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The variability of the Hadley Circulation (HC) is greatly impacted by the

meridional structure of sea surface temperature (SST), which has varied effects

depending on its symmetrical or asymmetrical pattern relative to the equator. By

using the Coupled Comparison Program International Project Phase 6 (CMIP6)

model outputs and reanalysis datasets, this study assesses the capacity of CMIP6

models to simulate the relationship between the HC and tropical SST under

different meridional structures, as well as investigates the possible causes for

simulation biases. It is shown that the CMIP6 models can successfully reproduce

climatological HC, tropical SST, and their spatial patterns of first leading modes

under different meridional structures, where the correlation coefficient between

simulations and observations reaches 0.8 or above. By comparison, the CMIP6

model outputs exhibit substantial differences in simulating the HC to SST

response over the different meridional structures, with obvious inter-model

differences. Considering the capability in simulating the HC to tropical SST

response, the CMIP6 models are divided into two types, Type I model and

Type II model. Models of Type I are those whose simulation results are basically

close to the reanalysis data, with the biases being less than 20%. The models of

Type II are those whose simulated response ratios are much stronger than those

of the reanalysis. It is found that the models of Type II overestimate the intensity

of El Niño-Southern Oscillation (ENSO) events, and remarkably underestimate

the HC and SST correlation in the equatorial symmetric part, resulting in the

inability of themodels of Type II to capture the connection of the HC and tropical

SST. The results indicate that, the component of the CMIP6 models in

reproducing the ENSO events has a considerable impact on the simulation of

the HC and tropical SST relationship, which offers recommendations for

enhancing the capability of models to simulate large-scale tropical air-

sea interactions.
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1 Introduction

The Hadley circulation (HC), one of the most significant global

circulation cells, is generated when the Earth is heated unevenly by

the sun (Hadley, 1735; Bjerknes, 1966). One branch of the HC rises

around the equator, while the other two descend at around 30°

south and north. i.e., a closed circulation is formed in each

hemisphere (Oort and Rasmusson, 1970; Held and Hou, 1980).

The HC acts as the link between the tropics and subtropics,

transporting momentum, heat and energy from tropics and

subtropics. Thus, it is closely related to global climate change

(Lindzen, 1994; Hou, 1998). The inter tropical convergence zone

(ITCZ) is located along the HC’s rising branch, while the

subtropical arid belts are located along the sinking branch in both

hemispheres (Tanaka et al., 2004; Kang and Lu, 2012). Thus, as a

major climate-altering factor, the HC is of global significance in

climate (Chang, 1995; Cook, 2003; Diaz and Bradley, 2004).

The HC’s characteristics and changes have mostly been

analyzed primarily from two aspects: the intensity and the width.

Early in 1992, Hou and Lindzen (1992) discovered that tropical

warming leads to an enhancement in the HC. The enhancement

trend of the HC’s intensity has been found on various time scales

from seasons (e.g., spring, winter) to year, since the beginning of the

20th century (Bjerknes, 1969; Chen et al., 2002; Quan et al., 2004;

Hu et al., 2005; Huang et al., 2019). In addition, the above findings

can be verified in multiple reanalysis datasets (Mitas and Clement,

2006; Ma and Li, 2008; Sohn and Park, 2010). It is noteworthy that

Kim et al. (2022) analyzed the descending branch of the HC and

noticed that the intensity of the HC’s descend branch is weakening

duo to the effect of extratropical radiative forcing, and Hu et al.

(2018) found that the simulation results of the HC’s intensity is

weakening under the global warming using the model data, which

showing an opposite trend to that of the intensity (Chen et al., 2002;

Huang et al., 2019). Previous researches have also found that the

HC is expanding (e.g., Fu et al., 2006; Liu et al., 2012; Tao et al.,

2016), which has been verified by model simulations (e.g., Lu et al.,

2007; Son et al., 2010; Kang and Lu, 2012; Hu et al., 2013). Because

of the HC expanding, the position of the arid zone in the subtropical

region has also gradually moved toward the poleward (Fu et al.,

2006; Hu et al., 2011; Nguyen et al., 2015; Grise et al., 2018; Hu et al.,

2019). As for the possible causes for the expansion of HC, studies

have pointed out that the El Niño-Southern Oscillation (ENSO) is

an important factor (Fu et al., 2006; Ceppi and Hartmann, 2013; Hu

et al., 2019). It has also been found that black carbon aerosols, the

North Pacific Oscillation (NPO), and the Arctic Oscillation (AO)

also cause the broadening of the HC (Kovilakam and Mahajan,

2015; Huang et al., 2021). The aforementioned studies mainly focus

on the HC itself, and these results show that the intensity and width

change of HC will lead to global and regional climate anomalies

(Mitas and Clement, 2006; Freitas and Ambrizzi, 2015).

Because the HC is a direct thermal circulation that extends 30°

to the north and south, the tropical sea surface temperature (SST)

can directly impact the changes of the HC. Several researches have

illustrated that the SST’s warming trend impacts the HC’s rising

branch location, and thereby strengthens the HC (Hou and

Lindzen, 1992). Conversely, the anomalous sinking branch of HC
Frontiers in Marine Science 02
also leads to anomalous SST by changing the surface humidity over

land (Chikamoto et al., 2010). Such anomalous variations in the SST

are often more pronounced during the ENSO events, with positive

and negative abnormal affecting the configuration and intensity of

the HC, and thus affecting the global climate (Guilyardi et al., 2012).

