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Abstract El Niño, as the dominant interannual variability for global climate, exhibits different spatial
“flavors” with distinct global impacts, and the ensemble of current model projects there will be an
increase in the frequency of central Pacific El Niño (CP El Niño) in a warmer world. In this study, we
identified that future changes in CP El Niño frequency are significantly related to the simulated cold tongue
strength in CMIP5/6 models. A model simulating a stronger cold tongue tends to project more frequent CP
El Niño events under global warming, due to the positive zonal advection feedback in the central Pacific.
Based on this relationship, we calibrate the CP El Niño frequency projections using the emergent constraint
concept and reveal that the changes in CP El Niño frequency under global warming as projected in previous
multimodel ensembles more likely decrease because of an excessive cold tongue in CMIP5/6 models.

Plain Language Summary The emerging central Pacific (CP) El Niño has obviously different
impacts on global climate compared to the conventional eastern Pacific El Niño. Understanding how CP
El Niño will change under global warming is crucial for projecting global climate changes. Previous studies
indicated that the CP El Niño frequency will increase under global warming, which ignored the effects of
model biases. This study offers a new perspective on the changes in CP El Niño frequency taking into
account the effects of the long‐standing common bias—the excessive cold tongue—in CMIP5/6 models.
We reveal that models with an excessive cold tongue tend to overestimate the changes in ENSO‐related SST
variability in the CP as well as the CP El Niño frequency in response to global warming.

1. Introduction

As the dominant mode of interannual variability, ENSO exerts significant and far‐reaching impacts on glo-
bal climate and weather (Horel & Wallace, 1981; Ropelewski & Halpert, 1987; Webster et al., 1998). ENSO
events are recognized as having two “flavors” with respect to their spatial pattern—one in which the
maximum sea surface temperature (SST) anomalies are located in the equatorial eastern Pacific (EP) and
the other in the equatorial central Pacific (CP), referred to as EP ENSO and CP ENSO, respectively
(Kao & Yu, 2009; Yu & Kim, 2010). The two flavors of ENSO have distinct global climate teleconnections
and impacts (Kim et al., 2009; Weng et al., 2009).

In the current situation of increasing anthropogenic greenhouse gas emissions and resultant global warm-
ing, understanding how ENSO's behaviors will change under these conditions is important for projecting
the changes in ENSO teleconnections and global extreme events (Cai et al., 2014, 2015; Collins et al., 2010;
Latif & Keenlyside, 2009). Coupled general circulation models are most effective tools for projecting ENSO,
although the models still has some biases in simulating ENSO characteristics (Bellenger et al., 2014;
Cai et al., 2018; Karamperidou et al., 2017; Kim et al., 2014; Kim & Yu, 2012). Previous studies based on
the simulations in Phase 3 of the Coupled Model Intercomparison Project (CMIP3) (Yeh et al., 2009) sug-
gested that CP El Niño will occur much more frequently under global warming since the equatorial mean
thermocline will rise and flatten in association with weakened Walker circulation and trade winds
(Vecchi et al., 2006). In the latest phases of CMIP, that is, CMIP5 and CMIP6, simulations have shown
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that the changes in ENSO‐related SST (hereafter referred to as “ENSO SST”) variability in 2061–2100 relative
to 1961–2000 present a pronounced enhancement in the CP and a significant weakening in the EP
(Figure 1a). However, the increased CP El Niño frequency is a matter of debate. On the one hand, it has been
found to have increased in the past few decades (Lee & McPhaden, 2010; Liu et al., 2017; Na et al., 2011) but
with the observed background changes in the tropical Pacific opposite to the projection in CMIP3 models
(McPhaden et al., 2011; Xiang et al., 2013; Yeh et al., 2009). On the other hand, some studies suggested that
no consensus has been reached on the changes of CP El Niño frequency in most CMIP5 models (Chen
et al., 2017; Power et al., 2013; Taschetto et al., 2014; Xu et al., 2017).

