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Abstract
The response of the Hadley circulation (HC) to the sea surface temperature (SST) is determined by the meridional
structure of SST and varies according to the changing nature of this meridional structure. The capability of the
models from the phase 5 of the Coupled Model Intercomparison Project (CMIP5) is utilized to represent the contrast
response of the HC to different meridional SST structures. To evaluate the responses, the variations of HC and SST
were linearly decomposed into two components: the equatorially asymmetric (HEA for HC, and SEA for SST) and
equatorially symmetric (HES for HC, and SES for SST) components. The result shows that the climatological
features of HC and tropical SST (including the spatial structures and amplitude) are reasonably simulated in all
the models. However, the response contrast of HC to different SST meridional structures shows uncertainties among
models. This may be due to the fact that the long-term temporal variabilities of HEA, HES, and SEA are limited
reproduced in the models, although the spatial structures of their long-term variabilities are relatively reasonably
simulated. These results indicate that the performance of the CMIP5 models to simulate long-term temporal vari-
ability of different meridional SST structures and related HC variations plays a fundamental role in the successful
reproduction of the response of HC to different meridional SST structures.

1 Introduction

The Hadley circulation (HC) is mainly thermally driven, with
its long-term variability closely related to the underlying ther-
mal conditions. The relationship between the HC and under-
lying thermal conditions has been extensively explored using
observations, such as sea surface temperature (SST). For ex-
ample, Oort and Yienger (1996) reported that the HC is sig-
nificantly correlated with the El Niño–Southern Oscillation
(ENSO) phenomenon, i.e., a strengthening HC is seen during
the El Niño events, and vice versa. However, it is reported that
the relationship between the HC and ENSO events is insignif-
icant in boreal winter and indicated that correlations vary
markedly across different datasets (Mitas and Clement 2005,
2006). A similar result is reported in Tanaka et al. (2004).
Later, Ma and Li (2007, 2008) further illustrated the relation-
ship between the tropical SST and HC, and reported that
interdecadal variations of the HC during boreal winters are
closely related to SST anomalies over the Indo-Pacific warm
pool (IPWP), and that interannual variations of the HC display
a significant relationship with the SSTover the eastern Pacific.
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This indicates that ENSO contributes to the interannual vari-
ations of the HC. Feng et al. (2011) investigated the long-term
variability of the boreal summer HC, and indicated that the
interdecadal variability of boreal summer HC is related to the
SST over the IPWP, whereas the interannual variations are
related to the SST over the tropical eastern Pacific (Sun and
Zhou 2014).

The relationship between the HC and SST has also been
investigated using theoretical and numerical models. In
particular, some earlier studies of simple theoretical models
revealed the important impacts of SST on the HC. For instance,
Lindzen andNigam (1987) illustrated how boundary layer winds
and vertical motion in the lower troposphere are influenced by
the meridional inhomogeneous variations of SST via the alter-
ation of the meridional SST gradient. Furthermore, it is found
that the position of ascent and low-level convergence is influ-
enced by the meridional structure of tropical SST through the
adjustment of the atmospheric thermal structure and convergence
process (Schneider and Lindzen 1977; Rind and Rossow 1984).
Subsequent work supported this viewpoint and also indicated
that the position of lower tropospheric convergence is sensitive
to the meridional distribution of heating locations and profiles
(Hou and Lindzen 1992). Subsequently, Clement (2006) used
idealized climate model experiments to show that the transport
of ocean heat plays an important role in determining the intensity
and spatial structure of the seasonal HC. Chen et al. (2010) used
an aqua-planet model to demonstrate that the HC intensifies in
the deep tropics with low latitude warming. It was shown that the
HC would weaken in most of the Intergovernmental Panel on
Climate Change (IPCC) Fourth Assessment Report (AR4)
coupled models under the warming scenarios (Vecchi and
Soden 2007; Gastineau et al. 2008). The above research ascer-
tains the important impacts of tropical SST on HC from the
theoretical analysis and numerical models.

