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Abstract Observational andmodeling studies have elucidated the influential role played by the southern and
northern extratropical Pacific (SEP and NEP) forcing in shaping dynamics of tropical Pacific climate variability.
However, the relative importance of the NEP and SEP and the timescale on which they impact the tropics remain
unclear. Using a linear inverse model (LIM) that selectively incorporates or excludes tropical‐extratropical
coupling, we find a reduction in tropical interannual variability (∼40%) and low‐frequency (sub‐decadal to
decadal) variability in the southeastern tropical Pacific region (∼70%) in the absence of SEP. Conversely, the
absence of NEP yields no significant impact on tropical interannual variability but markedly diminishes low‐
frequency variability in the central tropical Pacific region (∼70%). LIM and statistic diagnostics on CMIP6
models show the low‐frequency to total variability ratio in the tropical Pacific depending on their NEP and SEP
representation. Models with more (less) low‐frequency power tend to show stronger NEP (SEP) dynamics.

Plain Language Summary The tropical Pacific climate variability exerts a strong impact on global
climate, regional weather, and marine ecosystems. The tropical and extratropical Pacific are closely coupled
with each other through oceanic and atmospheric processes. Previous studies have shown that the southern and
northern extratropical Pacific (SEP and NEP) forcing greatly impact the tropical Pacific climate variability. To
understand and predict tropical Pacific variability, it is necessary to study the relative importance and the
timescale on which the SEP and NEP exert their influence. In this study, we use an empirical dynamical model
to exclude the impacts of SEP or NEP on the tropical Pacific based on the observational data. We find that the
absence of SEP leads to a significant reduction of interannual variance (∼40%) and the low‐frequency (sub‐
decadal to decadal) variance in the southeastern tropical Pacific region (∼70%), while the absence of the NEP
does not change the interannual variance but significantly reduces the low‐frequency variance in the central
tropical Pacific region (∼70%). In observations, the ratio of low‐frequency to total tropical variability is 0.36,
while CMIP6 models exhibit a wider range, with enhanced low (high) frequency power associated with stronger
NEP (SEP) dynamics.

1. Introduction
The tropical Pacific climate variability, including the El Niño‐Southern Oscillation (ENSO) and the tropical
Pacific decadal variability (TPDV), exerts an important impact on global climate, regional weather, and marine
ecosystems, particularly over North America and Asia with important societal impacts (Alexander et al., 2002;
Capotondi et al., 2020; Di Lorenzo et al., 2013; Fisman et al., 2016; Z. Liu & Di Lorenzo, 2018). The tropical
Pacific and extra‐tropical Pacific are strongly coupled with each other. Notably, the extratropical ENSO pre-
cursors, such as the seasonal footprinting mechanism (SFM) (Vimont et al., 2001, 2003a, 2003b), the trade wind
charging (TWC) mechanism (Anderson, 2003; Anderson et al., 2013), the North and South Pacific Meridional
Modes (NPMM, Chiang & Vimont, 2004, and SPMM, Zhang et al., 2014), have proven highly effective in
influencing both ENSO (e.g., Alexander et al., 2010; Chang et al., 2007; Larson & Kirtman, 2013, 2014; T. Liu
et al., 2024; Thomas & Vimont, 2016; You & Furtado, 2017; Zhang, Chang, & Ji, 2009; Zhang, Chang, &
Tippett, 2009) and tropical Pacific decadal variability (e.g., Chung et al., 2019; Di Lorenzo et al., 2015; Liguori &
Di Lorenzo, 2018; Liguori & Di Lorenzo, 2019; Sun & Okumura, 2019; Zhang et al., 2014; Zhao & Di
Lorenzo, 2020).

Both northern and southern extratropical Pacific (NEP and SEP) are important to the climate variability in the
tropical Pacific, albeit with distinct roles. Liguori and Di Lorenzo (2019) indicate that the NEP precursor
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dynamics have a significant impact on the tropical interannual variability while the SEP precursor dynamics show
no appreciable impact on ENSO. The influence of the SEP is thought to be dominant to the TPDV (Chung
et al., 2019; Liguori & Di Lorenzo, 2019; Lou et al., 2019; Okumura, 2013; Sun & Okumura, 2019). However,
emerging evidence suggests a mode of variability linking the North Pacific with the Central Equatorial Pacific via
the NPMM at decadal timescales (Capotondi et al., 2022, 2023; Di Lorenzo et al., 2023; C. Liu et al., 2022;
Newman et al., 2016).

