 27, 36, 37]. This is apparent in the different patterns
observed in lagged regressions of seasonally averaged SSTA
and 10 m wind anomalies on the March–May (MAM) aver-
aged SST EC (Fig. 1d–g). Therefore, it is important to con-
sider a seasonal decomposition of the NPMM.

NPMM Initiation: Wintertime Stochastic Forcing

The NPMM begins its lifecycle through random fluctuations
in the strength of the tropical trade winds during boreal winter
[16, 18, 21, 26, 38]. This is primarily accomplished via mid-
latitude atmospheric variability associated with the North
Pacific Oscillation (NPO), which represents the second
Empirical Orthogonal Function (EOF) of wintertime sea-
level pressure (SLP) anomalies over the North Pacific [39,
40]. The NPO’s importance to the initiation of the NPMM in
boreal winter is apparent in Figs. 1a and 2a. The black con-
tours in Fig. 1a depict SLP anomalies regressed onto the 2-
month lagged SST EC (Fig. 1a black contours), producing a
pattern that strongly resembles the NPO [16, 40]. Figure 2a
shows January–March (JFM) averaged latent heat flux (posi-
tive upwards) and 10 m wind anomalies regressed onto the
following MAM averaged SST EC. Throughout the subtrop-
ical North Pacific, westerly wind anomalies associated with
the NPO oppose the mean trade winds, producing strong
downward latent heat flux anomalies (Fig. 2a shading) that
warm the upper ocean (Fig. 2a black contours).

The SSTA “footprint” left by anomalous mid-latitude cir-
culation was first recognized as an integral component of the
so-called Seasonal Footprinting Mechanism (SFM) [11, 21,

31, 32], which is an overarching framework that was devel-
oped to describe the seasonal evolution of NPO-induced
SSTAs, their relationship to the mean Intertropical
Convergence Zone (ITCZ), and ultimately their influence on
the tropics (see Fig. 15, Amaya et al. [22]). While the NPMM
and SFM are intimately related, there are some notable differ-
ences that will be expounded upon in “SFM, NPMM, and
Summertime ITCZ.”

Finally, it is important to reiterate that the fluctuations of
the NPO, and by extension the initiation of a NPMM event, is
stochastic. However, as discussed below, the physical mecha-
nisms that govern the evolution of these SSTAs and their
influence on the atmosphere include a deterministic compo-
nent [12, 13, 22, 37]. Therefore, while triggering a NPMM
event may be random from winter-to-winter, its evolution is
more predictable in space, making it a potentially useful tool
for improving long-lead ENSO forecasts.

NPMM Growth and Persistence: Importance
of Ocean-Atmosphere Coupling

NPO forcing of subtropical North Pacific SSTAs is largely
confined to the winter season [16, 40], and in the absence of
external forcing, these subtropical SSTAs have an e-folding
dampening rate of about 6 months [41]. Further, the NPO’s
influence on the subtropical upper ocean is a one-way forcing.
In contrast, the NPMM is defined as a coupled mode of cli-
mate variability [18]. Therefore, a NPMM “event” is not,
strictly speaking, said to occur until there is evidence of
ocean-atmosphere interactions. For these reasons, both the
genesis of the NPMM and its persistence into boreal spring
and summer (Figs. 1e–g) relies heavily on coupled ocean-
atmosphere feedbacks.