Hence, there is a close relation between the ENSO and the HC

(Huang et al., 2019). The intensification of the HC in the Northern

Hemisphere (NH) and the changes in its dominant mode exhibit a

significant relationship with the ENSO events since 1970

(Caballero, 2007; Guo and Tan, 2018a; Guo and Tan, 2018b;

Wang et al., 2020). Such as, Oort and Yienger (1996) found that

the intensity of the HC in the eastern Pacific is closely linked to the

SST, where the intensity of the HC increases when ENSO is in its

positive phase. The tropical Indian Ocean and North America SST

also exhibit a similar relationship (Freitas et al., 2017). In addition,

the ENSO also has a significant influence on the width of HC.

Several studies have found that the HC in the NH narrows when the

El Niño events occurrences, while the HC of the Southern

Hemisphere (SH) expands during La Niña events (Guo and Li,

2016; Nguyen et al., 2018). Similarly, the HC in the western Pacific

moves poleward during the central El Niño events (Huang et al.,

2021). In short, the ENSO events have an important effect on the

SST in the tropics, thereby changing the intensity and width of

the HC.

The above works suggest that changes in the tropical SST

significantly affect changes in the HC. It is shown that the

meridional structure of SST could determine the strength and

width of the HC (Hou and Lindzen, 1992). Yang et al. (2020),

Yang et al. (2023) further indicated that the tropical expansion is

driven by the poleward shift of meridional temperature gradients. It

is pointed out that the first dominant mode of HC exhibits an

equatorial asymmetric structure, while the second dominant mode

present an equatorial symmetric structure (Dima and Wallace,

2003; Ma and Li, 2008). Specifically, the equatorial asymmetric

structure of the HC is primarily correlated to the equatorial

asymmetric of the SST, while the equatorial symmetric mode is

associated with the equatorial ENSO (Feng and Li, 2013; Feng et al.,

2015). Feng et al. (2016) analyzed how the meridional structure of

the SST affects the HC. It is found that even for heat sources with

the same intensity, the HC responds four times more intensely to an

asymmetric heat source than to an equatorial symmetric source,

indicating that the SST meridional structures have a significant

regulatory effect on the HC. Moreover, although the SST anomaly

corresponding to the ENSO events exhibits an equatorial symmetric

meridional structure, an asymmetric SST component appears

during the growth of the El Niño events, leading to an

exponential increase in the HC to SST response (Feng et al.,

2019). Therefore, with reference to the structures and variations

of the HC, we must follow with interest from the perspective of the

SST’s different meridional structures.

As the largest atmospheric circulation system in the tropics, the

correlation between HC and SST reflects the large-scale tropical sea-

air interaction. The bias of CMIP5 models in simulating the HC to

SST responses may be due to the difference in simulating the

warming trend and time series of the SST between two

hemispheres (Feng et al., 2015; Feng et al., 2019). On the one
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hand, this model bias is connected to the SST simulations. The

CMIP5 models simulate the SST anomalies under El Niño events

are generally weaker than the observations (Yang and Giese, 2013;

Rao and Ren, 2014). In addition, in the equatorial west-central

Pacific, the sea surface temperature anomaly (SSTA) exhibits a cold

bias, as well as a westward shift error in its latitudinal distribution

(Brown et al., 2020). The finding of the anomalous westward shift in

the distribution of the tropical-Pacific SSTA also has been found in

CMIP3 model simulations (Leloup et al., 2008; Ge and Chen, 2020).

On the other hand, this bias is related to model competence in

simulating HC characteristics. Using the CMIP5 model simulations,

Feng et al. (2015) revealed that climate models accurately depict the

climatological features of HC, but fail to reproduce its long-

term variability.

Although previous researchers have examined the effect of the

CMIP models in reproducing the HC features and variations. They

mainly focused on the variations of HC itself, while the correlation

of the HC-tropical SST has received less attention. With the release

of CMIP6 model outputs (Eyring et al., 2016; Zhou et al., 2019), it is

crucial to analyze the relation of the HC and SST under different

structures to examine the simulation effect of climate models, which

helps to understand the competence of CMIP6 models to describe

the tropical air-sea processes objectively.