The studies conducted thus far leave uncertainties regarding the relative importance of these precursors is, and on
what frequency their influence on the tropics is more effective (i.e., interannual vs. low‐frequency (sub‐decadal to
decadal) timescales). One important reason is that it is difficult to separate the contributions of the NEP and SEP
dynamics to the tropical climate variability, since the physical interactions between extratropical Pacific and
tropical Pacific occur on a wide range of spatial and temporal scales (e.g., Capotondi et al., 2023; Di Lorenzo
et al., 2023; Z. Liu & Di Lorenzo, 2018; Newman et al., 2016). Many investigations address this issue using
coupled climate models (e.g., Chung et al., 2019; Liguori & Di Lorenzo, 2019). However, recent studies show that
significant challenges exist across models from the Coupled Model Intercomparison Project (CMIP) in repro-
ducing the topical Pacific climate (Lyu et al., 2016; Power et al., 2021; Zhao et al., 2021b, 2023), suggesting that
the relative importance of NEP and SEP dynamics may vary depending on the specific model employed.

A multivariate dynamical system—Linear Inverse Model (LIM) has proven effective in capturing characteristics
of observed seasonal to decadal tropical SST variability (e.g., Penland & Matrosova, 1994; Penland & Sar-
deshmukh, 1995 (hereafter PS95); Newman, 2007; Newman et al., 2011). Zhao et al. (2023) developed a
diagnostic approach based on LIM, enabling the explicit separation of contributions from tropical and extra-
tropical dynamics to tropical Pacific (TP) climate variability. Following Zhao et al. (2023), we use the LIM to
investigate the relative importance of NEP and SEP forcing on the tropical Pacific climate variance, including
ENSO and TPDV. Furthermore, we assess interactions between extratropical and tropical Pacific in climate
models from the Coupled Model Intercomparison Project Phase six (CMIP6) and compare them to observations.

2. Data and Method
2.1. Data and Indices

This study utilizes monthly mean values of sea surface temperature (SST, unit: ˚C) and sea surface height (SSH,
unit: m) from the European Center for Medium‐RangeWeather Forecasting (ECMWF) Ocean Reanalysis System
4 (ORAS4) (Balmaseda et al., 2013) for the period spanning January 1958 to December 2015. The model data
include monthly mean SST and SSH output from historical simulations (r1i1p1) of 28 CMIP6 climate models
(Eyring et al., 2016). Refer to Table S1 in Supporting Information S1 for the names and classifications of these
models. The period of model data is from January 1950 to December 2014. To facilitate analysis, SST and SSH
fields are averaged into 2° latitude × 5° longitude grid boxes. The anomalies are derived by removing the
climatology seasonal cycle. Prior to the empirical orthogonal function (EOF) analysis, each field is normalized by
its domain‐averaged climatological standard deviation. The externally forced trend is reduced following Penland
and Matrosova (2006) and Frankignoul et al. (2017) (Text 1 in Supporting Information S1). Then the principal
component (PC) time series derived from the EOF analysis are used to construct the LIM.

The ENSO index is defined as the first leading PC of SST anomalies (SSTA) within the equatorial Pacific region
(10˚S− 10˚N). The SSTA ENSO precursor pattern is identified using a lead correlation map between the leading
PC of SSTA within the equatorial Pacific region (10˚S− 10˚N) during November‐the following January (NDJ)
and the preceding January–March (JFM) SSTA. The geographic region of the precursor pattern is 180˚E− 75˚W,
60˚S− 15˚S for SEP, and 160˚E− 100˚W, 10˚N− 60˚N for the NEP.

2.2. Linear Inverse Model

Linear inverse modeling assumes that the evolution of the dynamical system can be represented by a linear
stochastic differential equation (PS95):

dx
dt
= Lx + ξ. (1)
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Here, x represents the state vector; L is the linear dynamical operator defining the evolution of x, and ξ is the white
noise forcing. Following PS95, the matrix L is established by:

L = τ0 − 1ln{C(τ0)C(0)− 1}, (2)

where C (0) and C (τ0) are the covariance matrices and lag‐covariance matrix at lag τ0, respectively. That is, C
(0) = 〈x(t)xT(t)〉 and C (τ0) = 〈x (t + τ0)xT(t)〉, with τ0 = 1 month. The spatial statistics of the white noise forcing
are determined by the fluctuation‐dissipation relation:

LC(0) + C(0)LT + Q = 0. (3)

Here, the noise covariance matrix Q = ⟨ξξT⟩ dt.