These feedbacks are triggered when NPO-forced SSTAs
substantially influence surface winds via deep convection
[30] or boundary layer processes [42, 43]. Within the bound-
ary layer, the atmospheric response to an equatorially asym-
metric SSTA dipole features cross-equatorial winds from the
colder hemisphere to the warmer hemisphere. Due to the
Coriolis force, these anomalous winds further weaken the
trades in the warmer hemisphere, while strengthening the
mean winds in the colder hemisphere. The subsequent latent
heat flux response will reinforce the meridional SSTA gradi-
ent. As a result, the SST-forced cross-equatorial wind anoma-
lies will similarly strengthen, thereby initiating a positive feed-
back [25, 44, 45]. This interaction between the SSTAs, surface
wind anomalies, and latent heat flux anomalies is known as
WES feedback [23] and is integral to the identification and
persistence of a NPMM event during boreal spring [18].
Increased downward shortwave radiation at the surface also
maintains NPMM SSTAs into boreal spring, particularly in
the northwest tropical Pacific [21, 26].
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Evidence for WES feedback is seen in Fig. 2b, which
shows the April–June (AMJ) regression of SSTAs, latent heat
flux anomalies, and 10 m wind anomalies onto the preceding
MAM SST EC. Around 20°N, upward latent heat flux anom-
alies indicate a boundary layer atmospheric response, and
suggest the underlying SSTAs are dampening [25, 26]. East
of the dateline, cross-equatorial 10 m wind anomalies turn
according to the Coriolis force, producing the classic C-
shape bend that is characteristic of WES feedback [23]. As a
result, there is a zonal band of downward (upward) latent heat
flux anomalies in the northern (southern) deep tropics where
the anomalous winds are further weakening (strengthening)
the background trades.

Within the northern subtropics, the combination of upward
(downward) latent heat flux anomalies to the northeast
(southwest) of the SSTA maximum initiates a southwestward
propagation of the SSTA and surface wind anomalies [24, 25,
37, 45]. This WES-driven propagation produces zonal wind
stress anomalies along the equator that can excite ocean
Kelvin waves, marking the first opportunity for a NPMM
event to significantly influence the development of ENSO
[16, 21, 22]. These WES interactions are most pronounced
in late boreal spring into early summer [26] and have been
identified in observations [22, 25, 46] and across a hierarchy
of model simulations [16, 21, 22, 26, 37, 45, 47–49].
Therefore, they are a robust feature of the NPMM.

Due to mixed-layer coupled interactions like WES feed-
back, the NPMM does not require ocean dynamics to evolve.
However, that does not mean ocean dynamics are unimportant
in transmitting NPMM-related signals into the deep tropics
[15]. Anderson et al. [27] andAnderson and Perez [28] showed
that wind stress curl anomalies associated with the NPO in
boreal winter and the NPMM in boreal spring can charge/
discharge subsurface ocean heat content along the equatorial
Pacific through meridional mass transport anomalies, leading
to a mature ENSO event 12 months later. Additionally,
Alexander et al. [21] showed that NPMM-driven surface wind
changes can excite off-equatorial ocean Rossby waves during

boreal spring, which reflect off the western boundary as equa-
torial Kelvin waves during the summer and modulate the ther-
mocline in the eastern Pacific. These interactions are summa-
rized in Fig. 5 and represent two additional, primarily oceanic,
connection between the NPMM and ENSO.

SFM, NPMM, and Summertime ITCZ

The influence of subtropical North Pacific SSTAs on the sum-
mertime ITCZ and atmospheric circulation is referred to as the
Summer Deep Convection (SDC) response [22] and was first
discussed as a key component of the SFM [11, 31, 32]. Within
this framework, NPO-forced SSTAs persist into the summer
and induce an anomalous meridional shift of the ITCZ.
Convective heating anomalies in the mid-troposphere then
drive a Gill-like atmospheric circulation pattern that reflects
the solution to an off-equatorial heat source [30]. Surface wind
anomalies associated with this pattern project onto the equa-
tor, where they can drive ocean Kelvin waves and interact
with ENSO during boreal summer and fall [11, 21, 22, 32].

As a result of ocean-atmosphere interactions like WES
feedback, NPMM-related SSTAs can significantly persist into
boreal summer and early boreal fall [26], where they can then
excite this SDC response. The seasonality of the SDC re-
sponse is driven by the timing of the strongest subtropical
SSTAs relative to the position of the mean ITCZ during its
seasonal migration. During boreal spring when the NPMM
peaks, the ITCZ is closest to the equator and is less sensitive
to off-equatorial SSTAs. In contrast, during the late summer,
the ITCZ is furthest north and is much more sensitive to per-
sistent NPMM-related SSTAs in the subtropical North Pacific
[22, 26]. If triggered, the SDC response offers another distinct
opportunity for the NPMM to influence ENSO’s
development.

