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CMIP5 to CMIP6
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Science and Engineering, University of Northern British Columbia, Prince George, BC, Canada
The new emerging type of El Niño brings challenges to the state-of-the-art

coupled models to simulated features of El Niño - Southern Oscillation (ENSO)

diversity. The Coupled Model Intercomparison Project (CMIP), containing the

advanced worldwide coupled models, has recently released the model outputs

in phase 6. In this paper, the characteristics of two types of ENSO in 19 models

fromCMIP phase 5 and their counterparts in phase 6 are assessed regarding the

spatial and temporal features and the seasonal cycle features. The weaker

amplitude of Eastern Pacific (EP) and Central Pacific (CP) ENSO in CMIP5 is

increased and the spatial structure of CP ENSO is better depicted in CMIP6.

However, no significant improvement in the ENSO periodicity and the ENSO

phase-locking behavior compared to CMIP5. A synthetic ENSO score,

containing eight metrics, is defined and employed to evaluate the

performance of each CMIP model. The average ENSO score for CMIP6 is

2.375, indicating modest improvement compared to the average score of 2.441

for CMIP5. Furthermore, the slight improvement in the ENSO score is partly

related to the reduced climatology bias of sea surface temperature in the Niño4

region. The overall evaluation provides necessary information for future

investigation about the mechanism exploration of the ENSO diversity based

on the models with better performance.

KEYWORDS
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Introduction

The anomalous ocean temperature in the tropical Pacific during the mature phase of

El Niño – Southern Oscillation (ENSO) predominantly influences global interannual

climate variability, thus affecting the livelihoods of millions of people around the world.

The fluctuation of the atmosphere-ocean coupled system between the anomalous warm

phase (El Niño) and cold phase (La Niña) switches roughly every 2-7 years (McPhaden

et al., 2020). During the anomalous phase, the induced extreme weathers, including
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floods, droughts, and heatwaves, have significant impacts on

agricultural production, public health, and economies in many

nations (Tang and Yu, 2008; Zhang et al., 2016; Jiang et al., 2019;

Lin et al., 2020; Chu et al., 2021; Tang et al., 2022).

ENSO became the focus of marine and atmospheric science

research in the 1980s. Since then, steady progress has been made

in the mechanism research and the simulation of ENSO (Battisti

and Hirst, 1989; Wang and Fang, 1996; Jin, 1997a; Jin, 1997b;

Neelin et al., 1998; McPhaden, 1999; Wang et al., 1999; Latif

et al., 2001; Song et al., 2018). However, the atypical El Niño in

2002-2003 seems to mark the start of a new flavor of ENSO

evolution in the following decade, whose maximum sea surface

temperature anomalies (SSTAs) were in the central equatorial

Pacific instead of in the eastern tropical Pacific (Timmermann

et al., 2018; Capotondi et al., 2020). Differentiated by the location

of the largest SSTAs, canonical El Niño is referred to as eastern

Pacific (EP) El Niño. At the same time, the nonconventional type

of El Niño is called central Pacific (CP) El Niño (Kao and Yu,

2009). Although ENSO simulation in the state-of-the-art climate

models has significantly improved, many models still have

problems simulating the basic features of two types of ENSO.

Coupled Model Intercomparison Project (CMIP) provides a

standard experimental protocol and infrastructure, allowing

the broader climate community and users to analyze model

simulations to promote model developments (Meehl et al., 2000;

Meehl et al., 2005; Taylor et al., 2012). However, Coupled Global

Circulation Models (CGCMs) from the CMIP phase3 (CMIP3)

and phase 5 (CMIP5) were still struggling with their ENSO

simulation. The assessment of the CMIP3 and CMIP5 models

indicated that a large number of CMIP models fail to produce

the realistic amplitude of the EP ENSOs (Achutarao and Sperber,

2002; Yu and Kim, 2010; Kim and Yu, 2012). Although models

were able to simulate the intensity of the observed CP ENSOs,

presenting the exact spatial pattern of observed CP ENSOs was

still a challenge (Ham and Kug, 2012; Capotondi et al., 2020).