Therefore, this paper mainly focuses on two scientific questions:

1) How well can the CMIP6 models capture the spatial modes of

HC and SST under different meridional structures? 2) Can the

CMIP6 models well reproduce the relation between the HC and

tropical SST? Moreover, what are the possible causes of model

simulation bias? To answer the above scientific issues, the

simulations of the HC and tropical SST in different meridional

structures based on the CMIP6 models are examined, and it is

indicated that the cause of the related simulated bias is mainly due

to reproduction of the ENSO events. The following describes the

remainder of this study. The reanalysis data, CMIP6 model data,

and methodologies are presented in Section 2. Section 3 assesses the

CMIP6 models’ ability in simulating the climatological features of

the HC and the tropical SST under different structures. The ability

of CMIP6 model in simulating the HC and tropical SST variability

is presented Section 4. Section 5 analyses the capability of the

CMIP6 models in simulating the response of the HC to tropical

SST, and also discusses the bias in simulating the HC to SST

response from two aspects, namely the ability of CMIP6 models

to simulate the ENSO intensity and the HC-SST correlation under

different meridional structures. Finally, the summary and

discussion are given in Section 6.
2 Datasets and methods

2.1 Datasets

In this study, the monthly mean meridional wind data is obtained

from the National Centers for Environmental Prediction/National

Center for Atmospheric Research (NCEP/NCAR) reanalysis 1
Frontiers in Marine Science 03
(NCEP1), which has a resolution of 2.5°×2.5°. The monthly mean

SST data with a resolution of 2°×2° is available from the Extended

Reconstructed Sea Surface Temperature Version 5 (ERSST V5) of

National Oceanic and Atmospheric Administration (NOAA). Here,

we focus on the period of 1948–2013.

Besides, the simulations of 20 CMIP6 models from the World

Climate Research Program (WCRP) (Table 1) are also adopted.

Considering the varying study periods of different models, this

study adopts the same study period as the NCEP1 reanalysis to

validate the model performance. The historical simulations from 20

CMIP6 models are used in the first experiments (r1i1p1f1). The

r1i1p1f1 outputs atmospheric and oceanic simulations, while only

the meridional winds and SST data are used. In order to verify the

simulation capability of CMIP6 models for historical data and to

match the resolution of reanalysis data, the atmospheric and

oceanic data from CMIP6 models are linearly interpolated into

the resolutions of 2.5°×2.5° and 2°×2°, respectively.
2.2 Methodology

By computing the Mass Stream Function (MSF), the HC is

described as follows (Li, 2001):

y =
Z  2pRcos∅

g
½�v�dp

Where ∅ denotes the latitude; g denotes the gravitational

acceleration; the meridional wind is denoted by v; the average

radius of the Earth is denoted by R; an average latitude is

represented by [·]; the superscript denotes the average over time.

To find out how SST and HC are related in different meridional

structures, according to the method of Feng et al. (2016), it is

necessary to divide SST and HC into two components: the

equatorial asymmetry and the equatorial symmetry. For the HC,

the equatorial asymmetry variations (HEA), and equatorial

symmetry variations (HES) are defined as follows:

HEA(j) =   MSF(j)+MSF(−j)
2  

HES(j) =   MSF(j)−MSF(−j)
2

For the SST, the equatorial asymmetry variations (SEA) and

equatorial symmetric variation (SES) are defined as follows:

SEA(j) =   SST(j)−SST(−j)2    

SES(j) =   SST(j)+SST(−j)2

For the equator, the latitudes of the Northern and Southern

Hemispheres are represented by j and -j, respectively.

The empirical orthogonal function (EOF) analysis is also used,

through which the first leading mode (EOF1) and corresponding

time series (PC1) are obtained. Furthermore, the response ratio is

determined using the following formula, developed by Feng et al.

(2018).
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Ratio =  
Reg(HEAPC1=SEAPC1)
Reg(HESPC1=SESPC1)

where Reg () is the regression coefficient of PC1 between the two

of HEA (HES) and SEA (SES). Which indicates how the HC

responds to the SST depending on meridional structures.

In addition, the correlation analysis and linear regression

analysis are employed, and the significance level is examined

using the two-tailed t-test.
3 Simulations of the Hadley
circulation and tropical SST with
different meridional structures

3.1 Simulation of the climatological Hadley
circulation

The capability of CMIP6 models in reproducing climatological

HC is investigated firstly. Figure 1 illustrates the distribution of the

climatological HC using the CMIP6 model outputs and reanalysis

data. The reanalysis data show that there is an obvious three-loop

circulation in each hemisphere, i.e., the tropical HC, the Ferrel cell,

and the polar cell. The rising branch of the HC is located near the
Frontiers in Marine Science 04
equator, the HC’s sinking branches are located around the 30° in

each hemisphere, with the width of the SH branch being slightly

larger than that of the NH. The 20 CMIP6 models can well capture

the distribution features of the HC consistent with that of the

reanalysis data (Figures B–U). In addition, there are little difference

in the location and extent of the two circulation cells with those of

the reanalysis data, which are consistent with the results using other

reanalysis datasets (Stachnik and Schumacher, 2011). Using the

NCEP1 reanalysis data as the reference, the Taylor diagrams reveal

that there is a close relation between the simulations and

observations, with the correlation coefficient exceeding 0.9 in

terms of the spatial structures (Figure 2A). The spatial

distributions of standard deviations show that the ratios of model

simulations to observations fall within the range of 0.75 to 1.25,

further indicating that the models can accurately simulate the HC’s

spatial distribution features.

The CMIP6 models are further assessed for their ability to

simulate HC under different meridional structures. Figure 3

displays the climatological HEA spatial distribution. For

reanalysis data, the climatological HEA ranges from 20°S to 20°N,

with rising branch located near 20°N, the sinking branch located

near 20°S, and the maximum at the equator (Figure 3A). Most

models can well simulate the spatial distribution of HEA. However,

some models (BCC-CSM2-MR, BCC-ESM1, and CMCC-CM2-
TABLE 1 Details of the CMIP6 models used in this study.

