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Abstract
Using 26 climate models from the Coupled Model Intercomparison Project Phase 5 (CMIP5), climatology and the interannual variability of
the annual mean Hadley circulation are evaluated. The results show that most of 26 models perform well in simulating the spatial structure of the
climatology of the annual mean Hadley circulation, but the results derived from these models are generally weaker than that derived from the
reanalysis dataset. Eighteen models can properly simulate well the asymmetric mode and symmetric mode of the annual mean Hadley circu-
lation variability. Two models can only simulate asymmetric mode or symmetric mode and the other two models simulate reversed sequences of
asymmetric mode and symmetric mode.

The possible reason why some models cannot properly simulate the asymmetric mode and symmetric mode is that these models do not
properly simulate the structure of zonal mean sea surface temperature (SST). Especially, not properly simulating variances of symmetric and
asymmetric components of the SSTA will lead to reversed sequence of symmetric mode and asymmetric mode. And not properly simulated
either symmetric or asymmetric component of the SSTAwill lead to inability in simulating symmetric mode or asymmetric mode. On the other
hand, some models properly simulate the asymmetric mode and symmetric mode, but do not properly simulate the responses to SST change.
These models can not reflect the air sea coupling processes in associated with the Hadley circulation, therefore they should be taken more care
when classify the models into groups.
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1. Introduction

As one of the most important large-scale circulations in the
tropics, Hadley circulation (HC) plays an important role in
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modulating the climate system, such as the hydrological pro-
cess (Schneider et al., 2010), the subtropical droughts (Fu
et al., 2006), the tropical cyclone (Zhang and Wang, 2013,
2015) and the extratropical climate (Hou, 1998). Due to the
importance of HC research, more and more attentions have
been paid to the changes of HC in recent years.

Although there are many studies discussing the changes of
HC, no consensus has been reached about the changes of HC
intensity. Using the observational datasets, some studies
showed that the intensity of the annual mean HC increased in
the 1990s (Chen et al., 2002; Wielicki et al., 2002). However,
some subsequent studies reported that the intensity of HC is
seasonally dependent. In the boreal winter (December, January
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and February, DJF), HC has strengthened since the 1950s
(Quan et al., 2004; Ma and Li, 2007, 2008; Feng et al., 2013;
Mitas and Clement, 2005); Feng et al. (2013) further pointed
out that in boreal spring, the HC also intensified; but some
other studies revealed that the strength of the HC in boreal
summer shows no significant increasing trend (Tanaka et al.,
2004; Feng et al., 2011).

In addition to the intensity, the HC width also attracts lots
of attentions. It is reported that the HC has a poleward
expansion trend since 1979 (Fu et al., 2006; Frierson et al.,
2007; Lu et al., 2007; Seidel et al., 2008; Hu and Fu, 2007;
Hu et al., 2011; Johanson and Fu, 2009). The widening of the
HC results in a poleward extension of the subtropical dry
zones (Polvani et al., 2011).

Given the fact that HC has important climate impacts, its
spatial structure is also worth investigating. Dima and Wallace
(2003) found that the annual march of HC is consisted of two
components: the asymmetric and symmetric parts. Subse-
quently, Ma and Li (2008) found that the principal modes of
the year-to-year variability of DJF HC show asymmetric mode
(AM) for EOF1 and symmetric mode (SM) for EOF2. Similar
results were also obtained in boreal summer and spring (Feng
et al., 2011, 2013; Li et al., 2013). Feng and Li (2013) pointed
out that the classical El Ni~no events have different impact on
HC structure from that of the El Ni~no Modoki events. The
Table 1

A brief introduction of the CMIP5 models used in this study.