CMIP phase 6 (CMIP6) model outputs have recently been

released, including the outputs of updated models originating

from the CMIP5 (Eyring et al., 2016). Some research has covered

the assessment of the seasonal cycle, and the phase-locking of the

typical ENSO simulated in the CMIP6 models (Liu et al., 2021;

Mandy B. Freund et al., 2020; Song et al., 2020). In addition,

Planton et al. (2021) have evaluated several characteristics of the

simulated ENSO in CMIP5 and CMIP6 in a comprehensive view

by producing ENSOmetrics. However, the ENSO diversity is not

assessed in detail in their work. To our knowledge, the research

on the assessment of the two types of ENSO simulated in CMIP6

is lacking, especially by making a contrast between the CMIP5

models and their updated models in CMIP6. Compared to the

CMIP5 models, whether the CMIP6 counterparts improve the

simulation ability of the ENSO diversity is interesting to both

model development and ENSO studies. As such, an analysis of

the simulation ability of two types of ENSO in models from

CMIP5 and CMIP6 is presented in this study.
Frontiers in Marine Science 02
Data and method

Our evaluations are based on 19 models from CMIP5

(Taylor et al., 2012) and 19 models from CMIP6 (Eyring

et al., 2016). Specific model configurations and affiliations are

listed in Table 1. Since we were concerned about the internal

variability of the model, we chose to assess the outputs of the

pre-industrial control (piControl) run experiment in CMIP5

and CMIP6. The piControl experiment has fixed 1850

atmospheric composition, fixed solar variability, and constant

background volcanic aerosol value. We analyzed the first 200

years of the piControl simulations. The HadISST 1.1 dataset

(Rayner et al., 2003) from the Met Office Hadley Center is

utilized as the observational SST, ranging from January 1980 to

December 2021, to evaluate the simulation ability of CMIP

models. The model data is interpolated to the observational

grid, which is 1.0°×1.0° on the horizon, by using the bilinear

interpolation method. All anomalies are calculated as a

departure from the long-term climatology with a linear trend

removed in advance.

Following Kao and Yu (2009), we employ the combined

regression-Empirical Orthogonal Function (EOF) analysis to the

monthly SSTA to identify the EP and CP types of ENSO events.

Firstly, the tropical Pacific SSTAs regressed with the Niño4 (5°S-

5°N, 160°E-150°W) SSTA were removed. The EOF method is

then applied to the residual SSTAs to obtain the time series of EP

ENSO. To make an impartial comparison between different

models, the time series is normalized and regressed with the

residual SSTAs to get the standardized spatial pattern of EP

ENSO. Likewise, the spatial pattern of CP ENSO is obtained by

first removing the SSTAs regressed with the Niño1+2 SSTA and

then applying EOF analysis.
Results

Spatial characteristics of two types of
ENSO in the CMIP models

We first provide an overview of the ENSO spatial pattern of

the multi-model ensemble (MME) in CMIP5 and CMIP6. As

shown in Figure 1, the observational EP ENSO pattern offers its

maximum SSTA of 1.09°C in the eastern Pacific off the equator.

Moreover, the maximum SSTA in the observational CP ENSO

pattern is 0.81°C, located in the central equatorial Pacific.

Compared with the observation, the intensity of both ENSO

types is weaker in CMIP5 and CMIP6. The good news is that

the CMIP6 MME can provide a stronger and more realistic ENSO

pattern than CMIP5. The maximum SSTA increases from 0.79°C

in CMIP5 to 0.94°C in CMIP6 for EP ENSO spatial pattern and

from 0.59°C to 0.71°C for CP ENSO spatial pattern. In addition,

the location of the maximum SSTA is also evaluated. Compared

with CMIP5, improvement of CMIP6 is found in the simulation
frontiersin.org
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of CP spatial pattern because the maximum center of SSTAmoves

15° to the west, being much closer to that of the observation. In

contrast, the maximum center of SSTA in the EP ENSO pattern

almost remains the same in CMIP5 and CMIP6, located in the
Frontiers in Marine Science 03
equatorial eastern Pacific, which is 25° west and 5° north of the

observation. Furthermore, the warm western boundary extends

more westward than the observation in the CP ENSO pattern

derived from both the CMIP5 and CMIP6 models.
B

C D

E F

A

FIGURE 1

Spatial pattern of the standard deviations of the first EOF mode for the EP ENSO and CP ENSO obtained from observations (A, B). And the
composite EP ENSO and CP ENSO spatial pattern of the multi-model mean of CMIP5 (C, D) and CMIP6 (E, F). Asterisk markers denote the
location of the maximum SSTA in each plot. The number on the top right of each plot represents the maximum SSTA value.
TABLE 1 List of models from the CMIP5 and CMIP6 analyzed in this study.