Resolution (lon x lat)

Model ID Run used Institute/country Atmosphere Ocean

BCC-CSM2-MR r1i1p1f1 BCC/China 320x160 360x232

BCC-ESM1 r1i1p1f1 BCC/China 128x64 360x232

CanESM5 r1i1p1f1 CCCma/Canada 128x64 360x291

CAS-ESM2-0 r1i1p1f1 CAS/China 256x128 360x196

CMCC-CM2-HR4 r1i1p1f1 CMCC/Italy 288x192 362x292

CMCC-CM2-SR5 r1i1p1f1 CMCC/Italy 288x192 362x292

CMCC-ESM2 r1i1p1f1 CMCC/Italy 288x192 362x292

EC-Earth3 r1i1p1f1 EC-Earth-Consortium/Europe 512x256 362x292

EC-Earth3-Veg r1i1p1f1 EC-Earth-Consortium/Europe 512x256 362x292

EC-Earth3-Veg-LR r1i1p1f1 EC-Earth-Consortium/Europe 320x160 362x292

FIO-ESM-2-0 r1i1p1f1 FIO-QLNM/China 288 x192 320x384

IITM-ESM r1i1p1f1 CCCR-IITM/India 192x94 360x200

INM-CM5-0 r1i1p1f1 INM/Russia 180x120 360x180

MPI-ESM-1-2-HAM r1i1p1f1 HAMMOZ/Germany 192x96 256x220

MPI-ESM1-2-HR r1i1p1f1 MPI-M/Germany 384x192 802x402

MPI-ESM1-2-LR r1i1p1f1 MPI-M/Germany 192x96 256x220

NESM3 r1i1p1f1 NUIST/China 192x96 362x292

NorCPM1 r1i1p1f1 NCC/Norway 144x96 320x384

NorESM2-MM r1i1p1f1 NCC/Norway 288x192 360x385

TaiESM1 r1i1p1f1 AS-RCEC/China 288x192 320x384
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HR4) present opposite variations in the upper and lower

troposphere, which are inconsistent with the reanalysis data. This

can be further verified by the Taylor diagrams (Figure 2B), where

the most models and the observations have correlation coefficients

exceeding 0.8 in the spatial structure. However, except CAS-ESM2-

0 and FIO-ESM-2-0, most models underestimate the variations of

HEA. The model biases are mainly attributed to the following two

aspects. Firstly, for the intensity of the south branch near the

equator, most models, such as the CMCC-ESM2, MPI-ESM1-2-

HR and NorESM2-MM, significantly underestimate the intensity of

HEA. Secondly, some models overestimate the HEA extent, where

the most obvious simulation bias is found in CAS-ESM2-0, with the

simulated extent being 10° larger than that of the reanalysis data.

The spatial structure of HES obtained from the reanalysis data

displays a mirror distribution of the circulation cells with the equator

as the boundary in each hemisphere. Specifically, the circulation cells

in two hemispheres show consistent features in their intensity and

extent, which are both within 30° latitude (Figure 4). The correlation
Frontiers in Marine Science 05
coefficients between the simulations of the 20 CMIP6 models and the

reanalysis data are all above 0.95 (Figure 2C). However, the intensity

of all HES simulated by 20 models is obviously stronger than in

reanalysis data. As confirmed by the Taylor diagram, all the ratios of

the standard deviation of 20 models to the observations are greater

than 1.0, indicating an obvious overestimation. In short, the majority

of the 20 CMIP6 models can well capture the HC’s spatial

characteristics under different structures, and the correlation

coefficients between model-simulated results and observations can

be maintained above 0.8, confirming the reliability of the CMIP6

model simulations. The model biases are mainly manifested in the

simulated results of the spatial distribution of HEA. And compared

with the CMIP5 models, the effect of the CMIP6 model has

remarkably grown, especially the relationship in HES between the

simulations and observations, with the correlation coefficient

increasing from about 0.9 in the CMIP5 models to above 0.95 in

terms of the spatial structure. Besides, the number of models in

CMIP6 with the correlation coefficients exceeding 0.9 is remarkably
B C D E

F G H I

J K L M

N O P Q

R S T U

A

FIGURE 1

Climatological annual mean mass stream function (MSF) based on the (A) the National Centre for Environmental Prediction/National Centre for

Atmospheric Research (NCEP/NCAR) reanalysis 1 (NCEP 1), (B–U) CMIP6 models during the period of 1948-2013. The contour interval is 2�
1010kg s−1.The solid (dotted) contours are positive (negative).
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increased compared with that in CMIP5 (Feng et al., 2019), which

indicates that the simulation effect of the CMIP6 model has been

dramatically improved compared with the CMIP5 model simulations

with respect to the spatial structure of HC under different structures.
3.2 Simulation of the tropical SST

This section further evaluates the 20 CMIP6 models’ capability

to reproduce the climatological tropical SST during 1948–2013. The

reanalysis data reveals that there is a peak in the tropical SST in each

hemisphere, with the NH peak greater than the SH peak. The

stronger peak located in the NH coincides with the HC’s rising

branch of the dominant mode located in the NH, which is

consistent with the position of the annual mean ITCZ (An et al.,

2015), and then the zonal mean tropical SST gradually decreases

with the increasing latitude (Figure 5A). All 20 CMIP6 model

simulations well capture the two peaks in tropical SST around the

equator. High correlations between simulations and observations

can also be found in the Taylor diagram, with all correlation

coefficients exceeding 0.9. Most model simulations maintain a

standard deviation ratio of roughly 1.0 between observations and

simulation results, indicating small simulation biases (Figure 6A).