Figure 3a illustrates the SDC response as a Joint EOF of
detrended August–October (ASO) averaged SSTA and pre-
cipitation anomalies in gridded observational products. Note
that concurrent ENSO was linearly removed prior to the

Fig. 2 (a) January–March aver-
aged SSTAs (°C; black contours),
10 m wind anomalies (m s−1; ar-
rows), and latent heat flux anom-
alies (W m−2; shading) regressed
onMarch–May averaged SST EC
from Fig. 1b. (b) Same as Fig. 2a,
but for April–June averaged vari-
ables. In order to be consistent
with Fig. 1 d-g, ENSO not line-
arly removed from data prior to
taking regressions. SST data is
from HadISSTv1.1 and atmo-
spheric variables are from ERA5
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analysis. The first Joint EOF is characterized by a NPMM-like
SSTA pattern and a zonal band of positive (negative) precip-
itation anomalies centered on 15°N (5°N) that are consistent
with a northward shift of the mean ITCZ. The regression of 10
m wind anomalies shows a broad, Gill-like cyclonic circula-
tion in the subtropics and westerly wind anomalies along the
equatorial west Pacific.

Studies have used observations [11] and atmospheric
models forced with North Pacific SSTAs [22, 31, 32] to
show that these equatorial surface wind anomalies are a
direct result of the summertime NPMM-driven ITCZ shift.
Further, Amaya et al. [22] used North Pacific SST-forced
atmospheric model simulations (nATMO) to show that
this SDC response accounts for about 25% of observed
zonal wind time variability around the equatorial dateline
since 1950. Figure 3b shows the same Joint EOF using
their nATMO simulations, which agrees well with obser-
vations. While Amaya et al. [22] emphasizes that the
North Pacific-forced equatorial wind anomalies are
uncoupled from the underlying ocean, Vimont et al. [26]
suggests that ocean-atmosphere coupling tends to amplify
the downstream wind response and can drive it even clos-
er to the equator. Finally, the presence of developing
ENSO conditions along the equator may influence the
efficacy of NPMM-related SSTAs in shifting the ITCZ
and forcing an atmospheric circulation response.

However, the observations and atmospheric model are
still similar when repeating the Joint EOF analysis with-
out first linearly regressing out ENSO.

NPMM and ENSO Forecasting

The NPMM offers several distinct opportunities for mid-
latitude ocean-atmosphere variability to influence the seasonal
development of ENSO. These teleconnective pathways have
the potential to inject ENSO-favorable conditions along the
equatorial Pacific throughout the year. To what extent can the
NPMM and these physical mechanisms be used as a deter-
ministic component in long-lead ENSO forecasting? To dem-
onstrate, Fig. 4 shows the lagged relationship of box-averaged
subtropical SSTAs (NPMMbox; see Fig. 4 caption) with the
Niño3.4 index in hindcast simulations from the North
American Multimodel Ensemble (NMME; [51]). For each
initialization month in Fig. 4a, the model forecast (at 0.5-
month lead) of NPMMbox is correlated with the observed
Niño3.4 index in the following December. Each model is ini-
tialized with observations; therefore, the lag-correlation be-
tween NPMMbox and observed Niño3.4 is expected to be
close to the observed value (black dot-dashed line). The
spread of the multimodel ensemble at any given month is
due to different estimates of the trajectory of NPMMbox over
half a month.

Fig. 3 Joint EOF1 of August–October averaged SSTAs and precipitation
anomalies in observations (a) and the mean of a 10-member ensemble of
boundary-forced atmospheric model simulations (nATMO) (b). nATMO
is forced only with observed SSTAs in the North Pacific, north of 15°N
(solid blue line). See Amaya et al. [22] for further details. Each Joint EOF
is calculated for the region encompassed by the gray box in (b) from 1979
to 2016. The x/y maps in (a) and (b) represent regressions of SSTAs (°C;
shading), 10 m wind anomalies (m s−1; arrows), and precipitation