Recent observations have shown that the meridional struc-
tures of SST play a decisive role in determining the HC’s long-
term variability (Feng and Li 2013; Feng et al. 2013; Guo et al.
2016). For example, an equatorially symmetric SST structure is
accompanied with an anomalous equatorially symmetric merid-
ional circulation, and vice versa (Feng and Li 2013; Feng et al.
2015). And the variations of equatorially asymmetric SST con-
tribute to the long-term variability of HC in the boreal summer
and winter (Li and Feng 2017). To further establish the contrast
responses of HC to different SST meridional structures, Feng
et al. (2016) deconstructed the variations of the HC and SST into
two components, i.e., the equatorially asymmetric (HEA for HC,
SEA for SST) and equatorially symmetric (HES for HC, SES for
SST) parts. They found that the responses of HEA to SEA are
times to that of HES to SES within the period 1948–2013. This
point is consistently observed in both observational and theoret-
ical analysis. Consequently, the result explains why the dominant
mode of seasonal HC’s variability is equatorially asymmetric, for
that a same magnitude variation in SST would induce larger

anomalies in HEA than in HES. Therefore, the asymmetric–
symmetric decomposition approach may provide us a feasible
method to quantitatively evaluate whether the response of HC to
tropical SST (including the involved physical process) in the
GCCMs is reasonable.

Hu et al. (2013) evaluated the poleward expansion of the HC
based on the Phase 5 of the Coupled Model Intercomparison
Project (CMIP5). Feng et al. (2015) examined the capability of
the CMIP5 models in capturing the HC’s variability, and indicat-
ed that the reproduction of HC variation depend on the simula-
tion ability of the meridional gradient of SST. However, few
work assessing model simulations have been devoted to investi-
gating the contrasting response of the HC to different SST me-
ridional structures. Such research would useful for better cogniz-
ing the response of HC to tropical SST and the HC’s variability,
and could facilitate the ongoing improvement of the climate
models. For example, a weakened (strengthened) of SES may
associate with a corresponding variation in HES, implying the
equatorially symmetric variation of HC would intensified (sup-
pressed). Moreover, if the models can accurately reproduce the
different responses of the HC to SST meridional structures, it
would allow future variations of the HC to be detected.

The long-term simulations of CMIP5 have proved to be a
helpful criterion for assessing model predictability and sensi-
tivity with respect to SST forcing (Taylor et al. 2012). In the
present study, we assess the performance of current coupled
general circulation models (CGCMs) in simulating the re-
sponses of the HC to different SST meridional structures,
and provide a comprehensive comparison of the differences
in response among models and observations with the aim of
improving the CGCMs.

The remainder of this manuscript is organized as follows.
The models, observational datasets, and methodology used in
this study are described in Section 2, and Section 3 outlines
the capability of the CMIP5 models in reproducing the re-
sponses of the HC to different SST meridional structures in
the observations and CMIP5 models. The potential causes of
the model’s simulation ability in reproducing the responses of
HC to SST are investigated in Section 4. Finally, a discussion
and our conclusions are presented in Section 5.

2 Models, observational datasets,
and methodology

2.1 Models

The CMIP5 is a standard experimental protocol for the CGCMs
and provides a community-based infrastructure in support of
climate model intercomparison, validation, diagnosis, data ac-
cess, and documentation. From the archive, we used outputs
from 18 coupled models developed at different modeling centers
(Table 1). Models were selected according to the model diversity
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and data availability within period 1948–2004. The output data
from the listed models had different horizontal and vertical reso-
lutions. The physical processes involved differs betweenmodels;
for example, some are Earth system models (e.g., CanESM2,
BNU-ESM, etc.), which include biological processes. As the
simulation periods in eachmodel are different,model simulations
of monthly mean SST and meridional wind within 1948–2004
were used. Notwithstanding, there are multiple outputs from
most models, with different predictions derived solely from the
initial conditions. Only the first simulations (i.e., r1i1p1) are an-
alyzed in this study. We used historical simulations to assess the
performance of the 18 models in simulating the responses of the
HC to different SSTmeridional structures. Formore details about
the CMIP5 models, see http://cmip-pcmdi.llnl.gov/cmip5/
availability.html.