Some individual models, such as the BCC-CSM2-MR, CMCC-

CM2-HR4 and IITM-ESM, can well simulate the peak in each
Frontiers in Marine Science 06
hemisphere, but fail to capture the feature that the NH peak is

stronger than the SH peak. All 20 CMIP6 models successfully

reproduce the spatial features of SEA and SES with high accuracy,

indicating that these models can well simulate different SST

meridional structures (Figure 7), with most simulation results-

observation correlation values exceeding 0.9 (Figures 6B, C). The

SES has a peak in each hemisphere and the SEA has increasing with

latitude from south to north, and between simulations and

observations, the correlation coefficients reach 0.95 or higher,

which performs well than the CMIP5 models. The simulation bias

for SEA is mainly reflected in the simulation of its increasing trend.

Most models generally underestimate the increasing trend of

tropical SEA with the increasing latitude, which can also be

verified by the Taylor diagram (Figure 6B). The simulation bias

for SES is manifested in its intensity, with a large dispersion among

models (Figure 6C).

In short, the correlation coefficients between simulations and

observations could be maintained above 0.9 for most models,

suggesting that the CMIP6 models can accurately simulate the

tropical SST distributions under different meridional structures.

In addition, the CMIP6 models’ performance is better in simulating

the equatorial symmetric part than the equatorial asymmetric part,

indicating an improvement compared with its previous phases

(CMIP3–CMIP5). Similarly, Song et al. (2020) also found that

the SST simulations by CMIP6 models have been improved
B C

A

FIGURE 2

Taylor diagrams of the climatological mean (A) HC, (B) HEA and (C) HES. The numbers represent the identifiers for 20 models in CMIP6. The
correlation coefficients and the ratios of the standard deviation of models to that of the observations are shown by the cosine of the azimuth angle
and the radial distance, respectively. REF (based on the NCEP 1) on the horizontal axis indicates the reference point. The blue marks denote models
of Type I, the red marks denote models of Type II, and the gold marks denote the rest models.
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in the equatorial East Pacific region compared with CMIP5

model simulations.
4 Simulation of the variability of
Hadley circulation and tropical SST

The above assessment of the CMIP6 models’ capability to

simulate the climatological HC and tropical SST offers a basis for

assessing the effect of models to simulate the variability of HC and

tropical SST. Figure 8 presents the EOF1 of HEA simulated by

CMIP6 models. The reanalysis data reveals that the HEA EOF1 is

found to be centered at the equator and extends about 20° north

and south, with an explained variance of 76.3%. For CMIP6

models, note that the CAS-ESM2-0 performs rather poor in

simulating the spatial distribution of HEA EOF1, and it is thus

neglected in the following analysis (Figure 8E). All the remaining

models can well simulate the distribution features of the

asymmetric structure in the HEA EOF1, with the explained
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variance ranging from 39.4% to 84.2%. Specially, the explained

variance reveals that the FIO-ESM-2-0, EC-Earth3, and EC-

Earth3-Veg outperform the CMIP5 models in simulating the

dominant mode (Feng et al., 2019). The spatial structure between

simulations and observations has correlation coefficients ranging

from 0.32 to 0.88, as shown in the Taylor diagram. The reanalysis

data revealed that the EOF1 of HES presents a mirror distribution

within 30° of both hemispheres, with an explained variance of

63.5% (Figure 9A). All 20 CMIP6 models can accurately simulate

the circulation cell in both hemispheres, with the explained

variance ranging from 31.6% to 84.1%, and the correlation

coefficients ranges from 0.32 to 0.57 with respect to the spatial

structure. Besides, there are biases in model simulations of the

intensity and extent of the circulation cell. For HEA EOF1, some

models overestimate the intensity of the circulation cell. For HES

EOF1, some models underestimate its spatial extent, being 10

latitudes narrower than the reanalysis data. Comparatively, the

models perform better in simulating the HEA EOF1 than the HES

EOF1 with respect to their spatial structures.
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FIGURE 3

Same as in Figure 1, but for the HEA. The contour interval is 0:25� 1010kg s−1.
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Further analyses the CMIP6 models’ capacity to simulate

tropical SST under different meridional structures (Figure 10).