No. CMIP5 model CMIP6 model Institute/Country References

1 ACCESS1.0 ACCESS-CM2 CSIRO/Australia Savita et al. (2019); Bi et al. (2020)

2 ACCESS1.3 ACCESS-ESM1-5 CSIRO/Australia Ziehn et al. (2020)

3 BCC-CSM1.1 BCC-CSM2-MR BCC/China Wu et al. (2019)

4 CanESM2 CanESM5 CCCMA/Canada Swart et al. (2019)

5 CCSM4 CESM2 NCAR/USA Danabasoglu et al. (2020)

6 CESM1-BGC CESM2-FV2 NCAR/USA Lindsay et al. (2014); Danabasoglu et al. (2020)

7 CMCC-CMS CMCC-CM2-SR5 CMCC/Italy Cherchi et al. (2019)

8 CNRM-CM5 CNRM-CM6-1 CNRM-CERFACS/France Voldoire et al. (2019)

9 GFDL-CM3 GFDL-CM4 NOAA GFDL/USA Held et al. (2019)

10 GISS-E2-H GISS-E2-1-H NASA GISS/USA Kelley et al. (2020)

11 GISS-E2-R GISS-E2-1-G NASA GISS/USA Kelley et al. (2020)

12 HadGEM2-ES HadGEM3-GC31-LL MOHC/UK Williams et al. (2018)

13 INMCM4 INMCM5-0 INM/Russia Volodin et al. (2017)

14 IPSL-CM5A-LR IPSL-CM6A-LR IPSL/France Boucher et al. (2020); Hourdin et al. (2020)

15 MIROC5 MIROC6 CCSR/Japan Tatebe et al. (2018)

16 MIROC-ESM MIROC-ES2L CCSR/Japan Hajima et al. (2020)

17 MPI-ESM-LR MPI-ESM1-2-LR MPI-M/Germany Mauritsen et al. (2019)

18 MPI-ESM-P MPI-ESM1-2-HR MPI-M/Germany Mauritsen et al. (2019)

19 MRI-CGCM3 MRI-ESM2-0 MRI/Japan Yukimoto et al. (2019); Kawai et al. (2019)
CMIP5 datasets are available online at https://esgf-node.llnl.gov/search/cmip5/ and CMIP6 datasets are available online at https://esgf-node.llnl.gov/search/cmip6/. Expansions of acronyms
are available online at http://www.ametsoc.org/PubsAcronymList.).
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We then evaluate the individual capability of the 19 models

from CMIP5 and the 19 models from CMIP6 to portray the spatial

features of two types of ENSO by employing the Taylor diagram.

Four diagrams were provided in Figure 2 to give abundant details

about the simulation ability of each model in terms of different

CMIP phases and different ENSO types. As shown in Figure 2A, the

normalized standardized deviations vary from 46.4% (GISS-E2-H)

to 93.8% (GFDL-CM3), indicating that all CMIP5 models fail to

depict the strong observational intensity of EP ENSO. The spatial

correlations range from 0.736 (ACCESS1-3) to 0.956 (ACCESS1-0),

with only one model displaying a spatial correlation lower than

0.75. Therefore, most CMIP5 models can simulate rational spatial

patterns of EP ENSO but with lower amplitude. In contrast, it seems

easier for the CMIP5 models to simulate reasonable amplitude of

CP ENSO, as indicated by 12 out of 19 models displaying

normalized standard deviation in the range of 1 ± 30% compared

with the reference data (Figure 2B). However, the spatial

correlations vary from 0.606 (MIROC-ESM) to 0.904 (CESM1-

BGC), with 7 models lower than 0.75.