anomalies (mm day−1; colored contours, green positive) on their respec-
tive normalized PCs depicted in (c). First and second number in title of (c)
is the variance explained by the observed and nATMO Joint EOF1, re-
spectively. Third number is the correlation between the PCs. Note ENSO
linearly removed from data prior to taking regressions. Observed SST
data is from HadISSTv1.1 and observed atmospheric variables are from
ERA5
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Based on Fig. 4a, subtropical SSTAs are significantly cor-
related with observed December Niño3.4 in boreal spring
through fall, explaining ~15–30% of the variance, which is
consistent with recent observational estimates of the NPMM’s
influence on ENSO [12, 14, 17, 19, 22, 52]. How do these
values compare to the month-to-month persistence of the
Niño3.4 index itself? In other words, for a given initialization
month, is NPMMbox or Niño3.4 a better predictor of the fol-
lowing December Niño3.4 index? One way to measure this is
to compare the NPMMbox values for each month to the corre-
sponding correlation of observed Niño3.4 with the following
observed December Niño3.4 (curving thin black line). If the
NPMMbox correlation is stronger than the Niño3.4 correlation
(i.e., outside the gray shading) and above the 95% significance
line (horizontal black dashed), then this provides evidence that
the NPMMmay extend skillful prediction of Niño3.4 beyond
blind persistence. By this measure, observed subtropical
North Pacific SSTAs beat Niño3.4 persistence starting in
about May, and potentially extend prediction skill to as early
as February (Fig. 4a). This is generally consistent with Larson
and Kirtman [12] who also used NMME to show that March
NPMM is a good predictor of December El Niño events.
However, their results indicate that the NPMMmost accurate-
ly forecasts East Pacific (EP) type El Niño events and does not
predict La Niña events with any skill.

How do these relationships compare within the NMME
forecasting models? Figure 4b is the same as Fig. 4a, but
instead shows the relationship between model forecasted
NPMMbox and model forecasted December Niño3.4 for dif-
ferent lead times. For example, an April initialization

represents the correlation of model forecasted NPMMbox at
0.5-month lead with model forecasted Niño3.4 at 8.5-months
lead. As before, these values can be compared to the correla-
tion of model forecasted Niño3.4 with the model forecasted
December Niño3.4 (colored lines Fig. 4c). However, for brev-
ity we compare the NPMMbox correlations for all models to
the multimodel mean Niño3.4 persistence curve (heavy black
line in Fig. 4c; thin black line and gray shading in Fig. 4b).

When initialized from January to about March, the
NPMMbox index is not significantly correlated to December
Niño3.4 for almost all of the models. However, beginning in
boreal spring, this relationship strengthens across the ensem-
ble, and for several models, there are even significant correla-
tions that lie outside of the gray shaded region from April to
May. This indicates that subtropical North Pacific SSTAs may
increase prediction skill relative to persistence during these
months, which could potentially improve ENSO forecasting
during the so-called “spring predictability barrier” [53].
Further, these results support past studies who suggest that
the NPMM may serve as a source of ENSO forecasting error
if it is incorrectly simulated in seasonal climate predictions
[12, 17].

Role of Mean State

The previous sections outlined the various physical mecha-
nisms by which the NPMM evolves and interacts with
ENSO. An important aspect to consider when discussing these
pathways is the influence of the mean state on their efficacy.

Fig. 4 Lagged correlations of NPMMbox index (SSTAs averaged 15°N-
25°N, 150°W-120°W) with December Niño3.4 indices from 1982 to
2010. Indices calculated for observations (HadISSTv1.1; (a) only) and
14-ensemble mean hindcast simulations from NMME [51]. For each
month in (a), the observed value (black dot-dashed) is the correlation of
observed NPMMbox for that month with the observed December Niño3.4.
Individual NMMEmodel (solid colors) values represent the correlation of
the model forecasted NPMMbox index at 0.5-month lead with observed
December Niño3.4. For each month in (b), individual NMME model
values represent the correlation of model forecasted NPMMbox index at