2.2 Observational datasets

To validate the ability of the models in reproducing the re-
sponses of HC to different SSTmeridional structures, we used
two atmospheric reanalysis datasets. The first was the
National Centers for Environmental Prediction/National
Center for Atmospheric Research (NCEP1) reanalysis that
extends from the late 1940s to the present day and has a

horizontal resolution of 2.5° × 2.5° (Kalnay et al. 1996). The
second was the twentieth century reanalysis (20CR) dataset
that extends from 1871 to 2010 and has a horizontal resolution
of 2° × 2° (Compo et al. 2011). Two SST datasets used to
examine the influence of tropical SST on the HC are version
1 of the Met Office Hadley Center Sea Ice and SST dataset
(HadISST; Rayner et al. 2003), which has a 1° × 1° horizontal
resolution, and the Improved Extended Reconstruction SST
version 3b (ERSST; Smith et al. 2008) on a 2° × 2° horizontal
resolution. According to the length of the model simulations,
the period 1948 to 2004 was selected to evaluate the responses
of the HC to different meridional structures of tropical SST. To
show a direct comparison of the responses of the HC to dif-
ferent meridional SST structures, the seasonal diversities were
not considered in this study. Additionally, as the HC is ther-
mally driven, we examined only annual mean SSTs within the
tropics.

2.3 Methodology

The HC is characterized by the mass stream function (MSF). It
is obtained by vertically integrating the zonal meanmeridional
winds in the conventional way (Feng et al. 2013). Clockwise
vertical circulation (the northern cell) is defined as positive

Table 1 Details of the CMIP5 models used in this study

Model name Modeling center/country Horizontal
resolution
(long × lat)

Vertical
resolution
(levels)

Reference

BCC-CSM1-1 Beijing Climate Center, China Meteorological
Administration, China

2.81 × 2.77 17 Jiang et al. (2010)

BNU-ESM Beijing Normal University, China 2.81 × 2.77 17 Ji et al. (2014)
CanESM2 Canadian Centre for Climate Modeling and Analysis,

Canada
2.81 × 2.79 22 Chylek et al. (2011)

CCSM4 National Center for Atmospheric Research, USA 1.25 × 0.9 17 Gent et al. (2011)
CESM-CAM5 National Science Foundation, Department of Energy,

NCAR, USA
1.25 × 0.9 Neale et al. (2012)

CNRM-CM5 Centre National de Recherches Meteorologiques,
Meteo-France, France

1.41 × 1.40 17 Voldoire et al. (2013)

CSIRO-Mk3–6-0 Commonwealth Scientific and Industrial Research
Organization (CSIRO), Australia

1.875 × 1.86 17 Collier et al. (2011)

EC-EARTH European Centre for Medium-Range Weather Forecasts 1.125 × 1.125 16 Hazeleger et al.
(2011)

FGOALs-g2 Institute of Atmospheric Physics, Chinese Academy of
Sciences, China

2.81 × 1.67 17 Yu et al. (2011)

FIO-ESM The First Institution of Oceanography, China 2.81 × 2.81 17 Qiao et al. (2013)
GFDL-ESM2M NOAA Geophysical Fluid Dynamics Laboratory, USA 2.5 × 2.0 17 Dunne et al. (2013)
GISS-E2-H National Aeronautics and Space Administration (NASA),

USA
2.5 × 2.0 17 Schmidt et al. (2014)

HadCM3 Met Office Hadley Centre, UK 3.75 × 2.5 17 Gordon et al. (2000)
HadGEM2-ES Met Office Hadley Centre, UK 1.875 × 1.25 17 Martin et al. (2011)
IPSL-CM5A-LR Institut Pierre Simon Laplace, France 3.75 × 1.875 17 Dufresne et al. (2013)
MIROC-ESM Atmosphere and Ocean Research Institute, National

Institute for Environmental Studies and Japan Agency
for Marine-Earth Science and Technology, Japan