Another uncertainty in the changes of the different ENSO flavors could be the model bias in reproducing the
current climatology (Cai et al., 2014; Collins et al., 2010; Huang &Xie, 2015; Taschetto et al., 2014). In several
CMIP generations there is a common cold tongue (CT) bias whereby it extends excessively westward into the
equatorial western Pacific (Figures 1b and S1 in supporting information) (Li & Xie, 2012, 2014; Zheng
et al., 2012). This bias can induce an overly weak cloud radiation‐SST feedback in the tropical western
Pacific (Feng et al., 2019; Huang & Ying, 2015; Li et al., 2016) and tend to an overestimated trade winds
and strong ocean upwelling (Seager et al., 2019), leading to an overly strong SSTwarming in the tropical wes-
tern Pacific. The warmer western Pacific mean state facilitates the occurrence of more CP El Niño events
(McPhaden et al., 2011; Wang et al., 2019; Xiang et al., 2013) by modifying ENSO's amplifying and damping
feedbacks (Collins et al., 2010; Ham & Kug, 2016; Kim et al., 2014; Latif & Keenlyside, 2009; Zheng
et al., 2016). The connection between the background western Pacific state and CP El Niño frequency
implies that the CT bias could induce errors in CP El Niño projection by influencing the changes in the back-
ground SST pattern, which therefore has the potential to be used as an emergent constraint (Cox et al., 2013,
2018) to correct the projection of changes in CP El Niño. Such an emergent constraint could be applied in
model ensembles to reduce the intermodel spread of member projections and correct themultimodel ensem-
ble mean projection—if we can find a significant, physical link between the projected change in CP El Niño
and the simulation of an excessive CT bias among the models (Cox et al., 2013, 2018; Huang & Ying, 2015).

In this paper, we examine the effects of the CT bias on projections of CP El Niño frequency under global
warming by using 25 CMIP5 models and 14 CMIP6 models. A model with an excessive CT tends to project
a larger ENSO SST variability in the CP andmore frequent CP El Niño under global warming.With the zonal
advection feedback identified as the key process, the emergent constraint concept is utilized to calibrate the
projections of CP El Niño frequency, leading to the conclusion that the increase in CP El Niño frequency
under global warming is overestimated because of the excessive CT bias.

2. Materials and Methods
2.1. Models and Data

The historical and Representative Concentration Pathway (RCP) 8.5 runs from 25 CMIP5 models (Taylor
et al., 2012) and the historical and Shared Socioeconomic Pathway (SSP) 585 runs from 14 CMIP6
models (Eyring et al., 2016) were used in this study. The 25 CMIP5 models were ACCESS1‐0, ACCESS1‐3,
bcc‐csm1‐1‐m, BNU‐ESM, CanESM2, CCSM4, CESM1‐BGC, CESM1‐CAM5, CMCC‐CESM, CMCC‐CMS,
CNRM‐CM5, CSIRO‐Mk3‐6‐0, GFDL‐ESM 2 M, GFDL‐ESM 2G, GISS‐E2‐H, GISS‐E2‐R, IPSL‐CM5A‐LR,
IPSL‐CM5A‐MR, MIROC‐ESM, MIROC‐ESM‐CHEM, MPI‐ESM‐LR, MPI‐ESM‐MR, MRI‐CGCM3,
NorESM1‐M, and NorESM1‐ME, and the 14 CMIP6 models were BCC‐CSM2‐MR, CAMS‐CSM1‐0,
CNRM‐CM6‐1, CNRM‐ESM 2‐1, CanESM5, EC‐Earth3‐Veg, FGOALS‐f3‐L, INM‐CM4‐8, INM‐CM5‐0,
MCM‐UA‐1‐0, MIROC‐ES2L, MIROC6, NESM3, and UKESM1‐0‐LL.

We used the models' monthly mean variables, including SST, oceanic potential temperature, zonal current
velocity, vertical current velocity, precipitation, and wind. The monthly mean SST data from the Extended
Reconstruction of Historical Sea Surface Temperature data set, Version 3 (ERSST3) (Smith et al., 2008), were
also used in this study due to the applicability of emergent constraint. All data sets were interpolated to a
2.5° × 2.5° grid.

2.2. Climatology and Change

The historical run from 1961 to 2000 was adopted as a baseline of current climate, while the RCP8.5 run in
CMIP5 and SSP585 run in CMIP6 from 2061 to 2100 were employed as future projections under global
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warming. Also, their differences denoted the changes under global warming. All the future changes in each
model were normalized by the respective SST change averaged from 60°S to 60°N to remove the influence of
intermodel uncertainty with respect to the global mean SST warming.

2.3. Definition of the CT Index

A CT index was defined as the climatological SST averaged over the CT region (2°S to 2°N, 175°E to 90°W)
subtracting the tropical Pacific mean SST (30°S to 30°N, 0°–360°E) in the historical run multiplied by −1, to
represent CT intensity. The −1 multiplication was used so that a larger CT index value denoted a stronger
CT. Figure S1 shows the CT index values in the 25 CMIP5 models and 14 CMIP6 models.

