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Abstract Understanding and forecasting Tropical Pacific Decadal-scale Variability (TPDV) strongly rely
on climate model simulations. Using a Linear Inverse Modeling (LIM) diagnostic approach, we reveal Coupled
Model Intercomparison Project Phase 6 models have significant challenges in reproducing the spatial structure
and dominant mechanisms of TPDV. Specifically, while the models' ensemble mean pattern of TPDV resembles
that of observations, the spread across models is very large and most models show significant differences

from observations. In observations, removing the coupling between extratropics and tropics reduces TPDV by
~60%—-70%, and removing the tropical thermocline variability makes the central tropical Pacific a key center
of action for TPDV and El Nifio Southern Oscillation variability. These characteristics are only confirmed in

a subset of models. Differences between observations and simulations are outside the range of natural internal
TPDV noise and pose important questions regarding our ability to model the impacts of natural internal
low-frequency variability superimposed on long-term climate change.

Plain Language Summary Tropical Pacific Decadal-scale Variability (TPDV) has been shown to
impact global-scale climate fluctuations, weather regimes, and temperature trends such as the 1998-2012 global
warming hiatus. Understanding and predicting TPDV's impacts strongly rely on climate model simulations
and projections. However, the models show key deficiencies in reproducing the observed structure of TPDV.
Although the arithmetic mean of TPDV's spatial pattern in each individual model is similar to observations,
there is a large spread among models, and most models show significant differences from observations. Using
an empirical dynamical model to decompose the mechanisms of the climate models reveals that more than
50% of the models fail to reproduce the roles of extratropics-tropics coupling and the tropical thermocline
variability play in TPDV. These differences show significant challenges exist across the models for modeling
the decadal-scale climate variability in the tropical Pacific. Improving the simulation of TPDV in climate
models is vital for understanding the impacts of natural internal low-frequency variability alongside long-term
climate change.

1. Introduction

Tropical Pacific decadal-scale variability (TPDV) on timescales longer than 68 years plays an important role
in modulating global climate and regional weather and marine ecosystems, with important societal impacts
(Alexanderetal., 2002; Capotondi et al., 2020; Di Lorenzo et al., 2013; Fisman et al., 2016; Liu & Di Lorenzo, 2018;
Power et al., 1999, 2021; Vimont, 2005). TPDV also impacted the growth rate of globally averaged surface air
temperature over the past century, significantly contributing to the observed global warming hiatus of the early
2000s (England et al., 2014; Kosaka & Xie, 2013; Meehl et al., 2013; Watanabe et al., 2014). Previous work
has extensively studied the mechanisms of TPDV based on observational data and model simulations, finding
that both internal tropical atmosphere-ocean coupled dynamical processes (Li et al., 2006; Liu et al., 2002; Wu
et al., 2003) and extratropical-tropical interactions (e.g., Chung et al., 2019; Liguori & Di Lorenzo, 2019; Sun
& Okumura, 2019; Zhao & Di Lorenzo, 2020) play an important role in driving TPDV. In particular, previous
studies based on observational data found that extratropical El Nifio Southern Oscillation (ENSO) precursor
dynamics are estimated to explain about 65% of TPDV (Di Lorenzo et al., 2015; Zhao & Di Lorenzo, 2020). In
the subtropical region, the thermodynamic ocean-atmosphere coupling (e.g., the wind-evaporation-sea surface
temperature (SST) feedback (WES feedback), Xie and Phileder 1994) is a key driver of the extratropical ENSO
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precursors by activating the seasonal foot-printing mechanism (SFM) (Vimont et al., 2001, 2003) and leading
to Meridional Modes (MMs) (Chang et al., 2007; Chiang & Vimont, 2004). The MMs have been shown to play
an important role in energizing ENSO and TPDV (e.g., Ding et al., 2015; Liguori & Di Lorenzo, 2019; Liu &
Di Lorenzo, 2018). Besides, the thermocline variability also contributes to the tropical Pacific SST variance at
both interannual and decadal timescales mainly through the dynamical coupling, involving the thermocline feed-
back (e.g., An & Jin, 2001; Jin & An, 1999) and the changes in the sub-tropical cells through the wind-induced
off-equatorial Rossby waves (Anderson et al., 2013; Capotondi & Qiu, 2022).