2.81 × 1.77 23 Watanabe et al.
(2011)

MPI-ESM-LR Max Planck Institute for Meteorology, Germany 1.875 × 1.85 17 Giorgetta et al. (2013)
NorESM1-M Norwegian Climate Centre 2.5 × 1.875 17 Bentsen et al. (2013)
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and anti-clockwise vertical circulation (the southern cell) is
defined as negative. That is, the sign of the MSF in the
Southern Hemisphere is the opposite of that in the Northern
Hemisphere. To determine the impacts of the meridional struc-
ture of SSTon the HC, we linearly decomposed the variations
of the HC and SST into two components: the equatorially
asymmetric and equatorially symmetric components.
According to Feng et al. (2016), the HES and HEA are defined
as follows:

HES jð Þ ¼ MSF jð Þ−MSF − jð Þ
2

; and HEA jð Þ

¼ MSF jð Þ þMSF − jð Þ
2

:

The SES and SEA are defined as:

SES jð Þ ¼ SST jð Þ þ SST − jð Þ
2

; and SEA jð Þ

¼ SST jð Þ−SST − jð Þ
2

;

where j and − j are the meridional locations mirrored
about the equator. Note that the sum of the equatorially
asymmetric and symmetric components equals to the
original variations of HC and SST. More details of the
decomposition method are seen in Feng et al. (2017).

Empirical orthogonal function (EOF) analysis was used to
detect the dominant mode of the equatorially asymmetric and
symmetric components of the annual mean HC and zonal
mean tropical SST. The annual cycle based on the period
1948–2002 of HC and SST is removed before performing
the EOF, that is, the EOF modes as well as the corresponding
principal components (PC) are based on the anomalies. The
relationships between the principal modes and PC of the an-
nual mean HEA and SEA, HES, and SES were investigated
using spatial and temporal correlation analysis. The linear
least squares regression is used to calculate the regression.
The statistical significance of the correlation and regression
values was assessed by means of a two-sided Student’s t test.
All of the CMIP5 historical simulations were linearly interpo-
lated to the same horizontal resolution as the NCEP1 reanal-
ysis for an objective comparison.

3 The responses of HC to different meridional
structures of SST in observations and CMIP5
models

3.1 Simulated annual HEA, HES, SEA, and SES

First of all, the performance of the CMIP5 models in simulat-
ing the climatological spatial patterns of annual mean HEA,

HES, SEA, and SES is examined. To quantitatively examine
the accordance between the CMIP5 models and observations,
a set of Taylor diagrams is employed to compare the model’s
performance based on the climatological distributions of
HEA, HES, SEA, and SES (NCEP1 for HEA and HES, and
ERSST for SEA and SES). Similar features are seen in the
climatological HEA for all models, where they are centered at
the equator with centers located in the lower troposphere, with
an extent of approximately 60° latitude from the Southern
Hemisphere to the Northern Hemisphere (Fig. A1). We see
that the spatial structures of HEA between the models and
observations are significantly correlated with each other, with
correlation coefficients all beyond 0.8 (Fig. 1a). This result
indicates that the CMIP5 models show well skills in capturing
the climatological characteristics of HEA. For the simulated
amplitude of the climatological HEA, evident biases are seen
comparing with the observations. It shows a general amplitude
underestimation of the HEA pattern in the models, with a
smaller than 1.0 ratio of the standard deviation of the modeled
to the observed HEA patterns, despite that some models, i.e.,
CSIRO-Mk3-6-0, MPI-ESM-LR, EC-EARTH, and MIROC-
ESM, generate overestimates. Similarly, all models capture
the spatial structure of HES, with the combined ascending
branch located at the equator, and the cell extending from
30°S to 30°N (Fig. A2). This point is further observed from
the high spatial correlation coefficients, with all of the coeffi-
cients being greater than 0.9. However, an overestimate of
HES amplitude is seen in most models except CSIRO-Mk3-
6-0 (Fig. 1b). This result indicates that the simulations of
climatological HEA and HES are reasonable in the CMIP5
models.