2.3. Constructing LIM and Couple/Decoupled Extratropical Pacific

To simulate the dynamics of the coupled system involving the tropical Pacific and extratropical Pacific, Equa-
tion 1 is reformulated as:

dx
dt
=
d
dt
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where xT, xN and xS represent the variables within the TP (10
°S− 10°N), NEP (14°N− 60°N), and SEP (60°S− 14°S),

respectively. The state vector x is constructed using the corresponding PC time series of detrended data. Spe-
cifically, the Full LIM incorporates the 12 leading PCs of SSTTP/SSTNEP/SSTSEP and the 3 leading PCs of SSHTP
in the state vector. Tropical Pacific SSH is incorporated because it can improve the representation of ocean
dynamics and ENSO diversity within the LIM by adding information on the ocean memory (e.g., Capotondi &
Sardeshmukh, 2015; Newman et al., 2011; Shin & Newman, 2021; Zhao, Newman, et al., 2021). The chosen PCs
of SSTTP/SSHTP/SSTNEP/SSTSEP explain about 92/73/68/70 percent of the variability of their respective fields. By
preserving the majority of the variability in each region and variable, the LIM is able to capture as many in-
teractions and dynamical processes between different regions and climate modes as possible. For the problem
considered in this paper, noise term ξ constrained by the noise covariance matrix Q represents the atmospheric
variability and any other rapidly decorrelating nonlinearity (Newman, 2007). Note that before using the LIM for
diagnosis, the validity of the linear approximation of the LIM is examined through a “tau test” (PS95) (Figure S1
and Supporting Information Text 2 in Supporting Information S1).

Equation 4 is used to identify the dynamics that are encapsulated in sub‐matrices of L. Specifically, LTT, LNN, and
LSS represent the internal processes within the TP, NEP, and SEP, respectively. LNT and LTN encapsulate the
coupling dynamics between TP and NEP; similarly, LST and LTS contain the coupling dynamics between TP and
SEP; LNS and LSN show the coupling dynamics between NEP and SEP. In the Full LIM, the tropical Pacific
dynamics are governed by the local processes (LTTxT) and the impacts from NEP and SEP (LNTxN and LSTxS):

dxT
dt

= LTTxT + LNTxN + LSTxS + ξT. (5)

Next, we remove all the extratropical Pacific impacts by zeroing out LNT and LST. Then the tropical Pacific
system in this Tropical‐Pacific‐only LIM (TP‐only LIM) is controlled only by the local dynamics (e.g., Bjerknes
feedback, recharge‐discharge oscillation, zonal advective feedback, thermocline feedback):

dxT
dt

= LTTxT + ξT . (6)
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Similarly, we construct No‐NEP LIM/No‐SEP LIM by zeroing out LNT/LST in the dynamical operator L to
separate the different roles of the NEP and SEP in the tropical Pacific. In the No‐NEP LIM, the tropical Pacific is
controlled by:

dxT
dt

= LTTxT + LSTxS + ξT. (7)

In the No‐SEP LIM, the tropical Pacific is controlled by:

dxT
dt

= LTTxT + LNTxN + ξT. (8)

Note that the number of retained EOFs in the state vector x does not notably impact the tropical Pacific SST
variance pattern in either the Full LIM or decoupled LIMs (Figure S2 and Supporting Information Text 3 in
Supporting Information S1).

Equations 5–8 were integrated forward in time for 5,900 years, following the approach in Penland and Matro-
sova (1994) to obtain the LIM realizations of the Full LIM, TP‐only LIM, No‐NEP LIM, and No‐SEP LIM.
Subsequently, each integration was partitioned into 100 segments of 59 years, constituting ensemble members
characterized by identical statistical properties as the original data but diverging due to inherent system noise.
With the ensembles, the uncertainty caused by the limited length of the original timeseries when analyzing the
low‐frequency variability is reduced. These LIM ensembles were used to isolate the low‐frequency and inter-
annual components of the SST: the low‐frequency component was obtained by applying the 6‐year Zhang
et al. (1997) low‐pass filter to the SSTA obtained from each LIM integration, while the interannual anomalies
were determined by removing the low‐frequency component from the full‐time series. The LIM ensembles are
also used for significance testing of Figure 2 in a standard Monte Carlo approach, where the variance differences
between each ensemble member and the ensemble mean were used to determine the range of statistical
significance.

We next constructed LIMs based on the output of each CMIP6 model, replicating the observational LIM analysis.

3. The Different Roles of NEP and SEP in Observations
3.1. Changes in ENSO Behavior Induced by Extra‐Tropical Forcing

We first explore how the southern and northern extratropical dynamics impact the behavior of ENSO. The leading
EOF patterns of tropical Pacific SSTA (Unit: °C) and SSH anomalies (SSHA, Unit: m) from ensembles derived
from the Full LIM, TP‐only LIM, No‐NEP LIM, and No‐SEP LIM are shown in Figures 1a–1d. All patterns align
with the canonical ENSO pattern, characterized by the largest SSTA occurring in the central and eastern Pacific
and extending to the eastern ocean boundary. When the extratropical Pacific is fully decoupled (TP‐only LIM),
the leading SSTA/SSHA pattern (Figure 1b) exhibits substantially weaker amplitude and is more confined to the
equatorial Pacific region compared to the Full LIM (Figure 1a). In the No‐NEP LIM, dominant patterns are akin to
those in the Full LIM (Figure 1c vs. Figure 1a), but with weaker amplitude in the central Pacific region. The
removal of only the SEP impacts on the TP strongly weakens the amplitude of the leading mode, especially in the
eastern tropical Pacific (Figure 1d vs. Figure 1a). This indicates that NEP/SEP dynamics are primarily responsible
for weaker ENSO amplitude in the central/eastern tropical Pacific region seen in the TP‐only LIM (Figure 1a).