For the convenience of visualization, models with good

performances in both ENSO simulations are selected and

denoted as the red circles in Figures 2A, B. Herein, the model

providing a standard deviation within 1 ± 30% and a spatial

correlation higher than 0.75 is marked as a model with good

performance in this ENSO pattern. In addition, the models that

can only simulate the CP (EP) ENSO spatial pattern similar to

the observation are denoted as blue rectangles (green triangles).

The models failing to depict either type of ENSO are represented

as grey dots. Based on these criteria, 8 CMIP5 models are

selected, which have good simulation ability of both types of

ENSO spatial patterns, namely CCSM4, CESM1-BGC, CMCC-

CMS, CNRM-CM5, GFDL-CM3, MIROC5, MPI-ESM-LR, and

MPI-ESM-P. IPSL-CM5A-LR can only simulate CP ENSO well.

ACCESS1-0, CanESM2, and HadGEM2-ES can only simulate

EP ENSO well. At the same time, the rest majority of the models

tend to provide smaller amplitude for either type of ENSO.

Likewise, the capability of CMIP6 models is presented in

Figures 2C, D. As shown in Figure 2C, half (10 out of 19) models

experience an increase in the amplitude of EP ENSO as the model

updates from CMIP5 to CMIP6. In addition, the average

standardized deviation for the EP spatial patterns in different

CMIP6 models is slightly higher. However, the average spatial

correlation for the EP spatial patterns almost remains the same.

The above results indicate only a slight improvement in the

simulation skill of the EP ENSO intensity for the coupled

models. In contrast, significant improvement can be seen in the

simulation of the CP ENSO pattern from CMIP6 models

(Figures 2B, D). Ten models show increases in both the

standardized deviation and the spatial correlation. Furthermore,

the average correlation over the 19 CMIP models rises from 0.785

in CMIP5 to 0.840 in CMIP6.

10CMIP6models are classifiedasofferinggoodperformance in

simulating both types of ENSO spatial patterns, namely ACCESS-
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CM2, BCC-CSM2-MR, CESM2, CNRM-CM6-1, GISS-E2-1-H,

GISS-E2-1-G, HadGEM3-GC31-LL, IPSL-CM6A-LR, MIROC-

ES2L, MPI-ESM1-2-LR. Five models can simulate only the CP

ENSO well while one model can only simulate EP ENSOwell. The

rest two models fail to depict either type of ENSO spatial pattern

similar to the observation.
Temporal characteristics of two types of
ENSO in the CMIP models

The leading periodicities of these two ENSO types are

investigated in this section. The leading periodicity is

determined by performing a power spectrum analysis of the

normalized principal component of the first SST EOF modes of

the two ENSO types using the fast Fourier transform (FFT). The

dominating period for EP ENSO and CP ENSO both in models

and observation are presented as scatter dots in Figures 3A, B. It

is worth mentioning that only the period shorter than seven

years was calculated because the ENSO phenomenon is known

to have a period of 2-7 years. As shown in Figures 3C, D, the

power spectrum is dominated by the highest peak near year 5

and year 3 for EP ENSO and CP ENSO, respectively. The highest

peak of the power spectrum denotes the leading periodicity of

the ENSO events. Therefore, the EP ENSO event derived from

the observational data has a longer leading period than the CP

ENSO event, which agrees with several previous studies (Yu and

Kim, 2010; Kim and Yu, 2012; Ren et al., 2013). To better

compare the leading periodicity of two types of ENSO in CMIP

models with that of the observation, scatter plots are given in

Figures 3A, B. Compared with the observation (red dots in

Figures 3A, B), most CMIP models fail to depict the longer

leading periods of EP ENSO events. Furthermore, some models

present leading periods of EP ENSO shorter than 2 years.