In contrast to the results for HEA and HES, all the models
underestimate the amplitude of SEA (Fig. A3), but with sig-
nificant spatial correlations with the observation (Fig. 1c). As
to the SES, it is seen that all of the models accurately depict
the parabola-like variations of SES, with centers located at the
equator and a maximum at around 5° latitude within each
hemisphere (Fig. A4). This point is further verified from the
high spatial correlations between the models and observations
of SES, with coefficients all greater than 0.93. However, un-
like to the SEA, a general overestimate of the SES’s amplitude
is seen (Fig. 1d).

In general, despite certain biases are exist in the amplitude,
all of the models show satisfactory skills in depicting the fun-
damental characteristics of the equatorially asymmetric and
symmetric components of HC and tropical SST. The simula-
tions of the climatological spatial pattern of annual mean
HEA, HES, SEA, and SES are consistent nicely with the ob-
servations. Meanwhile, the satisfactory performance of the
models in reproducing the above spatial structures highlight
the skills of the CMIP5 models, which provide the basic guar-
antee for further detecting their ability in reproducing the re-
sponse of HC to different SST meridional structures.
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3.2 Response ratio between HEA to SEA and HES
to SES

Having discussed the ability of the CMIP5 models in repro-
ducing the climatological structures of the equatorially asym-
metric and symmetric components of the HC and zonal mean
SST, in this section we compare the responses of HEA to SEA
and HES to SES in both the observations and CMIP5 models.
To quantitative assess the response of HC to different SST

meridional structures, EOF is employed to obtain the principal
variability of HEA, HES, SEA, and SES. According to Feng
et al. (2016), the variation of HES is mainly associated with
SES, and that the variability of HEA is linked to variations of
SEA. The scatter plot of the first PC of HEA with respect to
that of SEA as well as the HES to SES is shown in Fig. 2. It is
seen that the response of HEA to SEA is ~ 7 times that of HES
to SES in the observations in both the NCEP1 and 20CR
reanalysis data with respect to different SST reanalyses. This

Fig. 1 Taylor diagram of the climatological distribution of a HEA, b
HES, c SEA, and d SES. The correlation coefficients and ratio of the
standard deviation between models and reanalysis data (NCEP1 and

ERSST) are shown by the cosine of the azimuth angle and the radial
distance, respectively. REF on the horizontal axis indicates the
reference point (NCEP1 and ERSST)
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suggests a contrasting response induced by the differences in
the meridional structures of SST as reported in Feng et al.
(2016). However, the response ratio between HEA to SEA
and HES to SES in the CMIP5 models shows large uncer-
tainties (Table 2). The BCC-ESM1-1, IPSL-CM5A-LR, and
FGOALs-g2 models overestimate the responses ratio associ-
ated with different SST meridional structures. In contrast,
CSIRO-Mk3-6-0, CCSM4, FIO-ESM, GISS-E2-H, and
GFDL-ESM2M models underestimate the response differ-
ences. Moreover, it is seen that the response difference is
simulated relatively well in the BNU-ESM, CanESM2,
CNRM-CM5, HadGEMs-ES, and HadCM3 models. The
above analysis indicates that the performance of the models
in simulating the response contrast of HC to different tropical
SST meridional structures differs among the individual

models. Additionally, the exaggeration or underestimation of
the asymmetric or symmetric components of HC or SST, or
their combined impacts, could lead to inaccurate simulations
of the different responses, and the potential causes will be
discussed in the following.

4 Possible causes of the simulated response
differences of HC to SST

The difficulty in understanding the response contrast of HEA
to SEA with respect to HES to SES is that variations arising
from HC and SST both could induce uncertainties in the re-
sponse differences. In this section, both the spatial and tem-
poral variations of long-term variability of HEA, HES, SEA,

Fig. 2 Left panel, scatter plot of
the first PC of the SEA against the
first PC of the HEA based on
different reanalyses. The red dots
are the PCs of HEA and SEA
(SES), the black dots are the
linear fit of the scatter, for which
the regression coefficient is
shown. Right panel, as in the left,
but for the scatter plot of the first
PC of the SES against the first PC
of the HES
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and SES are detected to assess the ability of the CMIP5
models in reproducing the responses ratio. As discussed be-
low, we see that the explained variances of the first dominant
mode of year-to-year variability of HEA, HES, SEA, and SES
are greater than 50%, indicating that the foremost variations
could be explained by the first dominant mode. Thus, in the
context below, only the first leading mode is analyzed.