2.4. ENSO SST Variability

Interannual variability signals were obtained by detrending the linear trends of the original data sets
and removing the annual cycle and 9‐year running mean. Our focus was on boreal winter
(December–February, DJF), which is the typical peak season for ENSO. Unless stated otherwise in the text,
all results are for the boreal winter season only. The unstandardized Niño‐3.4 index (DJF SST anomalies
averaged over the region [5°S to 5°N, 120°–170°W]) was regressed onto the anomalies of other variables
to denote the ENSO‐related variability. The changes in ENSO‐related variability in the future were defined
as the differences between the regressed ENSO variability in 2061–2100 and 1961–2000. The regression on
the unstandardized Niño‐3.4 index excluded the effect of ENSO amplitude, with only the structural changes
in the ENSO‐related variability retained. To remove the effect of the intermodel differences in the global
mean SST warming in response to the increasing anthropogenic greenhouse gas among the models, the
changes in ENSO‐related variables in each model were scaled by their respective mean SST warming aver-
aged from 60°S to 60°N. The multimodel ensemble (MME) was defined simply as the average of the 39 mod-
els in CMIP5/6. The intermodal consensus was the percentage of models that agreed on the sign of change
with theMME, and a threshold of 68% for the intermodal consensus was equivalent to statistical significance
at the 95% confidence level as calculated by the Student's t test (Power et al., 2012).

2.5. Selection of CP and EP El Niño Events

EP El Niño events generally show their largest SST anomalies in the Niño‐3 region (5°S to 5°N, 90°–150°W),
while CP El Niño events tend to peak in the CP within the Niño‐4 region (5°S to 5°N, 160°E to 150°W).
To classify the spatial structure of different El Niño flavors, we followed the method in Yeh et al. (2009).
Specifically, an event was considered as a CP El Niño if the DJF Niño‐4 index (SST anomalies averaged
over [5°S to 5°N, 160°E to 150°W]) exceeded the DJF Niño‐3 index (SST anomalies averaged over
[5°S to 5°N, 90°–150°W]).

Figure 1. (a) MME changes in ENSO SST in the period 2061–2100 relative to those in 1961–2000. (b) MME climatological SST bias in 39 models relative to
observations. (c) Intermodel regression of climatological SST warming onto the CT index. (d) Intermodel regression of ENSO SST change onto the CT index.
Stippling in (a) and (b) indicates the regions where the sign of the MME agrees in more than 68% of models. Stippling in (c) and (d) indicates that regressions are
significant at the 95% confidence level of the Student's t test.
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3. Results
3.1. Relationship Between CT Strength and Changes in ENSO Variability

Figure 1c shows the intermodel regression of the projected changes in the SST mean state onto the CT index.
The results display a relationship whereby amodel with a stronger simulated CT tends to project a larger SST
increase in the equatorial western Pacific and a smaller SST increase in the EP under global warming. In
other words, a model with an excessive CT bias tends to project an unrealistic La Niña‐like warming, which
is consistent with previous studies (Feng et al., 2019; Huang & Ying, 2015; Li et al., 2016). As expected,
because of the well‐documented connection between the mean state and CP El Niño frequency
(McPhaden et al., 2011; Xiang et al., 2013), the changes in ENSO SST variability in the equatorial western‐
central Pacific around the Niño‐4 region are significantly associated with the CT strength among the models
(Figure 1d). If we remove several models with the largest CT bias, this relationship is still valid (figures not
shown). This result indicates that a model with a stronger CT tends to project a markedly increased SST
variability in the Niño‐4 region and more frequent CP El Niño in the future.

3.2. Underlying Mechanisms of the Increased CP El Niño Frequency Induced by CT Bias

The development of El Niño is primarily related to three feedbacks: zonal advection feedback; thermocline
feedback; and Ekman pumping feedback (Jin et al., 2006; Li, 1997). The zonal advection feedback is defined
by the anomalous zonal advection of the mean zonal SST gradient; the thermocline feedback is defined by
the mean vertical advection of the anomalous vertical temperature gradient, and the Ekman pumping feed-
back is defined by the anomalous vertical advection of the mean vertical temperature gradient.

Figure 2. (a) Intermodel regression of changes in zonal advection feedback onto the CT index during the ENSO developing autumn. (b) Intermodel regression of
present‐day zonal SST gradient multiplied by the MME changes in the ENSO‐related zonal current anomaly during the ENSO developing autumn. (c) MME
present‐day zonal SST gradient multiplied by the intermodel regression of changes in the ENSO‐related zonal current anomaly during the ENSO developing
autumn. (d) Intermodel regression of the present‐day ENSO‐related zonal current anomaly multiplied by the MME changes in zonal SST gradient during the
ENSO developing autumn. (e) MME present‐day ENSO‐related zonal current anomaly multiplied by the intermodel regression of changes in zonal SST
gradient during the ENSO developing autumn. Stippling in (a)–(e) indicates that regressions are significant at the 95% confidence level.
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Mathematically, these feedbacks can be expressed as−u′
∂T
∂x