Comparing CMIP models in different phases, no sign of

improvement in the simulation of the ENSO periodicity from

CMIP5 to CMIP6 for the coupled models is observed. The

average periodicity for both types of ENSO simulated by

CMIP6 models is slightly longer than in CMIP5 models.
Phase-locking behavior of two types of
ENSO in the CMIP models

Seasonal standard variation of ENSO-related SSTA portrays

the phase-locking behavior of ENSO. The observation data in

Figures 4A–D shows that two types of ENSO events display

significant phase-locking phenomena. The two normalized

ENSO-related SSTAs display peak warming during boreal

winter (November, December, and January). Though the

seasonal variation of Niño3 SSTA and Niño4 SSTA both reach

their maximum value from November to January, they reach

their minimum value in different months. Particularly, Niño3
frontiersin.org

https://doi.org/10.3389/fmars.2022.986780
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Hou and Tang 10.3389/fmars.2022.986780
B C

D

A

FIGURE 3

Scatter plots the leading periodicity for EP versus CP ENSO from (A) CMIP5 models and observations, and (B) CMIP6 and observations. The red
dot represents the observational data, and the black denotes the model average. The normalized power spectrum for the observed (C) EP and
(D) CP ENSOs from the HadISST (black lines). The green and blue lines denote the theoretical Markov “red noise” spectrum and the upper 90%
confidence bound.
B

C D

A

FIGURE 2

Taylor diagram displaying normalized spatial pattern statistics of EP ENSO and CP ENSO between 19 CMIP5 models (A, B) and 19 CMIP6 models
(C, D), and observations for 1980-2021. Point “OBS” signifies the observational pattern based on the HadISST dataset. The radial coordinate
gives the standard deviation normalized by the observed value, and the angular coordinate shows the spatial correlation with observation. Grey
circles centered at point “OBS” represent the location of the normalized RMSE. Purple dashed lines denote the correlation coefficient of 0.75
and the standard deviation of 0.7 and 1.3. Color markers are different CMIP models, except for the yellow dot representing the average value of
the CMIP models.
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SSTA has its minimum seasonal variation during March, April,

and May, while Niño4 SSTA has its minimum seasonal variation

during May, June, and July.

To better imply the warming peak in the annual cycle, white

crosses in Figures 4A–D are added, marking the largest three

monthly variation values in each annual cycle. In terms of the

observation, the three white crosses cover three successive

months, namely November, December, and January. It indicates

that the single warming peak is one main characteristic of ENSO

phase locking. However, some models display more than one

warming peak in their annual cycles. Therefore, the following

criteria are made to assess model simulations. The model is

regarded as failing to simulate a single-peak annual cycle if one
Frontiers in Marine Science 06
of the three crosses is three or three more months separated from

the other two crosses. Regarding CMIP5 models, two models

(MPI-ESM-LR and MPI-ESM-P) have double peaks in the

seasonal cycle of Niño3 SSTA, and three models (ACCESS1-3,

inmcm4,MIROC-ESM) have double peaks in the seasonal cycle of

Niño4 SSTA. As for CMIP6 models, four models (GISS-E2-1-G,

INM-CM5-0, IPSL-CM6A-LR, MPI-ESM1-2-LR) and three

models (ACCESS-ESM1-5, CanESM5, INM-CM5-0) have the

same problem with the annual cycles of two ENSO-related

SSTAs. Moreover, some CMIP models also struggle to represent

realistic ENSO behavior regarding seasonality in the Niño3 and

Niño4 regions. For example, GISS-E2-H and MIROC present a

locking month with the warm phase around August, instead of
B C D

E

F

A

FIGURE 4

Seasonal phase-locking behavior in CMIP models. Standard deviation of Monthly Niño3 SSTA and Niño4 SSTA for observational data and CMIP5
and CMIP6 models, normalized by their maximum value (A–D). The white crosses indicate the largest 3 monthly standard deviation values in
each model. Phase locking index for Niño3 SSTA (E) and Niño4 SSTA (F) in observation and CMIP models. The red bar represents the
observation. The white and grey bars denote different models in CMIP5 and CMIP6, respectively. The yellow and blue bars indicate the multi-
model mean result in CMIP5 and CMIP6.
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December, in the eastern Pacific region (Niño3). Generally, most

models capture the seasonality of Niño4 SSTA better than that of

Niño3 SST. In addition, fewer models present the warming peak

of Niño4 SSTA variation during boreal summer and autumn in

CMIP6. However, only four models, namely ACCESS-ESM1-5,

CESM2, CMCC-CM2-SR5, and CFDL-CM4, gain moderate

improvement from their previous version in the Niño3 SSTA

seasonality simulation.