0.5-month lead with model forecasted December Niño3.4 (i.e., at lead =
12 − (N − 0.5), whereN = 1…12 represents the calendar month). Curving
thin black lines represent monthly correlations of Niño3.4 with the fol-
lowing December Niño3.4 in (a) observations and (b) the NMME
multimodel mean. Gray shading indicates correlation values smaller than
these curves. Niño3.4 persistence curves for each model are shown in (c).
Solid (dot-dashed) black line in (c) represents the multimodel mean (ob-
servations). Black dashed line in all subplots represents 95% significance
based on a Student’s t test. Models with no reported correlation did not
provide forecasts for the given lead time
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For example, consider a simplified tropical atmosphere ther-
modynamically coupled to a constant-depth slab ocean.
Assuming that changes in meridional winds have a negligible
impact on surface heat fluxes, the ocean temperature equation
is:

∂T
∂t

¼ au−bT ð1Þ

where u is the zonal wind component and T is SST. Anomalies
in Texperience a Newtonian damping term, b, which has an e-
folding timescale of about 6 months. The ocean is thermody-
namically coupled to the atmosphere through the WES feed-
back parameter, a, which represents the change in latent heat
flux per unit change in the near-surface winds. By assuming a
linearized change in latent heat flux (LH) per unit change in
wind speed [26, 54] and by substituting the standard bulk
formula in which the latent heat flux is linearly proportional

to the wind speed w ¼ u2 þ v2 þ w2ð Þ1=2 , a can be calculated
as:

a ¼ −
∂LH
∂u

¼ −LH
u

w
2 ð2Þ

See Vimont et al. [45] for the full derivation. Note that the
formulation of a also does not consider the contribution of
meridional wind variations to WES feedback as the zonal
wind component dominates [24].

For mean tropical easterlies, Eq. (2) implies a reduction in
the mean upward latent heat flux at the surface per unit west-
erly zonal wind anomaly, which yields a positive value of a
and ocean warming. This equation also suggests that shifts in
the mean strength of the trade winds will alter the effective-
ness of a in exciting large changes in T. Namely, Eq. (2)
implies that larger mean easterlies will induce a larger down-
ward (upward) anomalous heat flux for the same anomalous
westerly (easterly) zonal wind speed. As such, Vimont et al.
[26] investigated the role of the seasonal cycle in modulating
the strength of the WES feedback parameter in the tropical
Pacific. They showed that a is uniformly large throughout the
tropics during boreal spring and fall, consistent with nearly
uniform easterly trade winds. However, during boreal summer
and winter, there is a sharp reduction in a in the western
summer hemisphere tropics due to a weakening of the mean
trade winds, which they attribute to the seasonal migration of
the subtropical highs and monsoon troughs.

Aside from seasonal variations in a, recent studies have
investigated whether shifts in past and/or future climate equi-
libria significantly impact WES feedback and, by extension,
the NPMM-ENSO relationship. Coupled climate models
forced with future projections of greenhouse gas emissions
show a ~20% increase in the North Pacific WES feedback
parameter by 2100, which is beyond the range of internal a

variations generated by unforced control simulations [55, 56].
These results point towards a strengthening of WES feedback
in warmer world, and perhaps an increasing role for the
NPMM in future ENSO variability. However, it is possible
that future changes in thermal damping (i.e., b in Eq. (1)),
future changes to ENSO itself [57], and/or model sensitivities
could affect this conclusion. Thus, future work is needed to
investigate the NPMM-ENSO relationship in a changing
climate.

NPMM vs. SPMM

The focus of this review is primarily on the variability and
impacts of the North Pacific Meridional Mode. However,
studies have emphasized the importance of a similar mode
of climate variability found in the South Pacific—the South
Pacific Meridional Mode (SPMM). The physical interpreta-
tion of the SPMM is nearly identical to its northern counter-
part, with off-equatorial southeast trade wind variability giv-
ing rise to a WES-driven equatorward propagation of SSTAs,
surface wind anomalies, and latent heat flux anomalies [58].
The SPMM is also triggered by similar internal atmospheric
variability associated with the South Pacific Oscillation [59,
60] during boreal summer. However, due to the seasonality of
local mixed-layer depths, the SPMM SST and wind compo-
nents vary out of phase with one another. Thus, SPMMWES
feedback tends to peak in boreal winter [61, 62].