The associated variance of the leading SST EOF (the plus signs in Figure 1f) reveals a substantial 46% reduction
in the TP‐only LIM and No‐SEP LIM and a 22% decrease in the No‐NEP LIM, compared to the variance in the
Full LIM. This suggests that the SEP dynamics play a more important role in driving the ENSO variance.

The power spectra of the ENSO index are examined to investigate the extratropical impact on the temporal
features of ENSO. The mean spectrum from the Full LIM ensemble (Figure 1e, red line) exhibits a commendable
agreement with the observational spectrum (Figure 1e, blue line), with maximum power at timescales of∼3 years,
indicating that the Full LIM can reproduce the temporal characteristics of the dominant tropical Pacific SSTA
mode. By contrast, fully decoupling the extratropical Pacific significantly reduces the variance of the ENSOmode
at periods larger than 2 years and tends to shorten the dominant timescale of the leading PC to 2 years (Figure 1e,
orange line). ENSO spectrum in No‐NEP LIM (Figure 1e, dashed green line) exhibits a reduction in the period
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larger than 3 years compared to the Full LIM, while it slightly increases in
timescales of ∼2 years, leading to a peak power at 2 years. The overall power
of the No‐SEP LIM is similar to that of the TP‐only LIM (Figure 1e, the
dashed purple line and the orange line), but with even weaker power at
∼2 years. It is also worth noting that the low‐frequency power of ENSO is
reduced at different levels in the simulations of all the decoupled LIMs
(Figure 1e).

ENSO events typically exhibit a diversity of spatial patterns, categorized into
eastern‐Pacific (EP) and central‐Pacific (CP) types, as elucidated by Capo-
tondi et al. (2015). We identify EP‐ENSO and CP‐ENSO following Taka-
hashi et al. (2011), and find that the changes in spatial‐temporal
characteristics of different types of ENSO when decoupling the extra-
tropical Pacific (Figure S3 in Supporting Information S1) closely resemble
the changes observed in the leading SST EOF mode.

Thus, both the spatial pattern and variance of ENSO are influenced by the
extratropical Pacific. Furthermore, the NEP and SEP appear to play distinc-
tive roles in shaping the interannual and low‐frequency variance within the
tropical Pacific, topics that will be expounded upon in detail in the subsequent
section.

3.2. Extra‐Tropical Forcing of Tropical Interannual and Low‐
Frequency Variability

To evaluate the overall impact of the NEP and SEP dynamics on tropical
Pacific interannual variability, we compare the SST interannual variance
pattern of the Full LIM and the decoupled LIMs (Figures 2a–2d). The full
interannual SST variance has the largest amplitude in the cold tongue region,
extending westward with diminishing amplitude (Figure 2a). Removing the
extratropical impacts leads to a decoupled SST variance (Figure 2b) that is
substantially reduced, especially in the east of the dateline (∼40%)
(Figure 2e). A similar scenario unfolds when only the impacts of the SEP are
removed (Figures 2d and 2g vs. Figures 2b and 2e). In contrast, if only the
impacts of the NEP are removed, the interannual SST variance remains
practically unchanged (Figure 2c vs. Figure 2a, see also Figure 2f). This
suggests that SEP dynamics exert important impacts on the tropical interan-
nual SST variance, especially in the eastern part of the basin (Figure 2g),
while the NEP influence seems to be small (Figure 2f). This is consistent with
T. Liu et al. (2024), in which they found the impacts from the SEP on ENSO
are stronger than those from the NEP by applying the regional data assimi-
lation approach in a coupled climate model.