Model Institution and country

bcc-csm1-1 Beijing Climate Center, China Meteorological Administr

CESM1-CAM5 Community Earth System Model contributors

HadCM3 Met Office Hadley Centre

BNU-ESM College of Global Change and Earth System Science, Be

CCSM4 National Center for Atmospheric Research

CanESM2 Canadian Centre for Climate Modelling and Analysis

CESM1-WACCM Community Earth System Model contributors

CNRM-CM5 Centre National de Recherches M�et�eorologiques/Centre

et Formation Avanc�ee en Calcul Scientifique

CSIRO-Mk3-6-0 Commonwealth Scientific and Industrial Research Organ

with Queensland Climate Change Centre of Excellence (

EC-EARTH EC-EARTH consortium

FGOALS-g2 LASG, Institute of Atmospheric Physics, Chinese Acade

and CESS, Tsinghua University

FGOALS-s2 LASG, Institute of Atmospheric Physics, Chinese Acade

and CESS, Tsinghua University

FIO-ESM First Institute of Oceanography, State Oceanic Administr

GFDL-CM3 NOAA/Geophysical Fluid Dynamics Laboratory

GFDL-ESM2G NOAA/Geophysical Fluid Dynamics Laboratory

GFDL-ESM2M NOAA/Geophysical Fluid Dynamics Laboratory

GISS-E2-H NASA Goddard Institute for Space Studies

GISS-E2-R NASA Goddard Institute for Space Studies

HadGEM2-AO National Institute of Meteorological Research/Korea Me

inmcm4 Institute of Numerical Mathematics

IPSL-CM5A-LR L'Institute Pierre-Simon Laplace

MIROC5 Atmosphere and Ocean Research Institute (University of

for Environmental Studies, and Japan Agency for Marin

MIROC-ESM Japan Agency for Marine-Earth Science and Technology

(University of Tokyo), and National Atmosphere Institut

MPI-ESM-LR Max Planck Institute for Meteorology

MRI-CGCM3 Meteorological Research Institute

NorESM1-M Norwegian Climate Centre
former can lead to symmetric HC anomaly, while the latter
will lead to asymmetric HC anomaly. The asymmetric HC
anomaly is documented to have impacts on subtropical pre-
cipitation (Feng et al., 2013; Li et al., 2015) and tropical
cyclone (Zhang and Wang, 2013).

The above mentioned studies indicate that the HC variability
is complex and has important climate impacts. Understanding
the HC variability and its future change are quite necessary.
However, the trends of the HC are inconsistent among different
datasets because of the atmospheric thermal structure bias
(Stachnik and Schumacher, 2011;Nguyen et al., 2013;Mitas and
Clement, 2006). To better understand howHCchanges, the high-
performance numerical models are needed. The Coupled Model
Intercomparison Project Phase 5 (CMIP5) provides useful
benchmark for evaluating the state-of-art coupled models' per-
formance in simulating the climate system. Previous studies
demonstrated that the current climatemodels underestimated the
poleward expansion of the HC (Hu et al., 2013; Quan et al.,
2014). Feng et al. (2015) even pointed out that no models can
capture the long-term trend in the AMof annual meanHC due to
the failure in simulating the interhemispheric sea surface tem-
perature (SST) difference among the 10 CMIP5 models they
selected. Hence, it is important to analyze the climatology and
interannual variability of the annual mean HC simulation by
using more CMIP5 models.
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Fig. 1. Climatology of annual mean mass stream function (MSF) from (a) ECMWF Re-Analysis (ERAI), (b) multi-model ensemble mean (MME), and (c) the

difference of MME (unit: kg s�1).
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In this paper, 26 CMIP5 models were employed to evaluate
their ability in reproducing the observed climatology and
interannual variability of the annual mean HC. In addition, the
SST anomaly (SSTA) patterns corresponding to the HC prin-
cipal modes were also analyzed. The remainder of the
manuscript is arranged as follows: Section 2 described the
reanalysis data, the CMIP5 models and the methods; Section 3
presented the results. Discussion and conclusions were given
in Section 4.

2. Data, model description and methods
2.1. Data and methods
Fig. 2. Taylor diagram for annual mean mass stream function (MSF).
The atmospheric variables were employed from the Interim
European Centre for Medium-Range Weather Forecasts
(ECMWF) Re-Analysis (ERAI), which has time coverage
from 1979 to present, with a 2.5� � 2.5� horizontal resolution
and 37 vertical levels (Dee et al., 2011). The SST data used in
this study is from the monthly mean Extended Reconstruction
of Historical Sea Surface Temperature version 3b (ERSST
v3b) dataset, which has a 2.0� � 2.0� horizontal resolution and
covers the period from 1854 to present (Smith et al., 2008).