The observations of the SEA EOF1 reveal a positive pattern in the

SH and a negative pattern in the NH, and that pattern decreases

with increasing latitude, with an explained variance of 88.4%. While

the SES EOF1 presents an equatorial symmetric structure with an

explained variance of 94.6%. All CMIP6 models successfully

reproduce distribution of the SEA EOF1 with an explained

variance of 61.6%~83.8%, and the simulations and observations

have a correlation coefficient exceeding 0.9 for most models. For

SES EOF1, the models can basically reproduce its spatial structure,

with the explained variance ranging from 76.4% to 94%, and the

correlation coefficients are maintained above 0.9. However, there

are some biases in simulating the amplitude of SES EOF1. For

example, the models of EC-Earth3 and INM-CM5-0 underestimate

the amplitude of SES EOF1, while the models of CMCC-CM2-SR5,

CMCC-ESM2, and MPI-ESM-1-2-HAM overes t imate

the amplitude.
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The above results show that, although the simulation effect of

the variability of HC and SST under different meridional structures

is reduced compared with the simulation of climatological means,

the most of CMIP6 models can reproduce the distribution features

of the EOF1 of the HC and SST. Furthermore, the simulation effect

of CMIP6 models has been greatly improved over CMIP5 models.

The above results confirm the models’ reliability in simulating the

change of large-scale HC and tropical SST, which provides a

foundation for subsequent evaluation of the relationships between

HC and tropical SST under different structures.

5 Relationships between the HC
and tropical SST under different
meridional structures

This section analyzes whether the CMIP6 models can reproduce

the high correlation between the HC and tropical SST. Figure 11A
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FIGURE 4

Same as in Figure 1, but for the HES. The contour interval is 1� 1010kg s−1.
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FIGURE 5

Climatological zonal mean tropical SST ( °C) based on the (A) NCEP1, and (B–U) CMIP6 models during the period of 1948-2013.
B C

A

FIGURE 6

Taylor diagrams of the climatological mean (A) SST, (B) SEA, and (C) SES. The numbers represent the identifiers for 20 models in CMIP6. The
correlation coefficients and the ratios of the standard deviation of models to that of the observations are shown by the cosine of the azimuth angle
and the radial distance, respectively. REF (based on the Extended Reconstructed Sea Surface Temperature Version 5 of the National Oceanic and
Atmospheric Administration) on the horizontal axis indicates the reference point. The blue marks denote models of Type I, the red marks denote
models of Type II, and the gold marks denote the rest models.
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illustrates the correlation coefficients of the HC and tropical SST

with different meridional structures for different models. According

to the reanalysis data, the HEA (HES) and SEA (SES) are greatly

related, with the correlation coefficient exceeding 0.68. With the

correlation coefficient between 0.55 and 0.84, 85% of the models

exhibit significant correlation between HEA and SEA. Similarly,

half of the models can reproduce the strong connection between the

HES and SES, with correlation coefficients between 0.59 and 0.89.

The HEA-SEA multi-model average correlation coefficient is 0.63,

which is better than the correlation coefficient of 0.51 for that the

HES-SES. The above results illustrate that the models can simulate

the relation between HC and SST under different meridional

structures. The ability of the 19 models to simulate the

correlation between the HC and SST under different structures is

further analyzed as shown in Table 2 and Figure 11B. The reanalysis

data shows that the HC to SST response ratio is approximately 6 for

the different structures. For simulations, the response ratios are

above 4.0 for more than 80% of CMIP6 models. Specifically, six

models exhibit obvious biases with the response ratios exceeding 10,

which are BCC-CSM2-MR, BCC-ESM1, CanESM5, EC-Earth3,

INM-CM5-0 and NESM3. Eight models are close to the

reanalysis data with difference being less than 20%, which are

CMCC-CM2-HR4, CMCC-CM2-SR5, CMCC-ESM2, EC-Earth3-

Veg-LR, IITM-ESM, MPI-ESM-1-2-HAM, MPI-ESM1-2-HR and

TaiESM1. The remaining five models, including (CMCC-ESM2,

FIO-ESM-2-0, etc.) are omitted in the following analysis.

To further discuss the causes for model simulation biases, the

abovementioned models are classified into two types for

comparison. Specifically, the eight models with relatively good
Frontiers in Marine Science 10
performance are categorized as Type I, and the six models with

obvious overestimation over the reanalysis are classified as Type II.

Feng et al. (2019) found that the El Niño events dramatically

enhance the HC’s sensitivity to the variations in the different

meridional structures of SST. This raises a question: is the

simulation bias of CMIP6 models for the HC’s responded ratio to

SST in this study related to its simulation ability of the ENSO

events? To solve this question, the competence of CMIP6 models in

simulating the SSTA during ENSO events is firstly investigated.

Combined with previous studies, it is found that the simulation of

the action center of the ENSO amplitude has been biased during the

CMIP3 to CMIP5 models (Yeh et al., 2012), which can also be

found in CMIP6 models (Yang and Giese, 2013; Rao and Ren,

2014), as shown in the simulations of the positive SSTA and its

position (figures omitted). Besides, there are also remarkable

differences in simulating the ENSO intensity from CMIP3 to

CMIP5, which also affects the simulations of East Asian winter

monsoon, SST meridional structures, etc. However, the above

studies do not involve the problem whether the simulation bias

of ENSO intensity impacts the correlation between HC and SST

(Gong et al., 2015; Guo and Tan, 2018b). In this paper, we plot the

SSTA fields regressed onto the ENSO intensity during the mature

period of ENSO events (from November to next January) using

model simulations of Type I and Type II, respectively (Figure 12).