The impact of extratropical dynamics on tropical Pacific SST anomalies is even more pronounced for low‐
frequency variability. In the Full LIM, the low‐frequency SST variance (Figure 2h) exhibits a broader meridi-
onal scale than the variance at interannual timescales (Figure 2a), with the largest values located in the central
equatorial Pacific (near the dateline) rather than in the eastern part of the basin, as typical of ENSO anomalies
(Figure 2a). In comparison to the Full LIM, TP‐only low‐frequency variance (Figure 2i) is significantly reduced
by more than 70% in most regions of the tropical Pacific (Figure 2l), suggesting that extratropical dynamics
explain the largest fraction of the tropical Pacific low‐frequency SST, consistent to previous studies (Zhao & Di
Lorenzo, 2020; Zhao et al., 2023). The removal of the NEP coupling in the No‐NEP LIM results in a statistically
significant decrease of low‐pass filtered variance in the central tropical Pacific (Figures 2i and 2m), where decadal
SST variability associated with the NPMM typically occurs (Capotondi et al., 2022; Di Lorenzo et al., 2023; C.
Liu et al., 2022; Newman et al., 2016). In contrast, when only removing the SEP dynamics, the No‐SEP low‐
frequency variance significantly decreases in the southeastern tropical Pacific region, where SST variability
linked to the SPMM (Zhang et al., 2014) typically occurs (Figure 2n).

Figure 1. Leading SST (shading) and SSH (contours, negative values
dashed) EOF patterns of the tropical Pacific in (a) Full LIM, (b) TP‐only
LIM, (c) No‐NEP LIM, and (d) No‐SEP LIM. The unit of the SSTA is °C.
The contour interval of SSHA is 0.02 m. (e) Power spectra of leading tropical
Pacific SST PC in observation (blue line), Full LIM (red line), TP‐only LIM
(orange line), No‐NEP LIM (dashed purple line), and No‐SEP LIM (dashed
green line). The power spectra of the LIMs show the mean of the spectra
from the 100 members of the LIM ensembles. The pink shading shows the
90% confidence interval determined from the 100 samples of the Full LIM.
(f) The summary statistics for the variance of the dominant SST EOF of the
various LIM ensembles in different CMIP6 models. The variances are
normalized by the total variance of the original tropical Pacific SSTAs. The
plus signs show the results of observation. Lines inside the boxes show the
sample median. The top and bottom edges of each box are the upper and
lower quartiles, respectively.
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The extratropical dynamics also significantly change the dominant mode of the tropical Pacific low‐frequency
variability (Figure S4 in Supporting Information S1). In the Full LIM, the leading low‐frequency EOF of
SSTAs (Figure S4a in Supporting Information S1) depicts the well‐known ENSO‐like TPDV pattern (Capotondi
et al., 2023; Power et al., 2021; Zhang et al., 1997). The second leading low‐frequency SSTA EOF (Figure S4e in
Supporting Information S1) displays a zonal dipole pattern, with a maximum in the warm pool region and an
opposite‐polarity anomaly of roughly equal amplitude in the eastern tropical Pacific. After decoupling the
extratropical Pacific, the leading SSTA mode becomes a zonal dipole pattern (Figure S4b in Supporting Infor-
mation S1), resembling the second dominant mode in the Full LIM (Fig. S4e in Supporting Information S1), while
the TPDV becomes the second leading mode (Figure S4f in Supporting Information S1). This suggests that the
TPDVmode (Figure S4a in Supporting Information S1) is mainly driven by extratropical dynamics, aligning with
the findings of Zhao and Di Lorenzo (2020) that extratropical precursor dynamics explain the largest fraction of
TPDV. However, the second low‐frequency SSTA mode (Figure S4e in Supporting Information S1) is mostly
induced by the local tropical dynamics (e.g., ENSO residuals), consistent with Kim and Kug (2020)'s results that
this zonal dipole decadal variability largely originates from the decadal modulation of ENSO amplitude and
asymmetry.

In the No‐NEP(No‐SEP) LIM, the dominant low‐frequency SSTA EOF exhibits an EP‐ENSO‐like (CP‐ENSO‐
like) pattern (Figures S4c–S4d in Supporting Information S1), while the second dominant SSTA EOF closely
resembles the CP‐ENSO (EP‐ENSO) pattern (Figures S4g–S4h in Supporting Information S1). These findings
align with the alterations observed in the low‐frequency SST variance (Figures 2h–2n), highlighting the distinct
tropical Pacific regions influenced by the NEP and SEP dynamics in shaping low‐frequency variance.

4. Examine the Behaviors of CMIP6 Models
In this section, we use the LIM model to evaluate 28 climate models from CMIP6 (Table S1 in Supporting In-
formation S1) to assess their ability to replicate observed impacts of the NEP/SEP on TP climate viability.

We first examine the impacts of NEP/SEP on ENSO in CMIP6 models. Decoupling the extratropical Pacific or
selectively removing the NEP/SEP impacts does not notably change the pattern of the leading SSTA EOF, CP‐
ENSO, and EP‐ENSO (Figures S5 in Supporting Information S1). This suggests a prevailing tendency among
models to underestimate the impact of the extratropical Pacific on the ENSO pattern.