We use mass stream function (MSF) to represent the HC,
which is calculated by integrating the zonal mean meridional
wind (Holton, 1992; Li, 2001). The empirical orthogonal
function (EOF) analysis is used to extract the principal modes
HC.
2.2. Model description
We employed 26 CMIP5 models (https://pcmdi9.llnl.gov,
Taylor et al., 2012) in this study, and the further details are
listed in Table 1. The first realizations of the historical exper-
iments were used to make each model have equal weight in the
multi-model ensemble (MME) mean. All the outputs from the

https://pcmdi9.llnl.gov


Fig. 3. EOF1 of annual mean mass stream function (MSF) from (a) ECMWF Re-Analysis (ERAI), and (beA) each model for the period of 1979e2005. The

contour intervals are 2 � 109 kg s�1. The solid (dashed) contours indicate the positive (negative) values. The value at the top-right corner of each figure is the

explained variance to the total for each dataset.
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atmospheric components were interpolated to a 2.5� � 2.5�

common grid and the outputs from the ocean components were
interpolated on to a 2.0� � 2.0� common grid for the conve-
nience to compare with the observations. The study period is
1979e2005, which is the overlapped period of all datasets.

3. Results
3.1. Climatology
Fig. 1 shows the annual mean climatology of MSF derived
from MME, ERAI, and the differences between MME and
ERAI. Fig. 1a and 1b shows that the spatial structure of MSF
derived from MME and ERAI, the two datasets are consistent,
with one cell in each hemisphere. The southern cell is slightly
stronger than the northern one and the southern cell extends to
the northern hemisphere at about 7�N, which corresponds to
the location of the intertropical convergence zone (ITCZ). The
descending branches of the two cells locate at about 30�S and
30�N, respectively. In spite of the consistent spatial structure
of MSF, the magnitude of MSF derived from MME is weaker
than that from ERAI in both southern and northern cells
(Fig. 1c). The weak bias is especially obvious in the southern
cell.
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The performance of each model in simulating the clima-
tology of the annual mean HC is further evaluated with the
Taylor diagram shown in Fig. 2. Except for GFDL-CM3,
GISS-E2-H and MIROC-ESM, the strength of the climato-
logical HC of the remaining models are weaker than that of
the ERAI. The models have high pattern correlations with
ERAI (r > 0.9), except MRI-CGCM3, indicating that the
models have good performance in simulating the spatial
structure of the climatology of annual mean HC. But most
models underestimated the intensity of the annual mean HC,
except for GISS-E2-H and FIO-ESM which perform well in
simulating both the structure and intensity. In general, the
CMIP5 models can simulate the climatology of the annual
Fig. 4. Same as Fig.
mean HC properly, but with weak bias in southern
hemisphere.
3.2. Spatial structure of the principal modes of the
annual mean HC
Here, the spatial structure simulated by the models is
mainly focused on. Fig. 3 shows the EOF1 of the annual mean
HC from ERAI and the 26 CMIP5 models. The EOF1 of the
annual mean HC derived from ERAI presents AM, with
ascending (descending) motion at 10�S (10�N). Most models
can generally simulate the AM, which is similar to that from
the ERAI. But there are 8 models (BNU-ESM, GFDL-
3, but for EOF2.
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ESM2M, FIO-ESM, MIROCS, MPI-ESM-LR, NorESM1M,
CCSM4 and inmcm4) having different results, which not only
have a cross-equatorial cell, but also a relatively weak cell
accompanying with the asymmetric cells. The EOF1 of
CCSM4 shows approximately a SM. The explained variance
of ERAI is 41.0%, but the models range from 31.3% to 67.0%.
Additionally, the EOF1 of IPSL-CM5A-LR has a cross-
equatorial cell extending to 30�S, which is much wider than
ERAI.

Fig. 4 shows the EOF2 of the annual mean HC from ERAI
and the models. The EOF2 of ERAI presents SM, with two
comparable cells in different signs on the flanks of the
equator. They share the same upward branch at the equator,
but with descending branches at 20�S and 20�N, respectively.
Most models can present such spatial structure for their
EOF2, but the 8 models mentioned above still have differ-
ences. For BNU-ESM, GFDL-ESM2M, FIO-ESM and
MIROC5, the southern cells extend to the northern hemi-
sphere. For MPI-ESM-LR, NorESM1-M, CCSM4 and
inmcm4, they only have a strong cross-equatorial cell. The
results indicate that for EOF2, ERAI and most models shows
symmetric structure, while the 8 models shows asymmetric
structure. Noting that the model FGOALS-s2 shows a single
cell in the southern hemisphere, which is different from both
AM and SM.