The relatively short instrumental record for the tropical Pacific (Deser et al., 2010) makes long-term simulations
from Earth System Models (ESMs) powerful tools to understand TPDV. However, recent studies show climate
models from Phase 5 of the Coupled Model Intercomparison Project (CMIPS) display major deficiencies in simu-
lating TPDV (Henley et al., 2017; Lyu et al., 2016; Power et al., 2021; Zhao, Di Lorenzo, et al., 2021), preventing
a complete characterization and understanding of TPDV. For example, the simulated equatorial Pacific warming
in most models extends too far to the west (Lyu et al., 2016; Power et al., 2021); the magnitude of TPDV varies
markedly from model to model and is underestimated by most models (Power et al., 2021; Zhao, Di Lorenzo,
et al., 2021); and most models underestimate the contribution of the extratropical precursor dynamics to the
TPDV (Zhao, Di Lorenzo, et al., 2021). However, most studies only examined the simulated spatial-temporal
characteristics of TPDV, and fewer diagnosed the mechanisms of TPDV among the climate models. Moreover, to
our knowledge, there is no study diagnosing the simulation of TPDV among the Coupled Model Intercomparison
Project Phase 6 (CMIP6) models. In this work, we evaluate the mechanisms of TPDV across CMIP6 climate
model simulations and compare them with those inferred from observations.

Since the physical interactions between the extratropical Pacific and tropical Pacific occur on a wide range of
spatial and temporal scales (e.g., Liu & Di Lorenzo, 2018; Newman et al., 2016), this paper uses a diagnostic
approach based on a multivariate dynamical system—Linear Inverse Model (LIM) described in Zhao, Newman,
et al. (2021) to explore the mechanisms of TPDV, that is, the roles of tropical dynamics versus extratropical
dynamics, and the roles of thermocline variability versus surface fluxes including the thermodynamical coupling.
In this work, we first evaluate the representation of TPDV in 31 CMIP6 climate models to understand how well
they are able to capture observed TPDV. Then the LIM approach is used to explore the mechanisms of TPDV in
climate models and compare them to those in the observations.

2. Data and Method
2.1. Observation and Model Data

Monthly mean values of SST (unit: °C) and SSH (unit: m) from the European Centre for Medium-Range Weather
Forecasting (ECMWF) Ocean Reanalysis System 4 (ORAS4) (Balmaseda et al., 2013) for the period January 1958
to December 2014 are used in this study. The model data include monthly mean SST and SSH output from historical
simulations (rlilpl) of 31 climate models from Phase 6 of the Coupled Model Intercomparison Project (CMIP6)
(Eyring et al., 2016) (Table S1 in Supporting Information S1). The period of model data is from January 1958 to
December 2014. SST and SSH fields are first averaged into 2° latitude X 5° longitude grid boxes. The anomalies
are derived by removing the climatological seasonal cycle. Before performing the empirical orthogonal function
(EOF) analysis, each field is normalized by its domain-averaged climatological STD. The externally forced trend
is removed following Penland and Matrosova (2016) and Frankignoul et al. (2017) (Text S1 in Supporting Infor-
mation S1). Then the LIM is constructed by principal component (PC) time series derived from the EOF analysis.

2.2. Linear Inverse Model

The LIM framework can be applied to the climate system where the nonlinear dynamics decorrelate much faster
than the linear dynamics, which can be approximated as a multivariate linear dynamical system driven by white
noise (Hasselmann, 1976; Penland & Sardeshmukh, 1995):

dx
— =Lx+¢, 1

where x is the state vector, L is the linear dynamical operator defining the evolution of x, and ¢ is the white noise
forcing. Following Penland and Sardeshmukh (1995), the matrix L is determined by:

L =17"In{Cx)CO)"}, @
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where C(0) and C(z,) represent the covariance matrices and lag-covariance matrix at lag z,,, respectively—that is,
C(0) = (x()x"(1)) and C(zy) = (x(t + 7)x"(¢)), where 7, = 1 month.