The boxes in Figure 1f show the summary statistic for the variance of the SST dominant mode in different CMIP6
models, revealing large spreads among models in both the Full LIM and the decoupled LIMs. In the coupled

Figure 2. SST ensemble‐mean interannual variance patterns (˚C2) in (a) Full LIM, (b) TP‐only LIM, (c) No‐NEP LIM, and (d) No‐SEP LIM. Difference between
interannual SST variance of Full LIM and (e) TP‐only SST inter‐annual variance, (f) No‐NEP SST inter‐annual variance, and (g) No‐SEP inter‐annual variance (h–n)
Similar to (a)–(g) but for the SST ensemble‐mean low‐frequency variance patterns (˚C2). The interannual SST anomalies are obtained by removing the 6‐year lowpass
anomalies from the LIM time series and then are used to calculate the interannual variance. The 6‐year lowpass SST anomalies are used to calculate the low‐frequency
variance. Black dots show the differences exceeding the 90% significant level obtained from the variance differences of each of the 100 samples with the ensemble mean
of the corresponding LIMs. Note that similar results were obtained when using the 8‐year lowpass filter (figures not shown).
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system (Full LIM), most models (>50%) underestimate the observed variance of the dominant SST mode (blue
box and blue plus in Figure 1f). Fully decoupling the extratropical Pacific (TP‐only LIM) results in a significant
decrease in ENSO variance compared to the Full LIM in CMIP6 models (red box vs. blue box in Figure 1f).
However, most models (>50%) overestimate the observed TP‐only ENSO variance, suggesting the impacts of
extratropical Pacific on ENSO variance are generally weaker in most CMIP6 models. When only removing the
impacts of the NEP (yellow box in Figure 1f), the No‐NEP ENSO variance decreases compared to the Full LIM
(blue box in Figure 1f) but remains larger than the TP‐only variance (red box in Figure 1f), aligning with ob-
servations (the plus signs in Figure 1f). In the No‐SEP LIM, most models (>75%) largely overestimate the
observed No‐SEP ENSO variance (purple box and purple plus in Figure 1f), indicating a widespread underes-
timation of the impacts of SEP dynamics on ENSO variance in CMIP6 models.

Note that the summary statistics for the variance of the EP‐ENSO and CP‐ENSO patterns in different CMIP6
models (Figure S3j in Supporting Information S1) parallel those for the variance of the dominant SST mode
(Figure 1f). Therefore, the impacts of the extratropical Pacific, especially the SEP, on ENSO variance (including
EP‐ENSO and CP‐ENSO) are largely underestimated in most CMIP6 models.

We then examine the impacts of the extratropical Pacific on the tropical Pacific interannual variance in CMIP6
models (first column in Figure 3). The MEM interannual SST variance demonstrates similarity to observations,
but with stronger variability in the eastern tropical Pacific (Figure 3a vs. Figure 2a). When decoupling the
extratropical Pacific, the TP‐only variance decreases (Figure 3b), although the extent of the variance reduction
(∼30%) is somewhat smaller than observed (∼40%). When only removing the NEP impacts, the interannual SST
variance does not change much (Figure 3c), aligning with the observations (Figure 2f). The No‐SEP interannual
SST variability also exhibits a reduced amplitude compared to the Full LIM (Figure 3d), again, the contribution of
the SEP is notably underestimated in the models (∼20% in the MEM vs. ∼40% in the observations). After
inspecting the interannual variance of each CMIP6 model (Figures S6–S9 in Supporting Information S1), it
becomes evident that the MEM effectively captures the behavior of most models.

Furthermore, we examine the representation of the tropical Pacific low‐frequency SST variance in CMIP6
models, revealing a substantial spread across models and significant deviations from observations, in line with
findings by Zhao et al. (2023) (Figure S10 in Supporting Information S1). This emphasizes the need for cautious
interpretation when evaluating low‐frequency variance. For the MEM, the low‐frequency SST variance of the
Full LIM exhibits heightened intensity in the eastern tropical Pacific (Figure 3e) compared to observations