Except for the spatial structures of the principal modes, the
associated time series is another important aspect of the
interannual variability. The time series of the first two
Table 2

Pattern correlation coefficients of leading modes between model and obser-

vation during the period of 1979e2005.

Category Model r(EOF1, AM) r(EOF2, SM) r(EOF2, AM) r(EOF1, SM)

Group A bcc-csm1-1 0.94a 0.81a 0.17 0.25

CESM1-CAM5 0.96a 0.75a 0.25 0.06

CNRM-CM5 0.96a 0.82a 0.18 0.01

CSIRO-Mk3-6-0 0.87a 0.78a 0.01 0.23

EC-EARTH 0.93a 0.87a 0.03 0.09

FGOALS-g2 0.92a 0.75a 0.02 0.30

GFDL-CM3 0.92a 0.87a 0.26 0.21

GFDL-ESM2G 0.89a 0.89a 0.29 0.37

GISS-E2-H 0.94a 0.9a 0.03 0.13

GISS-E2-R 0.83a 0.71a 0.36 0.52

HadGEM2-AO 0.97a 0.74a 0.31 0.02

MIROC-ESM 0.94a 0.87a 0.21 0.12

MRI-CGCM3 0.97a 0.86a 0.24 0.03

CESM1-WACCM 0.93a 0.82a 0.03 0.29

HadCM3 0.89a 0.88a 0.08 0.13

CanESM2 0.91a 0.81a 0.16 0.23

BNU-ESM 0.78a 0.75a 0.19 0.39

GFDL-ESM2M 0.73a 0.72a 0.14 0.37

Group B CCSM4 0.11 0.23 0.93a 0.86a

inmcm4 0.15 0.44 0.82a 0.75a

Group C IPSL-CM5A-LR 0.66 0.86a 0.38 0.57

FGOALS-s2 0.95a 0.5 0.44 0.65

FIO-ESM 0.65 0.61 0.58 0.69

MIROC5 0.56 0.6 0.69 0.68

MPI-ESM-LR 0.64 0.67 0.62 0.62

NorESM1-M 0.60 0.65 0.67 0.69

a Indicates the values larger than 0.7.
principal modes of models were also compared with ERAI.
The results show that all of the CMIP5 models have weak
correlations with observation (r < 0.3). This indicates that the
CMIP5 models have weak ability to reproduce a consistent
temporal evolution of the principal modes with the observa-
tion. However, as another aspect of the interannual variability,
the spatial structure of the principal mode can be well captured
by most of the CMIP5 models.

In order to evaluate how well each model simulate the AM
and SM, Table 2 lists the pattern correlation coefficients of the
principal modes between ERAI and models. It can be seen
from Figs. 3 and 4 and Table 2 that the pattern correlation
coefficients above 0.7 indicate good simulations of the spatial
structures. Eighteen out of the 26 models have high pattern
correlations with the observations indicating that these
models can properly reproduce both AM and SM. IPSL-
CM5A-LR can reproduce SM properly, but shows poor
simulation of AM. On the contrary, FGOALS-s2 can repro-
duce AM, but cannot reproduce SM. The remaining 4 models
(FIO-ESM, MIROC5, MPI-ESM-LR, NorESM1-M) will not
be discussed because that the difference between r(EOF1, AM)

and r(EOF2, AM) of these models are small, and it is the same
case for r(EOF1, SM) and r(EOF2, SM). This implies that the EOF1
and EOF2 are hard to distinguish among these models. The
last two models, CCSM4 and inmcm4, simulate a reversed
sequence of AM and SM, i.e., the EOF1s of the annual mean
HC in these two models are SM and EOF2s of the annual
mean HC are AM.

According to the above results, all the models are grouped
into 3 categories: Group A (bcc-csm1-1, CESM1-CAM5,
CNRM-CM5, CSIRO-Mk3-6-0, EC-EARTH, FGOALS-g2,
GFDL-CM3, GFDL-ESM2G, GISS-E2-H, GISS-E2-R,
HadGEM2-AO, MIROC-ESM, MRI-CGCM3, CESM1-
WACCM, HadCM3, CanESM2, BNU-ESM, GFDL-
ESM2M) can properly reproduce both AM and SM; Group B
(IPSL-CM5A-LR, FGOALS-s2) can only reproduce one of
AM or SM; Group C (CCSM4, inmcm4) simulated reversed
sequence of AM and SM.