To better analyze different CMIP models, we calculate the

seasonal phase locking index (PLI) following Bellenger et al.

(2014). We calculate the PLI by using different months

regarding the different seasonality features of two ENSO-related

SSTA. Specifically, the PLI for the Niño3(Niño4) index is the ratio

of the SSTA standard deviation in Niño3 in NDJ(NDJ) overMAM

(MJJ). Figures 4E, F indicate that most models provide weaker

phase-locking than the observation. In terms of the multi-model

average, CMIP6 fails to improve in the simulation of the

seasonality of the ENSO-related SSTAs. Among all the models,

CNRM-CM5 and GISS-E2-R simulate slightly stronger phase-

locking for both Niño3 and Niño4 SSTA. BCC-CSM1-1 from

CMIP5 and CESM2-FV2 from CMIP6 give the best performance.
Overall ENSO simulation performance in
CMIP5 and CMIP6

To better evaluate the overall performance of each CMIP

model, a synthetic score, similar to Bellenger et al. (2014), is

defined as the average of the following eight metrics: the

maximum standard deviation for EP and CP ENSO spatial

SSTA pattern to depict the simulated ENSO amplitude; the

spatial root mean square error (RMSE) of the EP and CP ENSO

spatial SSTA to qualify ENSO spatial structure; the leading

periodicity (Figures 3A, B) to describe the ENSO period; and

the phase-locking index (Figures 4E, F) to represent ENSO

seasonal phase locking. For each metric (except for RMSE)

and each model, we compute the absolute value of the error

compared to observations. Then the absolute error and the

RMSE are normalized by the CMIP5 + CMIP6 inter-model

standard deviation. An overall ENSO score is defined as the

average of these normalized errors. The lower the ENSO score,

the better the model captures the basic characteristics of the two

types of ENSO on average.

The eight metrics and the ENSO scores for different CMIP

models are given in Figure 5. Generally, the average ENSO score

for CMIP6 is 2.375, indicating modest improvement compared

to the average score for CMIP5 of 2.441. Specifically, the

simulation skill of the amplitude and spatial structure of CP

ENSO improve significantly in CMIP6. The amplitude and the

periodicity of EP ENSO are slightly better depicted in CMIP6

models than in CMIP5 models on the average level. However,

the other characteristics are still poorly represented in CMIP6.

Among all 38 models, the top five models are ACCESS-CM2,
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CNRM-CM5, CanESM2, CESM1-BGC, and HadGEM3-GC31-

LL. In addition, it is interesting to find that although 10 out of 19

models present better performance of ENSO simulation in

CMIP6, some models which have excellent performance in

CMIP5 fail to improve in CMIP6. Further work is still needed

to elucidate this finding.
Possible physical causes of the ENSO
simulation performance

A universal problem in current models is the excessive cold

tongue bias of the SST climatology in the tropical pacific. Recent

research has shown that the cold tongue bias is slightly reduced

in CMIP6, especially in the Niño4 region (Jiang et al., 2021).

Therefore, the relationship between SST bias in the tropical

Pacific and the ENSO score is investigated. In addition, as we

indicated in the last section that the simulation skill of CP ENSO

has improved, we naturally consider if there is a link between the

improvement of the simulation skill of CP ENSO and the

decrease of the climatology bias in the CP ENSO-related

region. The SST bias is computed by taking an area average

over the absolute error of the model SST climatology in the

Niño4 region. It has been found that there is a correlation of 0.38

(p < 0.02) between the ENSO score and the average climatology

bias in the Niño4 region among all CMIP models (Figure 6).

Previous research indicated that excessive cold tongue bias

induces overly weak negative shortwave-SST feedback in the

central Pacific (Bayr et al., 2018; Ying et al., 2019), and produces

a zonal advection feedback bias through changing zonal SST

gradient (Jiang et al., 2021), thus leading to the excessive

westward extension of ENSO SST variability. Therefore, the

modest improvement in the simulated mean background in

CMIP6 may partly explain the slight improvement in overall

ENSO simulation performance.
Summary and discussion

Since the 1980s, the frequent occurrence of CP El Niño events

has become a focus for climate research. However, the state-of-

the-art models still have difficulties representing the realistic

feature of the CP ENSO. This study assessed the relative

performance of 19 CMIP5 models and their updated version in

CMIP6 in terms of two types of ENSO simulation. The simulation

skills of all models have not been improved consistently. From the

perspective of MME, the amplitude and structure of CP ENSO,

and the amplitude and periodicity of EP ENSO are better depicted.