To simulate the dynamics of the coupled system of tropical Pacific and extratropical Pacific, we rewrite Equa-
tion 1 as:

XT Lyr Lyt Lst || xr ér

dx d

E = E xn |=|LrnLnn Lsn || xn | T &N | 3)
Xs LrsLns Lss || xs Es

where x;, x,, and x represent the variables within the tropical Pacific (20°S—14°N), North Pacific (16°N-60°N),
and South Pacific (60°S-22°S), respectively. Note here we used an asymmetrical tropical region from 20°S to
14°N because 20°S and 14°N (gray lines in Figure Sla in Supporting Information S1) can separate the tropical
SST variance and extratropical SST variance more clearly in observations, and have been used in previous stud-
ies (e.g., Lou et al., 2020; Lou et al., 2021; Zhao, Newman, et al., 2021). Furthermore, the results of the region
experiment show that the main results are not qualitatively changed when using different dividing lines (Figure
S2, Text 2 in Supporting Information S1). Following Zhao, Newman, et al. (2021), we constructed the state vector
x using 12/3/12/2/12/2 leading PCs of SST,;/SSH,/SST,/SSH,/SST/SSH; (hereafter Full LIM), which explains
87/65/69/24/73/36 percent of the variability of their respective fields. Note that using slightly different EOF
truncations does not qualitatively change the tropical Pacific SST variances in the LIMs (Figure S3 and Text 2 in
Supporting Information S1).

We next separate the contributions of different physical processes to tropical Pacific climate variability using the
LIM. To explore the role of extratropics-tropics coupling, we construct a TP-only LIM, where all interactions
between tropical and extratropical Pacific are removed. Similarly, to investigate impacts of the tropical Pacific
thermocline variability, we build the No-SSH LIM1 (No-SSH LIM2) where the impact of tropical and extratrop-
ical SSH (only extratropical SSH) on the tropical Pacific climate variability is removed. The details are described
in Text S3 in Supporting Information S1. Note that before using the LIMs for diagnosis, we conduct a “tau test”
(Penland & Sardeshmukh, 1995) to examine the validity of the linear approximation (Figure S1 and Text S4 in
Supporting Information S1). Then the 100-member sets of LIM reconstructions are constructed, which are then
used for analyzing the decoupled low-frequency variance and for significance testing in a standard Monte Carlo
approach (Text 5 in Supporting Information S1).

We next build LIMs from the output of each CMIP6 model and repeated the observational LIM analysis. The
LIM can represent the tropical Pacific low-frequency SST variance in CMIP6 models and therefore can be used
to diagnose the simulation of the TPDV (Figures S4 and S5, Text S6 in Supporting Information S1). To better
investigate the TPDV 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 where the spatial mean of the differences is positive and larger than 0.01 (°C?) are classified into Group
One, while models where the spatial mean is negative are classified into Group Two (Table S1 in Supporting
Information S1). Hence, in Group One models, extratropical dynamics have an important overall positive contri-
bution to the TPDV, while in Group Two models, the overall contribution is negative.

3. The Role of Tropical Atlantic in CP and EP ENSO Prediction and PB
3.1. The Representation of TPDV Across CMIP6 Models

In this section, we first examine the models' sea surface temperature (SST) variance pattern and compare them to
observations (Figure S6 in Supporting Information S1) to diagnose the representation of tropical Pacific climate
variability among CMIP6 models. Although the SST variance is stronger or weaker in some models compared
to observations, most CMIP6 models can represent the basic ENSO-like pattern of the SST variance (Figure
S6 in Supporting Information S1) and the multi-model ensemble mean (MEM) pattern closely resembles the
observations. We then examine the tropical Pacific low-frequency SST variance in CMIP6 models (Figure 1)
to identify the features of TPDV. We apply the Zhang et al. (1997) low-pass filter to SST anomaly (SSTa) from
observations and CMIP6 output to filter out higher frequencies (periods <6 years) including those associated
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Figure 1. Tropical Pacific low-frequency SST variance (°C?) of observation (OBS) from ORAS4; models ensemble mean of all models (MEM all), Group One models
(MEM Group One), and Group Two models (MEM Group Two); and each CMIP6 model. The pattern of OBS is highlighted with a blue outline. Models with the green
(red) title are Group One (Group Two) models. The gray dots in patterns of CMIP6 models show that the simulated low-frequency SST variance is different from the
observations at 95% significance level. The number in each subtitle shows the fraction of the area that is significantly different from the observation.