Fig. 5 shows the first two principal modes of each group.
The spatial structure of EOF1 and EOF2 from Group A has
good consistency with those from ERAI, but the strength is
relatively weaker than ERAI (Figs. 3a and 4a). For Group B,
EOF1 shows SM with southern cell stronger than northern cell
and EOF2 shows AM. For Group C, the IPSL-CM5A-LR can
only reproduce the SM as EOF2, while the EOF1 shows a
cross-equatorial cell, which is too large compared with
observation. The FGOALS-s2 can only simulate the AM in
EOF1, the EOF2 shows a single cell in the southern Hemi-
sphere unlike neither AM nor SM.
3.3. Relationship between the principal modes and the
tropical SST
The tropical circulation has been proved to be closely
related to the SST structure (Feng and Li, 2013; Hu et al.,
2014). Previous studies also documented that the AM is
caused by asymmetric SSTA and SM is caused by symmetric



Fig. 5. The (a) first and (b) second principal modes of the annual mean Hadley circulation variability from multi-model ensemble mean of Group A during

1979e2005. (c)e(d) for multi-model ensemble mean of Group B. (e)e(f) as in (a)e(b), but for IPSL-CM5A-LR in Group C. (g)e(h) for FGOALS-s2 in Group C.

The contour intervals are 2 � 109 kg s�1. The solid (dashed) contours indicate the positive (negative) values.
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SSTA (Feng et al., 2013, Feng and Li (2013)). How this
relationship works in CMIP5 models is an interesting ques-
tion. The time series (PC) of AM and SM will be used to
regress the zonal mean SSTA, thus, the corresponding SST
structure can be observed.

Fig. 6 shows the regressed zonal mean SSTA by PC1 and
PC2 of the reanalysis data and models. For ERAI and Group
A, PC1 regressed SSTA presents a peak value at 10�S and 5�S
(Fig. 6a and c), respectively, leading to asymmetric thermal
forcing and thus AM. The PC2 regressed SSTA shows sym-
metric pattern with peak values at the equator, which can lead
to symmetric thermal forcing and SM occurrence. For Group
B, the PC1 regressed SSTA shows symmetric pattern while
the PC2 regressed SSTA shows asymmetric pattern, which
may be the reason why it simulates a reversed sequence of
AM and SM compared with the observation. For IPSL-
CM5A-LR in Group C, the PC2 of regressed SSTA shows
similar pattern as in ERAI and Group A, thus it can simulate



Fig. 6. The time series of the (a) first and (b) second principal modes regressed zonal mean SSTA based on ECMWF Re-Analysis (ERAI) during the period of

1979e2005. (ced) for Group A and B, respectively. (geh) and (iej) for IPSL-CM5A-LR and FGOALS-s2, respectively.
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well the SM. But the PC1 regressed SSTA is flat in the
southern hemisphere, which may be related to the wide lat-
itudinal range of the cross-equatorial cell structure (Fig. 5c).
And it also shows negative SSTA in northern hemisphere
which is different from the near zero values in observation.
For FGOALS-s2 in Group C, the PC1 regressed SSTA is
similar to ERAI and Group A, thus it can simulate the AM,
while the poor simulation of PC2 regressed SSTA may leads
to the poor simulation of SM.

Fig. 7 shows the relationship between the principal modes'
strength (represented by PC of each modes) and the meridi-
onal SST gradient index. The meridional symmetric SST index



Fig. 7. Correlation coefficients between the time series of (a) asymmetric mode (AM) and the asymmetric sea surface temperature (SST) index during 1979e2005,

(b) for correlation coefficients between symmetric mode (SM) and symmetric SST index. The dashed line indicates the 90% confidence level.
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(MSSI) and the meridional asymmetric SST index (MASI) are
defined as (Feng and Li, 2013):

MSSI¼ SSTA½5�S�5�N� �0:5$SSTA½5�N�15�N� �0:5$SSTA½15�S�5�S�;

ð1Þ

MASI ¼ SST ½5�N�15�N� � SST ½15�S�5�S�; ð2Þ

where the overbars denote zonal mean and square brackets
denote the latitudes where average is performed.