Figure 3. (a) Tropical Pacific interannual SST variance patterns (˚C2) of CMIP6 MEM. Difference between MEM Full LIM interannual SST variance and (b) MEM TP‐
only SST variance, (c) MEM No‐NEP SST variance, and (d) MEMNo‐SEP variance. (e) Tropical Pacific low‐frequency SST variance patterns (˚C2) of CMIP6 MEM.
Difference betweenMEM Full LIM low‐frequency SST variance and (f) MEMTP‐only SST variance, (g) MEMNo‐NEP SST variance, and (h) MEMNo‐SEP variance
(i–l) Similar to (e)–(h) but for Group One MEM (m–p) Similar to (e)–(h) but for Group Two MEM.
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(Figure 2h). In the decoupled LIMs, the MEM low‐frequency SST variance remains relatively unchanged in
comparison to the Full LIM (Figures 3f–3h), a contrast to observations. However, in the full suite of CMIP6
models, the changes in the low‐frequency variance when decoupling the extratropical Pacific display considerable
variability among models (Figure S11 in Supporting Information S1). In some models (e.g., CESM2‐WACCM,
CMCC‐ESM2, MIROC6), the TP‐only low‐frequency variance experiences a notable reduction, aligning with
observations. In contrast, some models show nearly unchanged (e.g., FGOALS‐g3, GFDL‐CM4) or even
increased (e.g., UKESM1‐0‐LL) TP‐only low‐frequency variance when compared to the Full LIM (Figure S11 in
Supporting Information S1). To delve deeper into the low‐frequency variance in CMIP6 models, we classify the
models into two groups according to the differences between the total low‐frequency SST variance and the TP‐
only low‐frequency SST variance within 10°S–10°N. Models exhibiting a positive spatial mean difference larger
than 0.01 (°C2) are classified into Group One, while others are categorized into Group Two (Table S1 in Sup-
porting Information S1).

Generally, the total low‐frequency variance is much stronger in Group One MEM than that in Group Two MEM
(Figure 3i vs. Figure 3m). In Group One models, extratropical dynamics make a significant positive contribution
to the overall low‐frequency variance (∼50%–60%), although this is smaller than observed (>70%). The NEP
(SEP) mainly contributes to low‐frequency variance in the central (southeastern) tropical Pacific region (Figs. k–
l), aligning with the observations (Figures 2m and 2n). However, Group One models tend to substantially un-
derestimate the observed SEP contribution (Figure 2n vs. Figure 3l). This suggests that, in general, the tropical
Pacific low‐frequency variability is considerably impacted by extratropical Pacific dynamics in Group One
models, although the impacts are less pronounced than observed, especially in terms of SEP impacts. While in
Group Two models, the overall contribution of the extratropical Pacific (including both the NEP and SEP dy-
namics) is minimal (Figures 3n–3p).

Given the established significance of extratropical ENSO precursor dynamics in influencing tropical Pacific
climate variability (e.g., Alexander et al., 2010; Di Lorenzo et al., 2015; Thomas & Vimont, 2016; You &
Furtado, 2017; Zhao & Di Lorenzo, 2020), we examine the representation of the SSTA ENSO precursor pattern
(see Method Section 2.1) in CMIP6 models. The observed SSTA precursor pattern (Figure 4a) is characterized by
the typical footprinting pattern (Vimont et al., 2001, 2003a, 2003b) and shares common features with the NPMM
(Chiang & Vimont, 2004) in the North Pacific, and resemble the typical pattern of the SPMM (Zhang et al., 2014)
in the South Pacific. Group One models can better reproduce the extratropical SSTA precursor pattern, especially
the footprinting pattern in the North Pacific (Figures 4c and 4d). The spatial correlation coefficient (SCC) of the
NEP ENSO precursor pattern between observations and models is larger than 0.5 in 9 of 12 Group One models
(green asterisks in Figure 4f), while the SCC in most Group Two models is smaller than 0.5 (red asterisks in
Figure 4f).

We next examine the power spectrum of the ENSO index in CMIP6 models, revealing substantial variability
among the power spectra in different climate models (light green and red lines in Figure 4e). Nevertheless, the
ensemble mean power spectrum, averaged across models with drastically different power spectra, closely re-
sembles the observed (blue line vs. black line in Figure 4e), exhibiting maximum power at timescales of
approximately 3 years. However, the models tend to underestimate the decadal power of the ENSO (>10 years).
The Group One MEM power spectrum shows much more power at longer timescales (>3 years) than the Group
TwoMEM, featuring a prominent peak at longer time scales (3–4 years) in contrast to the Group TwoMEM (2.5–
3 years) (green line and red line in Figure 4e).

In observations, the low‐frequency tropical variance (>6 years) to total tropical variance ratio is about 0.36 (the
gray line on the right in Figure 4g), while CMIP6 models exhibit a wider range from 0.05 to 0.47 (x‐axis in
Figures 4f and 4g), in which 26 out of 28 models underestimate the ratio. Our analysis reveals that CMIP6 models
with enhanced low (high) frequency ENSO power are associated with stronger NEP (SEP) dynamics. Specif-
ically, models exhibiting a better representation of the NEP ENSO precursor tend to manifest ENSO behaviors
with more low‐frequency variability (>6 years). This is evident from the strong correlation (0.6) between the
fractions of the low‐frequency power of the ENSO index and the SCCs of the NEP precursor pattern in CMIP6
models (Figure 4f). This implies that the NEP ENSO precursor dynamics play a crucial role in shaping the low‐
frequency variance while having a limited impact on the interannual variance, aligning with the observations
presented in Figure 2. Conversely, the negative correlation (− 0.53) between the SCCs of the SEP precursor
pattern and the fraction of low‐frequency power (>6 years) of the ENSO in CMIP6 models (Figure 4g) implies
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that models that can better simulate the SEP ENSO precursors tend to exhibit ENSO with more interannual
variance. This aligns with the observed substantial reduction in interannual variance, which is much larger than
the reduction in low‐frequency variance in the absence of the SEP (Figure 2g vs. Figure 2n).