,−w
∂T′
∂z

, and−w′
∂T
∂z

, respectively, wherew, u′,

and w′ represent the equatorial mean upwelling, anomalous zonal current, and vertical upwelling,

respectively, and T and T′ denote the anomalous and climatological upper‐ocean temperature,
respectively. The mixed‐layer depth is chosen as a constant of 50 m. Considering that the SST tendency
term is orthogonal to the SST anomaly, the budget analysis should be ahead of the SST anomaly
several months. Thus, we provided the budget analysis during the ENSO developing autumn
(September–November). In the Niño‐4 region, the thermocline is thick, and the mean and anomalous
vertical temperature gradient are very small in mixed layer. As a result, for the El Niño SST changes in the
Niño‐4 region, the effects of thermocline feedback and Ekman pumping feedback are negligible
(Figure S2), with zonal advection feedback serving as the dominant factor among them (Graham et al., 2017).

The intermodel regression of the projected changes in zonal advection feedback onto the CT index
(Figure 2a) displays a zonal dipole pattern in the western‐central Pacific, similar to the intermodel regressed
SST anomaly changes (Figure 1d). This result implies that zonal advection feedback should be the key pro-
cess for the increase in CP El Niño related to CT strength. The changes in zonal advection feedback related to

different CT strengths can be decomposed into two terms, −
∂T
∂x

· Δu′
� �

r

and − u′ · Δ
∂T
∂x

� �
r

, where Δ

denotes the future change and the subscript r represents the intermodel regression upon the CT index.

The terms−
∂T
∂x

· Δu′
� �

r

and− u′ · Δ
∂T
∂x

� �
r

are comparable (Figure S3) and can be further decomposed into

four terms:

−Δ u′
∂T
∂x

� �
r

¼ −
∂T
∂x r

· Δu′m −
∂T
∂xm

Δu′r − u′r · Δ
∂T
∂xm

− u′m · Δ
∂T
∂x r

;

where the subscript m represents the MME. Among the four terms on the right side of the equation,

the positive contributions of −
∂T
∂xm

Δu′r and −u′r · Δ
∂T
∂xm

to the SST anomaly changes in the CP are

negligible (Figures 2b–2e). The −
∂T
∂x r

· Δu′m (Figure 2b) is comparable to −u′m · Δ
∂T
∂x r

(Figure 2e), and

Figure 3. (a) Intermodel regression of the zonal climatological SST gradient in the historical run onto the CT index during the ENSO developing autumn.
(b) MME change in the ENSO‐related zonal current anomaly during the ENSO developing autumn. (c) Intermodel regression of the change in the zonal
climatological SST gradient onto the CT index during the ENSO developing autumn. (d) MME ENSO‐related zonal current anomaly in the historical run during
the ENSO developing autumn. Stippling in (a) and (c) indicates that regressions are significant at the 95% confidence level. Stippling in (b) and (d) indicates the
regions where the sign of the MME agrees in more than 68% of models.
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their sum largely describes the spatial patterns of zonal advection feedback changes related to CT strength,

−Δ u′ ·
∂T
∂x

� �
r

(Figure 2a).

The spatial patterns of −
∂T
∂x r

· Δu′m (Figure 2b) are dominated by the intermodel spread in the present‐day

zonal SST gradient related to CT strength (−
∂T
∂x r

) shown in Figure 3a, which demonstrates that a model with

a cooler CT SST tends to simulate a larger west‐minus‐east mean zonal SST gradient in the western Pacific,
as in previous studies (Graham et al., 2017; Jiang et al., 2017). The ensemble changes in ENSO‐related

Figure 4. Emergent constraint on ENSO SST variability changes and CP El Niño frequency changes. (a) As in Figure 1c but for corrected MME changes.
(b) Scatterplots of the CT index versus projected changes in the Niño‐4 SST anomaly. (c) Scatterplots of the CT index versus projected changes in CP El Niño
number. The dashed line in the horizontal coordinates denotes the observed present‐day CT strength multiplied by −1. The black solid line denotes
the linear fit between the horizontal and vertical coordinates. The intermodel correlation coefficient is shown at the top of panel and is significant at the 99%
confidence level, based on the Student's t test. Stippling in (a) indicates that regressions are significant at the 95% confidence level.
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eastward current anomalies under global warming (Δu′m) are likely enhanced (Figure 3b), which might be
attributable to the enhancement and eastward shift of El Niño rainfall under global warming (Huang &
Xie, 2015; Yan et al., 2020). With the eastward shift in ENSO‐related rainfall and convection, the coupled
westerly and eastward current anomalies over the equatorial western Pacific both enhance (Figures 3d
and S5). The enhanced eastward current anomalies make a positive contribution to zonal advection
feedback changes (Figure 2b).