Only the models in the 3 categories were considered. It
can be seen that except for CESM-CAM5 and EC_EARTH,
all the models shows high correlation coefficients between
the variabilities of AM and the asymmetric SST component,
which is consistent with the observation (Fig. 7a). For SM,
all the models, except CESM-CAM5, EC-EARTH and
FGOALS-s2, have high correlation coefficients between
variabilities of SM and the symmetric SST component, which
is also consistent with observation (Fig. 7b). Note that
although CESM-CAM5 and EC_EARTH in Group A have
good simulation of the AM or SM spatial structure, they have
weak ability in reflecting the circulation response to the SST
gradient forcing.

Further, how well each model performs in simulating the
variability of meridional SST gradient itself has not been
recognized. It is possible that CESM-CAM5 and EC-EARTH
have poor simulation of the SST structure corresponds to
AM and SM. Fig. 8 shows the PC1 and PC2 regressed zonal
mean SSTA based Group A excluding CESM-CAM5 and
EC-EARTH. PC1 regressed SST in Group A shows the peak
value closer to the equator than observation and has larger
cross-equatorial SST gradient (Fig. 6a and c). When
excluding the CESM-CAM5 and EC-EARTH, the regressed
SST peak value is more approaching to that of observation
and the cross-equatorial SST gradient is also more consistent
with the observation (Fig. 8a). For PC2 regressed SSTA,
there is no big change before and after excluding the two
models (Figs. 8b and 6b). When observed independently, the
two models show no asymmetric and symmetric structure for
PC1 and PC2 regressed zonal mean SSTA. Instead, PC1
regressed SSTA for both models and PC2 regressed SSTA
for EC-EARTH present homogenous warming in the tropics,
and PC2 regressed SSTA present asymmetric distribution
(Fig. 8c and d). It implies that although the two models
simulate properly the AM and SM, but do not properly
simulate the SST structure corresponding to the principal
modes.

4. Discussion and conclusions

In this paper, the climatology and interannual variability of
the annual mean HC by using 26 climate models from CMIP5



Fig. 8. (aeb) as in Fig. 6 (aeb), respectively, but for Group A excluding CESM-CAM5 and EC-EARTH. (ced) for CESM-CAM5 (solid line) and EC-EARTH

(dashed line).
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are analyzed. The results show that most models perform well
in simulating the spatial structure of the annual mean clima-
tology of the HC, but the strengths of HC in most models are
weaker than the observation. Eighteen of the CMIP5 models in
Group A (Table 2) can simulate both the AM and SM well.
The CCSM4 and inmcm4 present a reversed sequence of AM
and SM, i.e., EOF1 shows SM-like spatial structure while
EOF2 shows AM-like spatial structure. IPSL-CM5A-LR can
only reproduce SM and FGOALS-s2 can only reproduce AM
properly. The rest of the models can simulate neither AM nor
SM. All the models have relatively weak ability in simulation
of the time evolution of the AM and SM, the correlation co-
efficients with observation are less than 0.3.

Further analysis shows that the symmetry of the HC prin-
cipal modes has close relationship with the symmetry of the
zonal mean SSTA, i.e., the symmetric (asymmetric) SSTA
corresponds to the SM (AM). Some models do not properly
simulate AM and SM, this is possibly because these models
cannot simulate SSTA structure properly. Most models have
good response to the meridional SST gradient, even if some
models do not properly simulated the SST structure. On the
other hand, some models properly simulated the principal
modes, but do not properly simulate the corresponding SST
structure. Therefore, these models should be taken more care
when classify the models into groups.

The results provide clues that why some models have larger
explained variance of SM than AM. It is possibly because that
the models with SM for EOF1 have larger variance of sym-
metric SSTA than asymmetric SSTA. Also, not properly simu-
lating either symmetric or asymmetric SSTA will lead to the
decrease of the ability in simulating SM or AM as in Group C.

The current study draws the attention to the model per-
formance in simulating both the HC principal modes and their
relationship with the airesea coupling processes. More studies
needs to be carried out to investigate why some models do not
properly simulate the SST structure and its relationship with
the HC principal modes. These works can help the models to
gain higher scores in the climate projection, because the HC is
key to the climate system changes.
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