with ENSO inter-annual variability. Note that similar results were obtained when using the 8-year lowpass filter
(figures not shown).

Although most models can capture the characteristics of the tropical Pacific SST variance, there are significant
differences in the representation of the TPDV across CMIP6 models when compared to observations (Figure 1).
The TPDV in some models is much stronger than observed (e.g., CESM2-WACCM, CMCC-CM2-SRS5,
CMCC-ESM2), while in some models is much weaker (e.g., CNRM-CM6-1-HR, INM-CM5-0, FGOALS-g3).
Most models have a reduced loading of variance in the Central North Pacific consistent with the excitation
region of the North Pacific extra-tropical precursor dynamics (e.g., Di Lorenzo et al., 2015; Liu & Xie, 1994),
suggesting that these models underestimate the role of North Pacific precursors in TPDV. On the contrary,
many models can capture the low-frequency variance in the Southeast Pacific, where several dynamics can
energize the SST variance, for example, the South Pacific precursor dynamics (Zhang et al., 2014), and the
reddening of the South Pacific extra-tropical trade winds (Okumura, 2013). Overall, the TPDV pattern in
most CMIP6 models shows significant differences from observations (see gray dots in Figure 1 and Methods
section for the definition of significance), suggesting that these models display major deficiencies in simu-
lating key aspects of TPDV. Nevertheless, the MEM low-frequency SST variance, which is averaged across
models is similar to the observations (Figure 1) despite the significant differences across the model variance
pattern.
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Figure 2. Low-frequency SST variance (°C?) in the tropical Pacific basin of (a) observation, (d) MEM of all CMIP6 models, (g) MEM of Group One models, and

(j) MEM of Group Two models. The decoupled low-frequency SST variance (°C?) in the tropical Pacific basin of (b) observation, (¢) MEM of all CMIP6 models, (h)
MEM of Group One models, and (k) MEM of Group Two models. Fraction decrease from the total low-frequency SST variance to decoupled low-frequency variance of
(c) observation, (f) MEM of all CMIP6 models, (i) MEM of Group One models, and (1) MEM of Group Two models.

3.2. Extra-Tropical Forcing of Tropical Pacific Decadal-Scale Variability

The previous section shows that the representation of TPDV in CMIP6 models greatly differs from observations
and across models (Figure 1). This raises the possibility that the mechanisms of TPDV in CMIP6 models may
also be different from the observations and from model to model.

Previous observational studies suggest that the largest fraction of TPDV (~65%) is sourced from extratropical
ENSO precursors (Di Lorenzo et al., 2015; Zhao & Di Lorenzo, 2020). To evaluate the overall impact of extrat-
ropical dynamics on tropical Pacific decadal-scale variability, we use the LIM diagnostic model (see Methods) to
separate the contributions to TPDV arising from tropically confined dynamics only (TP-only LIM) versus those
arising from coupled tropical/extra-tropical interactions (Figure 2). In observations, the low-frequency SSTa
variance has comparatively higher amplitude in the central tropical Pacific (near the dateline) than in the east-
ern tropical Pacific (Figure 2a). In comparison, the TP-only low-frequency variance is sharply reduced in most
regions of the tropical Pacific (Figure 2b). When comparing the total TPDV (Figure 2a) to the one linked to local
tropical dynamics only (Figure 2b), we find that in the observations the tropical-extratropical feedbacks explain
the largest fraction of TPDV SSTa variability (~60-70%, Figure 2c, shows the fraction difference between the
full state and TP-only LIM), which is consistent with previous statistical estimates based on observations alone
(Zhao & Di Lorenzo, 2020).