Despite this recent progress, there is still some uncertainty
regarding the physical mechanisms that connect the SPMM to
ENSO. Several studies argue that, similar to the NPMM,WES
feedback propagates surface wind anomalies associated with
the SPMM towards the central equatorial Pacific, where they
can be important for the generation of ocean Kelvin waves and
the overall timing of ENSO [14, 52, 58, 61, 63, 64]. There is
also evidence that the SPMM is inherently more effective than
the NPMM at propagating surface anomalies onto the equator
due to the northward displaced ITCZ, which results in south-
easterly mean trade winds that cross the equator in the eastern
Pacific [65].

In contrast, a recent study by Larson et al. [62] suggests that
the SPMM need not “trigger” ENSO through equatorial ocean
dynamics in order to significantly modulate the amplitude of
an event. In particular, they show that the SPMM acts as a
thermally driven source of eastern Pacific SSTAs that can
constructively or deconstructivity interfere with coincident
ENSO events by modifying the effectiveness of latent heat
flux damping. This interpretation is further supported by the
presence of ENSO-like variability in general circulation
models that either lack ocean dynamics completely (i.e., slab
ocean models) [58, 66] or restrict ocean circulation anomalies
by prescribing surface wind stress [62]. Regardless, there is no
clear consensus in the literature on how the SPMM and ENSO
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are physically connected. Therefore, future research is needed
on these topics.

Additionally, there is uncertainty regarding the contribu-
tions of the NPMM and the SPMM to ENSO diversity.
ENSO diversity refers to the observed difference in the mag-
nitude and longitudinal location of equatorial SSTAs from one
ENSO event to the next [67]. Generally, the SPMM tends to
be associated with the onset of EP ENSO events [58, 60, 64,
68], while the NPMM may favor the development of Central
Pacific (CP) ENSO events [17, 22, 38, 68, 69]. Recent re-
search has also emphasized the combined effects of the
NPMM and SPMM as being important in determining the
timing, intensity, and diversity of ENSO events [61, 70].
However, other studies suggest that SST-based precursors
may have a minor influence on ENSO diversity when com-
pared to other factors such as the initial thermocline state
along the equator [71]. Further investigation into these rela-
tionships may improve predictability of the various impacts
generated by different ENSO “flavors” [67, 72].

PMM and Tropical Pacific Decadal Variability

Recent research indicates that the NPMM and SPMM may
collectively contribute to Tropical Pacific Decadal
Variability (TPDV) [38, 55, 56, 61, 62, 66, 73, 74]. Indeed,
You and Furtado [61] show that observed NPMM and SPMM
indices exhibit significant periodicities longer than ~5 years
and significant squared coherence with ENSO at periods be-
yond 6 years (see their Fig. 14). These decadal periodicities
may arise partly from mid-latitude air-sea coupling that red-
dens the oceanic response to white-noise atmospheric forcing
[18, 75], and partly from tropical Pacific remote forcing [36,
76]. The latter mechanism is essential to the so-called “Pacific
climate null hypothesis” [38, 74], which describes a process
where extratropical atmospheric variability excites an ENSO
event ~12 months later through meridional mode dynamics,
and then the resulting ENSO-driven atmospheric
teleconnections force ocean anomalies in the extratropics that
decay over a period of 6–12 months. These ocean anomalies
may then couple back to the tropics by reenergizing the me-
ridional modes, completing a multiyear feedback.

Another hypothesis suggests that the SPMM may be more
important than the NPMM in driving TPDV [62, 66, 73].
When artificially suppressing the NPMM in a coupled climate
model, Liguori and Di Lorenzo [73] reported a substantially
weaker ENSO, but little change in TPDV. However, when
they suppressed the SPMM, they found the opposite was true.
This study and others [49, 62, 65, 77] support an earlier anal-
ysis by Okumura [66], which proposed that thermodynamics
air-sea interactions (e.g., WES feedback) originating from the
South Pacific more frequently intrude into the equatorial re-
gion owing to the eastern Pacific ITCZ being positioned

northward throughout most of the year. Nevertheless, even
at low-frequencies the meridional modes are only a significant
predictor of TPDVat ~1 year lead [61], which suggests limited
scope for improving decadal predictability of Pacific climate.
Further work investigating the mechanisms that connect the
NPMM, SPMM and TPDV may overcome these limitations.