5. Summary and Discussion
Using an empirical dynamical model (LIM) that allowed us to selectively include or exclude the NEP or SEP
coupling linked to the ENSO precursors, we explore the different roles of the NEP and SEP in the tropical Pacific

Figure 4. Extra‐tropical ENSO precursor pattern of (a) ORAS4, (b) CMIP6 MEM, (c) Group One MEM, and (d) Group Two
MEM. (e) Power spectra of ENSO index of observations (black line), CMIP6 MEM (blue line), Group One MEM (green
line), and Group Two MEM (red line). ENSO index is defined as the leading PC of the tropical Pacific SST. The spectra of
Group One (Two) models are shown in light green (red) lines. (f) The x‐axis shows the fraction of the low‐frequency power
(>6 years) to the total power of the ENSO index in each CMIP6 model. The y‐axis shows the spatial correlation coefficient of
the North Pacific precursor pattern between each CMIP6 model and observation. (g) Similar to (f), but the y‐axis shows the
spatial correlation coefficient of the South Pacific precursor pattern between each CMIP6 model and observation. Group One
(Two) models are shown in green (red) points.
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interannual and low‐frequency (sub‐decadal to decadal) variability. We find that both NEP and SEP dynamics
energize the tropical variance independently on different timescales. Specifically, SEP dynamics significantly
contribute to the tropical Pacific interannual variance (∼40%) and the low‐frequency variance in the southeastern
tropical Pacific (∼70%), while the absence of the NEP dynamics has negligible impact on interannual variance,
but substantially reduces low‐frequency variance in the central tropical Pacific (∼70%) (Figure 2). It is worth
mention that some trans‐basin influence may be also implicitly included in the LIM. For example, the Atlantic
climate modes may impact the NPMM through atmospheric teleconnection (e.g., Ham et al., 2013; Ma
et al., 2021). However, it is likely to be secondary compared to the internal interactions within the Pacific.

Moreover, CMIP6 climate models exhibiting a better representation of extratropical contributions to TP low‐
frequency variance (Group One models) also tend to more accurately simulate the NEP ENSO precursor
pattern and manifest ENSO with more low‐frequency power (Figures 4a–4e). Additionally, there exists a cor-
relation between the models' proficiency in representing extratropical ENSO precursor patterns and ENSO
spectral characteristics. Specifically, CMIP6 models that better simulate NEP (SEP) extratropical ENSO pre-
cursor patterns are typically associated with ENSO behaviors featuring more low‐frequency (high‐frequency)
variance (Figures 4f and 4g).

Analysis of CMIP6 models reveals a widespread underestimation of the impacts of the extratropical Pacific,
especially the SEP, on ENSO variance (including EP‐ENSO and CP‐ENSO) (Figure 1f) and the TP interannual
variance (first column in Figure 3). Many models (16 of 28, Group Two) fail to reproduce the contribution of
extratropical Pacific (including the NEP and SEP) to TP low‐frequency variance, while other models (12 of 28,
Group One) exhibit an underestimation of this contribution, especially concerning the SEP (Figure 3). Zhao, Di
Lorenzo, et al. (2021) examined the tropical Pacific decadal variability and its connection to extratropical dy-
namics in CMIP5 models using statistical methods. Although using different methods, the revealed model biases
of CMIP5 models are consistent with those of the CMIP6 models shown in this work. That is, most CMIP5
models underestimate the impacts of the extratropical Pacific ENSO precursors on the tropical Pacific climate
variability. In line with the findings of Zhao, Di Lorenzo, et al. (2021), which indicated that models with a more
accurate representation of ENSO precursors tend to better simulate basin‐scale signatures of TPDV and exhibit
stronger ENSO teleconnections consistent with observations, this study also emphasizes the importance of
enhancing the simulation of tropical‐extratropical interactions, particularly those involving the SEP, in climate
models, to improve the understanding and predictability of tropical Pacific climate variability.

Data Availability Statement
The ORAS4 output can be downloaded from: https://www.cen.uni‐hamburg.de/en/icdc/data/ocean/easy‐init‐
ocean/ecmwf‐ocean‐reanalysis‐system‐4‐oras4.html. The CMIP6 models used in this work are listed in Table S1
in Supporting Information S1. The model data were obtained from https://esgf‐node.llnl.gov/projects/cmip6/.
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