The CMIP6 models substantially underestimate the contribution of extratropical dynamics to the TPDV, relative
to observations. For the MEM of all the CMIP6 models, the TP-only variance is increased compared to the total
SST variance (cf. Figures 2d and 2e) with an increase of about 20% in the equatorial region (Figure 2f), in contrast
with the decrease seen in observations (Figure 2c). After inspecting each individual model in CMIP6 (Figures
S7 and S8 in Supporting Information S1), we find that the patterns of the local low-frequency SST variance from
the TP-only LIM vary markedly from model to model (Figure S7 in Supporting Information S1). When removing
the impact of extratropical dynamics, the local low-frequency SST variance is significantly increased in some
models compared to the total low-frequency variance, while in other models is decreased (Figure S8 in Support-
ing Information S1). More than 50% of the models cannot reproduce the contribution of extratropical dynamics to
the TPDV in observations (Figure S8 in Supporting Information S1). This suggests that the mechanisms of TPDV
are very different among the CMIP6 models.

The MEM of Group One models exhibits stronger low-frequency SST variance compared to the MEM of Group
Two models (Figure 2g vs. Figure 2j), and the decoupling of tropics—extratropics leads to a significant reduction
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Figure 3. Full SST variance (°C?) in the tropical Pacific basin of (a) observation, (d) MEM of all CMIP6 models, (g) MEM of Group One models, and (j) MEM of
Group Two models. Here the full SST variance means the variance including all frequencies. The decoupled SST variance (°C?) in the tropical Pacific basin of (b)
observation, (¢) MEM of all CMIP6 models, (h) MEM of Group One models, and (k) MEM of Group Two models. Fraction decrease from full SST variance to the
decoupled variance of (c) observation, (f) MEM of all CMIP6 models, (i) MEM of Group One models, and (1) MEM of Group Two models.

in the TPDV (~50%-60%, Figure 2i), which is consistent with observations (Figure 2c). Different behavior is
seen in the Group Two models, where the lack of tropical-extratropical coupling leads to a strong increase in
the TPDV (Figures 2k and 21). These results suggest that while extratropical dynamics play an important role in
shaping the TPDV in Group One models, in Group Two the extratropical dynamics seem to be acting as a source
of noise to the TPDV or a coherent dynamical process which tends to damp TPDV- that is the absence of the
extratropical noise leads to stronger TPDV. The other CMIP6 models are far less sensitive to extratropical forcing
implying that their TPDV is primarily reflective of internal tropical processes.

3.3. Extra-Tropical Forcing of Full Tropical Pacific Variability

Next, we examine the impact of extra-tropical dynamics on the tropical Pacific full SST variance (Figure 3), that
is including both ENSO and TPDV timescales. In observations, the full SST variance has a high amplitude in the
cold tongue region and extends to the warm pool region with decreasing amplitude (Figure 3a). After removing
the extratropical influence, the TP-only SST variance (Figure 3b) is substantially reduced, and more concentrated
in the equatorial Pacific region compared to the total variance (Figure 3b vs. 3a). A substantial fraction of tropical
SST variance relies on coupling with the extra-tropics, especially in the eastern tropical Pacific region (~40%)
(Figure 3c). We then remove the low-frequency SST variance from the full variance and find that the extratropi-
cal dynamics can explain about 30%—40% of the SST variance on the ENSO timescale (Figure S9 in Supporting
Information S1).