Summary and Pathways Forward

The last two decades have seen exciting advances in our un-
derstanding of extratropical ENSO precursors. As a result, the
North and South Pacific Meridional Modes are now recog-
nized as important components of the tropical climate system
that significantly modulate the timing, amplitude, and/or fla-
vor of ENSO. To a first order, this relationship stems from a
series of air-sea interactions that inject ENSO favorable con-
ditions onto the equator by integrating stochastic mid-latitude
atmospheric variability into a propagating band of SSTA and
surface wind anomalies. Additional studies have shown that
the NPMM can also interact with the mean ITCZ and force a
Gill-like atmospheric response that projects onto the equator.
This offers a second distinct opportunity for the NPMM to
influence the development of ENSO. With respect to ocean
circulation, off-equatorial NPMM-related wind stress curl
anomalies induce meridional mass transport into and out of
the equatorial Pacific, which can charge or discharge subsur-
face heat content along the equator and provide the necessary
conditions for an ENSO event. Finally, the propagation and
reflection of ocean Rossby waves triggered by the NPMM
may also impact the equatorial Pacific. These physical path-
ways are summarized in the schematic illustration depicted in
Fig. 5.

While the initiation of a NPMM event results from largely
unpredictable atmospheric forcing, its seasonal evolution is
deterministic, and may provide an opportunity to improve
ENSO forecasting on seasonal to interannual timescales. The
best observational estimates show that boreal spring NPMM
can explain about 15–30% of ENSO variability in the follow-
ing winter. This relationship is largely reproduced in ensem-
bles of model hindcast simulations (Fig. 4 here; [12]); how-
ever, improving the simulation of NPMM dynamics may ex-
tend the skillful prediction of ENSO during the spring predict-
ability barrier [17].

In spite of these advances, there are a number of outstand-
ing questions that should be addressed. First, what impact
does internal tropical noise have on the efficacy of external
PMM-related (both North and South Pacific) signals? The
surface anomalies associated with the PMMs are small rela-
tive to similar perturbations produced within the tropics. Thus,
their effectiveness in influencing ENSO is heavily reliant on
the timing of tropical noise relative to the timing of the exter-
nal forcing. Relevant tropical processes include atmospheric
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modulations across the tropics such as the Madden Julian
Oscillation [78], the buildup or recent discharge of subsurface
ocean heat content [27, 28, 61, 79, 80], and the influence of
other basins on the tropical Pacific [81]. Additionally, the
primary focus of this paper has been on triggering ENSO;
however, PMM-driven teleconnections may also disrupt
ENSO development if the subtropical forcing is out of phase
with the internal tropical state. Uncovering which internal
tropical states are most/least susceptible to PMM forcing will
improve the overall simulation and increase predictability of
the PMM-ENSO relationship.

Related to this is, how does an altered tropical mean state
impact the PMM-ENSO relationship? Early work on this topic
indicates that the WES parameter (∂LH∂u ) is projected to in-
crease as a result of global warming [55, 56], which implies
a potential enhanced role for the PMMs in future ENSO var-
iability. However, climate model simulations also suggest that
the distribution of ENSO events could fundamentally change

in a warmer world [57], which would impact the PMM-ENSO
relationship as well. Further, the northward positioned mean
ITCZ has been shown to be a limiting factor in the PMMs’
interaction with the deep tropics [65]. Paleoclimate proxy-
based reconstructions of past hydroclimate change have re-
vealed substantial meridional shifts in the zonal mean ITCZ
in response to large-scale climate forcing [82]. Therefore, it is
reasonable to hypothesize that the relative impact of the
NPMM and SPMM on ENSO has not been constant through-
out history. Moving forward, it will become increasingly im-
portant to untangle these mean state relationships in past and
future climates.