The CMIP6 models can better present the winter peak of the

Niño4 SSTA variation. Regardless, the excessive westward

extension of CP ENSO variability is still presented in CMIP6

models. There is no significant improvement in the simulation of

EP ENSO structure, CP ENSO periodicity, and the seasonal cycle
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of both types of ENSO. Furthermore, the overall ENSO simulation

performance is assessed by computing eight metrics, indicating

moderate improvement for CMIP6. There is a correlation of 0.38

between the ENSO score and the average climatology bias in the

Niño4 region. Therefore, the modest improvement in the

simulated mean state in CMIP6 may explain the slight

improvement of ENSO features. However, most models have

ENSO score pluses and minuses in CMIP6, suggesting future

investigations in this certain field.

The ENSO simulation ability of state-of-the-art numerical

models is a focus for model development and ENSO research.

Planton et al. (2021) evaluated the ENSO performance in 88

CMIP models by creating CLIVAR 2020 ENSO metrics package.
Frontiers in Marine Science 08
ENSO performance, ENSO teleconnections, and ENSO

processes are evaluated by experts in several different climate

communities. However, different ENSO types were not

separately evaluated in their work. The assessment in this

paper focused on the basic simulation skills of the ENSO

features with respect to different ENSO flavors. By assessing

CMIP5 models, Feng et al. (2019) implied that different

mechanisms account for the simulation of two types of ENSO

in models. The strong contributions of the thermocline feedback

and Ekman feedback during SST warming in the eastern

equatorial Pacific should be simulated well to provide a better

simulation of EP ENSO. While the climatological SST gradient

over the Niño4 region is more related to the better performance
B

A

FIGURE 5

Simulation performance metrics (units: 1) for each model of (A) CMIP5 and (B) CMIP6. Eight primary metrics in terms of two types of ENSO
simulation skills are used as the criteria: EP and CP ENSO amplitude (the error of the maximum standard deviation for EP and CP ENSO SSTA);
EP and CP ENSO spatial structure (the spatial root mean square error of the EP and CP ENSO SSTA); EP and CP ENSO periodicity (the error of
the leading periodicity of EP and CP ENSO time series); EP and CP ENSO seasonality (the error of phase-locking index for Niño3 SSTA and
Niño4 SSTA). The ENSO score is defined as the average of the above eight metrics. Text in each color box represents the exact score value, and
the black text indicates a decreased error from CMIP5 to CMIP6.
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of the CP ENSO simulation. Our result agrees with them in that

the correlation between the EP ENSO score and the SST bias in

the tropical region is not significant. While the CP seasonality

score and CP structure score both have a significant relationship

with the SST bias in the Niño4 region. The correlation between

the CP amplitude score and the SST bias in the tropical Pacific is

also of 95% significance. However, the reason for the change in

ENSO simulation skills is complicated and intriguing, and also

closely related to the model development and ENSOmechanism,

which is not the main focus of this paper. Anyhow, the overall

evaluation of ENSO, including the ENSO score metrics, in this

study can provide suggestions to select models to explore other

underlying mechanisms of the ENSO diversity simulation in

the future.

Research shows that many updates are applied to the

development of CMIP6 models, including cloud parameterization,

aerosol presentation, and vertical level resolution in both

atmospheric and oceanic modules. However, it seems that there is

no qualitative improvement in the simulations of two types of ENSO

from CMIP5 to CMIP6, indicating much room for model

development in the future. Furthermore, the climatology bias of
Frontiers in Marine Science 09
SST in CMIP6 models is still large, which induces a more westward

western boundary of the warm SSTA variability for CP ENSO in

models. It is suggested that thewesternboundaryof theENSOspatial

variability is closely related to the frequency of the ENSO events (Yu

and Kim, 2010). Therefore, the research on the future projection of

the ENSO frequency based on CMIP outputs should be taken with

great caution.
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