In the full suite of CMIP6 models, similar to what was found for TPDV, the total SST variance is less impacted
by the extratropical coupling than in observations. The representation of local SST variance in each CMIP6
model is different from the observations and each other (Figure S10 in Supporting Information S1). The fraction
decreases from the full SST variance (Figure S6 in Supporting Information S1) to TP-only variance (Figure S10
in Supporting Information S1) due to the extratropical influence is much smaller when compared to the fraction
decrease of low-frequency variance (Figure S11 vs. Figure S8 in Supporting Information S1), and is positive
in most models (Figure S11 in Supporting Information S1), indicating that extratropical dynamics contribute
to the tropical Pacific climate variability in these models (e.g., on ENSO timescales). However, in the MEM of
all CMIP6 models, the change in local SST variance is relatively small compared to the full SST variance (cf.
Figures 3d and 3e), with a reduction of only about 10%—20% in the eastern tropical Pacific (Figure 3f). This
suggests that, in general, tropical Pacific SST variability is considerably less influenced by extratropical dynam-
ics in CMIP6 models compared to observations (cf. Figures 3c and 3f). If we examine the Group One and Group
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Figure 4. The tropical Pacific SST variance (°C?) when removing the impact of SSH of (a) observation, (c) MEM of all CMIP6 models, (¢) MEM of Group One
models, and (g) MEM of Group Two models. Fraction decrease from full SST variance to SST variance when removing the impact of SSH of (b) observation, (d)
MEM of all CMIP6 models, (f) MEM of Group One models, and (h) MEM of Group Two models (i—p) Similar to (a—h) but for the tropical pacific low-frequency SST
variance (°C?) when removing the impact of SSH.

Two MEM separately, we find that in Group One the extratropical dynamics play a more important role in driving
full tropical Pacific variability compared to that in Group Two (cf. Figures 3i and 31). Overall, we find that in
Group One models, the extratropical dynamics significantly impact tropical variability at both interannual and
decadal timescales.

3.4. Thermocline Variability Versus Surface Dynamics in Tropical Pacific Climate Variability

To further diagnose the differences of tropical Pacific climate variability in CMIP6 models and observations,
No-SSH LIM1 is conducted where both the tropical and extra-tropical SSH is decoupled from the SST. By
decoupling the SSH and SST, we are allowed to separate the effect of thermocline variability including the trade
wind charging mechanism (Anderson et al., 2013) from the surface dynamics including the thermodynamic
coupling between tropics and extratropics (e.g., the WES feedback), which has been shown to be a key driver
of the extra-tropical ENSO precursors (Chang et al., 2007; Chiang & Vimont, 2004; Vimont et al., 2001, 2003).

In the observations, when there is no thermocline variability, the surface dynamics alone leads to a pattern that
exhibits a strong core of action in the central tropical Pacific consistent with the excitation region of the Meridi-
onal Modes (Figure 4a) (e.g., Di Lorenzo et al., 2015; Liu & Di Lorenzo, 2018; Liu & Xie, 1994). If we examine
the spatial changes in variance in observations (Figure 4b), we find that the variance in the eastern tropical Pacific
is reduced by a large portion (>60%). This suggests that the lack of thermocline variability reduces the ENSO
feedbacks that are important in shaping the eastern equatorial variance (e.g., the thermocline feedback) through
the eastward propagation of equatorial Kelvin waves. To further diagnose the impact of tropical/extratropical
SSH in observations, we build a No-SSH LIM?2 in which only the extratropical SSH is decoupled from the trop-
ical Pacific climate system (Figure S12 in Supporting Information S1). In this LIM, the decoupled SST variance
closely resembles the full SST variance (cf. Figures S12a and S12b in Supporting Information S1) with a small
reduction mainly in the off-equatorial region (Figure S12¢ in Supporting Information S1). This indicates that the
extratropical thermocline variability plays a much less important role in shaping the tropical Pacific SST variance
compared to the tropical thermocline variability. From this analysis, we infer that thermodynamical coupling
processes between extratropics and tropics (e.g., the WES feedback) inject energy into the central equatorial
Pacific, which is transferred to the eastern tropical Pacific mainly via the tropical dynamical processes (e.g.,
equatorial Kelvin waves).