Another interesting question is, what role does the NPMM
and SPMM play in TPDVand multiyear ENSO events? There
is substantial evidence to suggest that both PMMs can signif-
icantly contribute to TPDV (see “PMM and Tropical Pacific
Decadal Variability”); however, the importance of these inter-
actions and the extent to which they may improve decadal

Fig. 5 Schematic illustration of the primary physical pathways linking
the NPMM to ENSO. They include: (1) AWind-Evaporation-SST (WES)
feedback driven propagation of surface anomalies onto the equator during
boreal spring (solid black arrows), (2) Trade Wind Charging (TWC) of
equatorial subsurface heat content by NPMM-related surface wind
stress curl anomalies in boreal winter and early spring (black circular/
dashed arrows and x/z shading), (3) The reflection of NPMM-forced
ocean Rossby waves off the western boundary in boreal summer (red
dashed arrows), and (4) A Gill-like atmospheric circulation pattern asso-
ciated with an anomalous ITCZ shift in boreal summer and fall known as

the Summer Deep Convection (SDC) response (clouds and solid gray
arrows/lines). Each mechanism provides an opportunity for North
Pacific Ocean–atmosphere anomalies to influence ENSO development,
either by altering off-equatorial ocean circulation (as in Pathways 2 and 3)
or by generating zonal wind stress anomalies along the equator (as in
Pathways 1 and 4). Shading in the x/y plane is the same as Fig. 1a.
Shading in the x/z plane is the regression of observed subsurface potential
temperature anomalies averaged 5°S-5°N on the SSTA EC depicted in
Fig. 1b. Subsurface temperature data is from the GODAS ocean reanal-
ysis [50] for the period 1980–2018. Note arrows are not to scale
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predictability of tropical Pacific climate remains unclear.
Additionally, while most research is focused on the PMMs’
impact on ENSO, there has been comparably less work on
ENSO’s influence on the PMMs [76]. ENSO’s projection on
the NPO and SPO may reenergize subtropical coupled dy-
namics during boreal winter [38]. As a result, ENSO-forced
PMM may play an important role in multiyear ENSO events
[83, 84] and the transition between El Niño and La Niña [79].

Of some concern is the separability of ENSO and the
PMMs. It is common to linearly regress out an ENSO index
from surface variables before calculating a PMM index via
MCA [18]. This is typically done to isolate subtropical climate
variability that is linearly independent from concurrent ENSO.
However, ENSO is an evolving phenomenon with a diverse
array of “flavors” that cannot be accurately captured by a
single index [67, 85]. Therefore, it is unclear which ENSO
index is most appropriate to remove or whether it is even a
necessary step when defining PMM variability. For example,
Fig. 1a was obtained by removing the first EOF of detrended
tropical Pacific SSTAs (20°S-20°N, 140°E- 60°W), which is
highly correlated with the Niño3 index (R = 0.99), but less so
with Niño4 (R = 0.83). Figure 1a is recovered, in full, as the
secondMCA if this pre-processing step is not taken; however,
theMCA results are significantly different if instead the Niño4
index is removed. This may be related to the strong zero-lag
relationship between the NPMM and CP ENSO [76], which is
apparent from the positive SSTAs found along the equatorial
dateline in Fig. 1d. Future research is needed to assess the
sensitivity of the PMMdefinition to different characterizations
of ENSO variability.

Finally, the NPMM and SPMM are not only important to
tropical Pacific climate; both climate modes have consequen-
tial impacts on mid-latitude ocean-atmosphere variability. For
example, NPMM variability has been linked to changes in
tropical cyclone activity in the Western North Pacific [86],
the Northeast Pacific [87], and the North Atlantic [88]. The
2014 NPMM event was a significant component of the 2013–
2015 North Pacific marine heatwave [89, 90], which had far
reaching impacts on marine ecosystems along the North
American coastline [91]. There is evidence that WES feed-
back and the PMM may play an important role in the so-
called “energetics framework,” which relates the zonal mean
position of the ITCZ to interhemispheric energy imbalances
[82, 92]. Additionally, the interaction of the NPMM with the
North Pacific subtropical high may alter the frequency of at-
mospheric ridging events in boreal fall, with implication for
subseasonal-to-seasonal predictability of landfalling atmo-
spheric rivers over the Southwestern USA [93]. Further inves-
tigation into these topics would improve our understanding of
the NPMM and its role in the climate system.
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