During the El Niño event, the reanalysis data reveals a large warm

SSTA in the central eastern equatorial Pacific, as shown in the

regression field of SSTA onto the ENSO intensity. For model

simulations, the simulated SSTA distribution of Type I is closer

to the reanalysis, with the correlation coefficient reaching 0.98.
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FIGURE 7

Same as in Figure 5, but for the SEA (red line; °C) and SES (blue line; °C).
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Besides, the ENSO intensities simulated by the models of Type II

are stronger than those of Type I. Particularly, the models of Type II

overestimate the ENSO intensity in the entire Pacific region,

especially near the east-central equatorial Pacific where the ENSO

intensity is stronger than that of Type I and the reanalysis. In order

to quantify the simulation ability for ENSO events, box plots of the

observed and simulated ENSO intensity by the Type I and Type II

models and the absolute deviations of model simulations relative to

the observations are presented in Figure 13. It is shown that the

model simulated ENSO intensity of Type I models is close to that of

the observations. However, the models of Type II overestimate the

ENSO intensity, with stronger peak and greater data dispersion

compared with the observations, as well as a stronger upper limit

and a larger standard deviation than that of Type I (Figure 13B).

Therefore, the simulation bias of ENSO intensity may lead to the

stronger response ratio simulated by the models of Type II, that is,

the ENSO intensity simulated by the models of Type II is
Frontiers in Marine Science 11
overestimated compared with that of the observations and the

models of Type I.

The reason for the stronger response ratios by the models of

Type II is further explored by analyzing the HC to SST response

under different structures. To get a more intuitive understanding

about the differences of the HC to SST response under different

structures between models and reanalysis, the ratio of the difference

in the response is calculated between the CMIP6 model simulations

and the reanalysis (Table 2). For 75% of the 19 CMIP6 models, the

differences in the HEA to SEA response and HES to SES response

between simulations and reanalysis are negative. It indicates that

the simulated HC’s response with different meridional structures to

the SST are weaker than that of the reanalysis, resulting in the

underestimation of the response ratios by CMIP6 models. In

particular, the underestimation the response in HES to SES is

more obvious for models of Type II, with the absolute ratio of

difference being 66% with respect to the observations, which is
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FIGURE 8

The first leading mode of empirical orthogonal function analysis (EOF1) for the annual mean HEA based on the (A) NCEP 1, (B–U) model simulations

during the period of 1948-2013. The contour interval is 2� 108kg s−1. The solid (dotted) contours are positive (negative).
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greater than the value of 22% for models of Type I. It is just the

underestimated the HES to SES response that results in the large

model bias in simulating the HC and SST interaction under

different meridional structures.
6 Summary and discussion

In this study, an assessment is firstly performed on the

simulation capability of 20 CMIP6 models to simulate the mean

climate state characteristics and variability of the HC and tropical

SST. On this basis, the relationship and response of the HC to SST

under the different meridional structures are explored, and the

reasons for model biases are further discussed.

For the CMIP6 models’ capability to simulate climatological HC

and tropical SST under different structures, it is found that all model

results have correlation coefficients greater than 0.8 with the

observations. Moreover, the model simulations are highly consistent
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with the reanalysis data in spatial distributions. Except the CAS-

ESM2-0 model, the majority of CMIP6 models can successfully

simulate the spatial distributions of HC, tropical SST, and

associated EOF1 patterns under different meridional structures.

Furthermore, compared with the CMIP5 models, the simulation

ability of the CMIP6 models has greatly enhanced. With the further

development from the CMIP3 to CMIP6 models, the CMIP6 models

maintain the superiority in terms of simulating the spatial distribution

of HC and SST. And compared to the CMIP5 models, the CMIP6

models reduce the root mean square error of the multi-model average

for SSTA simulation by 0.2, and thereby increase the explained

variance by 1% for EOF1 of both HC and SST (Zhang and Sun, 2014).

The HC and tropical SST have a strong correlation under the

differentmeridional structures. Specifically, the HEA (HES) is directly

linked to the SEA (SES). A change in HEA (HES) is strongly

correlated with a change in SEA (SES). This close relationship can

be reproduced in CMIP6 models, where a correlation coefficient

exceeding 0.5 between the HEA and SEA can be found in 75%
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FIGURE 9

Same as in Figure 8, but for the HES. The (B–T) represent the model simulations.
frontiersin.org

https://doi.org/10.3389/fmars.2023.1145509
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Li et al. 10.3389/fmars.2023.1145509
models. Therefore, in the CMIP6models, strong correlations between

the HEA and SEA, HES and SES can be well simulated, further

demonstrating the reliability of model simulations.