In the CMIP6 MEM, we find that the surface dynamics alone energizes variance in two centers of action along
the equator, one in the east and one in the west side of the basin (Figure 4c), with much weaker variance in the
central Pacific, as seen in observations, and stronger variance in the eastern equatorial Pacific compared to
observations (cf. Figures 4c and 4a). In CMIP6 models, the thermocline variability is important to the tropical
Pacific SST variance, contributing a large fraction (~40%—60% east of the dateline) of the full variance in the
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MEM (Figure 4d), but its impact is not as profound as that in the observations (Figure 4b vs. 4d). Specifically,
the Group One models are able to capture the strong SST variance due to the thermodynamical coupling in the
central tropical Pacific but with a center displaced westward (cf. Figures 4a and 4e), while Group Two models
cannot capture the pattern but rather show an ENSO-like pattern extending into the east with a center of action
off the coast of South America (cf. Figures 4a and 4g). Moreover, the thermocline variability contributes a larger
fraction of the tropical Pacific SST variance in Group One models east of the dateline compared to Group Two
models (cf. Figures 4f and 4h).

We now re-examine the SST variance patterns by applying a 6-year low-pass filter to the LIM output to inspect
the impacts of thermocline variability/surface dynamics on TPDV (Figures 4i—4p). Consistent with previous
studies suggesting that the extratropical ENSO precursors and Meridional Modes are a key source of TPDV in
the central tropical Pacific (Di Lorenzo et al., 2015; Zhao & Di Lorenzo, 2020), we find that the low-frequency
SST variance after decoupling the SSH is characterized by a very strong center in the central tropical Pacific near
the dateline (Figure 4i), which is consistent with the excitation region of the Meridional Modes (e.g., Di Lorenzo
et al., 2015; Liu & Di Lorenzo, 2018; Liu & Xie, 1994). However, the variance in the eastern tropical Pacific is
much weaker and almost insignificant compared to the full TPDV variance (cf. Figures 4i and 2a). Without the
thermocline variability, the energy “injected” in the central equatorial Pacific by thermodynamical processes in
the LIM cannot propagate eastward through equatorial Kelvin waves and remains trapped in the central-western
Pacific, as seen for the full variability in Figure 4a. Therefore, the thermocline variability exhibits a strong posi-
tive (negative) contribution to the low-frequency SST variance in the eastern (central) tropical Pacific region
(Figure 4j).

When comparing the observational finding to the CMIP6 MEM, we find that the low-frequency SST variance
driven by the surface dynamics shows important differences, and the contribution of thermocline variability
to the TPDV is greatly underestimated by CMIP6 models (Figures 4k and 41). After removing the thermocline
variability, the MEM of all CMIP6 models shows weaker (stronger) low-frequency SST variability in the central
(eastern) tropical Pacific region compared to observations (cf. Figures 4k and 4i). Therefore, the fraction increase
(decrease) due to the thermocline variability in the central (eastern) tropical Pacific region is much smaller in
MEM (cf. Figures 41 and 4j). This suggests that the thermocline variability may play a much less important role
in shaping the TPDV in most CMIP6 models compared to the observations. To be more specific, the observed
low-frequency SST variance after decoupling SSH is well reproduced by Group One models, but the center of
action is more westward (cf. Figures 4m and 4i), while that in Group Two models is greatly different from the
observations, showing an ENSO-like pattern extending into the east (Figure 40). In Group One models, the
thermocline variability can explain a much larger fraction of TPDV when compared to Group Two models (cf.
Figures 4n and 4p). These results suggest again that the Group One models, in which extratropical dynamics are
important in driving TPDV, tend to better simulate the different roles that the surface dynamics and thermocline
variability play in shaping TPDV.

4. Summary and Discussion

Using an empirical dynamical model (LIM) that allowed us to selectively include or exclude the extratropical
coupling and the thermocline variability, we examine the representation of tropical Pacific climate variability,
especially TPDV, in CMIP6 models. To summarize our results, we compare the patterns of tropical Pacific total
and low-frequency SST variances in each CMIP6 model (diamonds) to the observed (black pentagrams) using
Taylor diagrams (Figure S13 in Supporting Information S1).