In addition, the spatial pattern of the term−u′m · Δ
∂T
∂x r

(Figure 2e) is dominated by the changes in zonal SST

gradient related to CT strength (−Δ
∂T
∂x r

) (Figure 3c). A model with a stronger CT tends to project a warmer

climatological SST warming in the equatorial western Pacific (Feng et al., 2019; Huang & Ying, 2015; Li
et al., 2016), generating a “negative west‐positive east” dipole pattern of zonal SST gradient in the
western‐central Pacific (Figure 3c). Similarly, under the effect of the present‐day ENSO‐related eastward
current anomalies (Figure 3d), a dipole pattern generates in the equatorial western Pacific (Figure 2e), which
also contributes to the changes in zonal advection feedback around the Niño‐4 region and is favorable for the
increased frequency of CP El Niño in the future.

3.3. Emergent Constraint on CP El Niño Frequency Projections

The process of zonal advection feedback gives a reasonable explanation for the connection between current
CT strength and future ENSO variability changes among the models. Models with an excessive CT tend to
project an increase in ENSO variability in the Niño‐4 region (Figure 1d), with a high intermodel correla-
tion of 0.43 exceeding the 99% confidence level (Figure 4b). Thus, we can employ the emergent constrain
strategy (Cox et al., 2013, 2018; Huang & Ying, 2015) to correct the increased ENSO variability in the CP in
the original MME projection (Figure 1c). Constrained by the observed CT strength, the changes in ENSO
SST variability around the Niño‐4 region more likely decrease under global warming relative to the origi-
nal MME projection (Figures 4a and 4b). The effects of the excessive CT on ENSO variability is asym-
metric, because that the overly strong SST warming in the tropical western Pacific related to CT
strength (Figure 1c) facilitates the occurrence of more CP El Niño events (McPhaden et al., 2011; Xiang
et al., 2013). Therefore, the changes in Niño‐4 ENSO SST variability related to CT strength mainly come
from the changes in CP El Niño frequency related to CT strength. Figure 4c shows that the changes in
CP El Niño frequency among the models are also significantly correlated to current CT strength, with a
high intermodel correlation of 0.45 exceeding the 99% confidence level. A similar emergent constraint
for the changes in Niño‐4 ENSO SST variability and CP El Niño frequency indicates that the excessive
CT bias exaggerates the increase of Niño‐4 ENSO SST variability and CP El Niño frequency under global
warming in previous MME projections.

4. Conclusions and Discussion

In this study, we found a significant relationship between the simulated present‐day CT strength and
the projected changes in Niño‐4 ENSO SST variability as well as CP El Niño frequency under global
warming in 39 CMIP5/6 models. The stronger the present‐day CT, the larger the increase in Niño‐4
ENSO SST variability as well as CP El Niño frequency under global warming. When an excessive simu-
lated CT exists, which is common in current state‐of‐the‐art models, the present‐day zonal SST gradient
and future SST warming in the equatorial western Pacific will be overestimated. These two subsequent
situations favor an increase in ENSO SST variability around the Niño‐4 region and the occurrence of CP
El Niño in a warmer climate. The changes in Niño‐4 ENSO SST variability more likely decrease, when
constrained by the observed CT strength. This study indicates that improving the simulation of CT
strength is important for more reliable projections of ENSO variability and the changes in its different
flavors.

It is worth noting that we only found a factor—the excessive CT strength, which can exaggerate the changes
in ENSO SST variability in the CP and CP El Niño frequency and explain about 20% of intermodel spread of
CP ENSO (El Niño) changes. The changes in Niño‐4 ENSO SST variability more likely decrease when
constrained by the observed CT strength. If some other factors are found to underestimate the CP El Niño
frequency, previous conclusion of increase CP El Niño frequency may be still valid. In addition, the
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possible reasons for the enhancement of the ENSO‐related zonal current anomalies under global warming,
in turn, may be influenced by the change in ENSO SST variability. Further studies may be needed to inves-
tigate these open questions.

Data Availability Statement

The ERSST. v3 data are publicly available (at https://www.esrl.noaa.gov/psd/data/gridded/data.noaa.ersst.
html). The CMIP5 model data sets are available online (at https://esgf-node.llnl.gov/search/cmip5/). And
the CMIP6 model data sets are publicly available (at https://esgf-node.llnl.gov/search/cmip6/).
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