To investigate the reason for the difference in model simulations

of response ratios, two types of models are classified based on their

simulation ability for the HC to SST response with different

meridional structures. The results show that model simulation

capabilities for the ENSO is greatly responsible for the simulation

performance of the HC-SST relationship. Specifically, the models of

Type I that better characterize the HC-SST response relationship
Frontiers in Marine Science 13
exhibit better simulation ability for ENSO intensity than the models

of Type II that overestimate the ENSO intensity. Another important

reason is that the model simulations of Type II remarkably

underestimate the relationship of HES to SES. Compared with the

models of Type I and the reanalysis data, the combined effect of the

above two factors results in stronger response ratio by models of

Type II, with greater difference from the reanalysis. Previous

researches have illustrated that the capability of a model to

simulate the warming trends in tropical SSTs can influence its

ability to simulate the HC width (Yeh et al., 2012; Xia et al., 2020).
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FIGURE 10

EOF1 of zonal mean SEA and SES ( °C) based on the (A) NCEP 1, (B–T) model simulations during the period of 1948-2013. The red line indicates the
SEA, and the blue line indicates the SES.
BA

FIGURE 11

(A) Correlation coefficients between HEA (HES) and SEA (SES) for observations (red bar and blue bar) and model simulations (hot pink bar and light
blue bar) during the period of 1948-2013. (B) The response ratios of HEA (HES) to SEA(SES) for observations (red bar) and model simulations (blue
bar) during the same period.
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FIGURE 12

SST anomalies regressed onto the nino3.4 index in (A) observations (B) models of Type I, (C) models of Type II, and (D) differences between Type I
and Type II from November to next January. The dots represent the values have passed the significance test at the 95% confidence level.
TABLE 2 Regression coefficients and ratios of the first leading mode of EOF (PC1) of HC and SST with different models in equatorial asymmetric (ASY)
and equatorial symmetric (SYM) structures.

ASY SYM Ratio

NCEP 22.73 3.75 6.06

BCC-CSM2-MR 25.85 (13.73%) 1.44 (-61.60%) 17.95

BCC-ESM1 27.93 (22.88%) 2.03 (-45.87%) 13.76

CanESM5 16.17 (-28.86%) 0.94 (-74.93%) 17.20

CMCC-CM2-HR4 12.16 (-46.50%) 2.06 (-45.07%) 5.90

CMCC-CM2-SR5 14.44 (-36.47%) 2.86 (-23.73%) 5.05

CMCC-ESM2 12.61 (-44.52%) 2.89 (-22.93%) 4.36

EC-Earth3 20.7 (-8.93%) 1.42 (-62.13%) 14.58

EC-Earth3-Veg 15.46 (-31.98%) 1.72 (-54.13%) 8.99

EC-Earth3-Veg-LR 16.86 (-25.82%) 2.36 (-37.07%) 7.14

FIO-ESM-2-0 20.44 (-10.07%) 2.18 (-41.87%) 9.38

IITM-ESM 18.23 (-19.80%) 2.27 (-39.47%) 8.03

INM-CM5-0 15.78 (-30.58%) 0.55 (-85.33%) 28.69

MPI-ESM-1-2-HAM 16.66 (-26.70%) 4.06 (8.27%) 4.10

MPI-ESM1-2-HR 15.81 (-30.44%) 2.51 (-33.07%) 6.30

MPI-ESM1-2-LR 11.96 (-47.38%) 3.54 (-5.60%) 3.38

NESM3 15.55 (-31.59%) 1.09 (-70.93%) 14.27

NorCPM1 19.79 (-12.93%) 5.16 (37.60%) 3.84

NorESM2-MM 13.18 (-49.01%) 4.22 (12.53%) 3.12

TaiESM1 29.99 (31.94%) 4.38 (16.80%) 6.85
F
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These ratios represent the response ratios of HC to SST in different structures. Values in brackets are the ratios of the difference between the models and the reanalysis data.
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This study focuses on CMIP6 models’ capability to reproduce the

ENSO variability considerably affects the simulation performance of

the HC-tropical SST correlation, further emphasizing the ENSO’s

importance in regulating tropical SST-related mechanisms.

This study demonstrates the CMIP6 models’ ability in

simulating the climatological HC and tropical SST. Further

verifies the correlation between the HC and SST under the

different structures, and explains the simulation bias of

the response ratio from the perspective of the simulated ability of

the ENSO intensity and the HC to SST response. These discussions

provide some references for further development of the CMIP6

models. However, there are many reasons contributing to the model

simulation bias for ENSO, such as the simulation biases for

thermocline depth, wind response to SST anomalies and

shortwave feedback (Van Oldenborgh et al., 2005). How these

factors can affect the correlation of the HC and SST interaction is

still unclear, which thus need to be further analyzed in the future.

Meanwhile, previous researchers have found obvious seasonal

differences in the HC, with remarkable differences in sea areas

affecting the HC variability in different seasons (Han et al., 2010;

Wang et al., 2020). While this paper mostly address attention the

annual-mean series, and further analysis is needed for the HC-SST

relationship under the different seasons and regions. In addition,

this work suggests that there are some biases of model simulations

for the HC-SST relationship. In recent years, many methods have

been proposed to increase the model’s simulation ability, such as the

methods of regularized optimal fingerprinting (Gillett et al., 2021)

and phase adjustment (Wu et al., 2021), which can be used to

improve the simulated effects of CMIP6 models for the HC and SST

correlation with different meridional structures in further study.
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FIGURE 13

Box plots of (A) the nino3.4 index between observations and two types of models and (B) the absolute deviations of model simulations relative to
the observations from November to next January. The black denotes ERSST, the blue denotes models of Type I and the green denotes models of
Type II.
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