The CMIP6 models (diamonds in Figure S13a in Supporting Information S1) can basically reproduce the observed
SST variance pattern (black pentagram in Figure S13a in Supporting Information S1), with the spatial correlation
coefficient (SCC, cosine of the angles from the x-axis) in most models larger than 0.8. Tropical-extratropical
coupling drives a large fraction of the tropical Pacific climate variability in observations (Figures 3a-3c).
However, after removing the tropical-extratropical coupling, the large scatter of points in the Taylor diagram
(Figure S13b in Supporting Information S1) reveals that there are significant differences in representations of the
TP-only SST variance among CMIP6 models.

Compared to the full SST variance, the simulations of the decadal-scale SST variance patterns in CMIP6 models
are more scattered, with SCCs smaller than 0.8 and the STDs varying markedly from model to model (Figure
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S13c in Supporting Information S1). This is consistent with our finding that the representation of the TPDV in
CMIP6 models is significantly different from observations (Figure 1). Although most models underestimate the
observed decadal-scale SST variance (Figure S13c in Supporting Information S1), most models overestimate the
observed TP-only decadal SST variance (Figure S13d in Supporting Information S1). This reveals that CMIP6
models, even if able to reproduce the total SST variance pattern, exhibit significant challenges in capturing the
spatial structure of TPDV along with the tropical-extratropical coupling dynamics that are key for generating
TPDV. Especially, the TPDV in Group 2 models seems to be dominated by local dynamics, showing weak
coupling with the extra-tropics. Previous studies show that the contribution of the tropical-extratropical feedback
to the TPDV possibly depends on the decadal background state (e.g., Jia et al., 2021). The different decadal back-
ground states may be an important factor leading to the large discrepancy in the TP-only decadal SST variance
among the CMIP6 models (Figure S13d in Supporting Information S1), which is worth exploring in future work.

The discrepancy between the CMIP6 patterns and observations exceeds 90% of the LIM samples (Figure S13
in Supporting Information S1, dark gray dots), suggesting that the differences between the model and observed
tropical Pacific SST variance are statistically significant. The differences are likely due to the model error rather
than the limitation of a single observational realization. This is even true for the MEM SST variance patterns
(blue, green, and red pentagrams in Figure S13 in Supporting Information S1).

We have also explored the role of thermocline variability and surface fluxes in driving TPDV. In observations,
the thermodynamical coupling processes inject energy into the central tropical Pacific, which is then transferred
to the eastern tropical Pacific by the tropical dynamical processes to form the TPDV pattern. However, most
CMIP6 models cannot capture the correct location where thermodynamical coupling influences TPDV, and
greatly underestimate the contribution of thermocline variability (Figure 4).

Previous studies suggest that dynamics in the North and South Pacific may play different roles in the tropical
Pacific climate variability (Liguori & Di Lorenzo, 2019). To follow up on this study, we could separate the roles
of the northern and southern extratropical Pacific in TPDV and explore their relative contributions in both obser-
vations and climate models using the LIM diagnostic method.

While there is a long set of literature discussing the non-linearities of ENSO, the tropical-extratropical dynam-
ics that have been uncovered in the literature to date are mostly linear in nature (e.g., atmospheric and oceanic
Rossby waves, Meridional Models, TWC), which are well captured by the LIM. Having said that, there is still
potential for non-linear dynamics may play some role that is yet to be identified. The LIM can capture some
nonlinear dynamics, for the dynamical operator L includes linearly parameterizable nonlinear dynamics, and the
stochastic forcing term encapsulates all remaining unpredictable nonlinear dynamics. Even though, the tropical
Pacific climate variability may include nonlinearities that LIM cannot capture. As such, the role of the nonlinear
processes needs to be further examined using nonlinear models (e.g., coupled general circulation models).

Taken together, these results suggest that despite the models' ability to simulate ENSO-scale variability in the
tropical Pacific, significant challenges exist across models in reproducing the observed dynamics and patterns
of TPDV. These differences are outside the range of natural internal TPDV noise and pose important questions
regarding our ability to model the impacts of natural internal low-frequency variability on long-term climate
change.

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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