4.1 Long-term variability of the HEA and HES

In the observation, the first principal mode of HEA is domi-
nated by an equatorially asymmetric cell, and explains around
70% of the variance in the reanalyses. This mode centers on
the equator and extends approximately 30° to the north and
south, as is consistently observed in both the NCEP1 and
20CR data (Fig. 3a, b). We found that most of the models
depict the spatial structure of this mode well in both spatial
structure and amplitude, and accounts for a variance of about
70% (Fig. 4). A notable exception is the IPSL-CM5A-LR
model, which shows a large departure from the observations,
in which a broader extent and a smaller variance are observed,
and the center deviates from the equator (Fig. 4o). Except the
IPSL-CM5A-LR model, the principal mode of HEA accounts
for most of the variation, which is further resolved by a high

spatial correlation between the observations and models, with
coefficients between 0.73 and 0.89 (figures not shown).

As to the leading mode of HES, an equatorially symmetric
mode dominates the variability of HES and explains a vari-
ance of around 50%, with the combined ascending branch at
the equator, and two descending branches located in the extra
tropics in each hemisphere (Fig. 3c, d). The extent of this
mode in NCEP1 is much broader than in 20CR, but the inten-
sity of this mode in the two reanalyses is consistent. However,
there are many uncertainties in the simulations of this mode
determined from the CMIP5 models. The spatial structure,
amplitude, and the explained variances (varying from 36.6
to 84.2%) show certain differences from the observations
(Fig. 5). The spatial correlation of this mode between the
observations and models varies from 0.32 to 0.56, apart from
IPSL-CM5A-LR because of its limitation in capturing the
spatial distribution. Our results indicate that although the cli-
matological features of HES are better simulated in the
CMIP5 models than those of HEA, the variabilities are better
explained by the simulations of long-term HEA, which also
compare well with the observations.

The simulations of the PCs of these modes of long-term
variations of HEA and HES are further evaluated in Fig. 6.
None of the correlation coefficients for the interannual varia-
tions of the PCs for HEA and HES between the observations
and those from the models are significant. This implies that all
of the models were not able to accurately simulate the tempo-
ral evolution of the first leading mode of the HEA and HES.

4.2 Long-term variability of SEA and SES

The leading mode of SEA is equatorially asymmetric, with the
minimum in the Northern Hemisphere and the maximum in
the Southern Hemisphere, and decreasing with latitude
(Fig. 7a). This mode explains 90.2% of the variance in the
ERSST data and 88.8% in the HadISST data. The long-term
variability of SES is dominated by an equatorially symmetric
structure (Fig. 7b), which explains 93.1% of the variance in
the ERSST data and 92.0% in the HadISST data. Despite there
being a little difference in the modes of SEA and SES between
ERSST and HadISST, the spatial distribution of the dominant
modes are consistent, and the explained variance is the same,
implying the reliability of this mode. The close linkage be-
tween the HC and SST is further established by the high cor-
relations of their corresponding PCs, with the correlation co-
efficients being greater than 0.7 for that of HEA and SEA, and
HES and SES based on the NCEP1 and ERSST. Besides, it is
seen that the variations of SES is closely linked with El Niño–
Southern Oscillation (ENSO) in that both El Niño and La
Niña are corresponding to equatorially symmetric SST anom-
alies (Zhang et al. 2009).

The simulations of the long-term variability of SEA and
SES are displayed in Figs. 8 and 9, respectively. Most models,

Table 2 The response coefficients of HEA to SEA, HES to SES, and
their ratio in the reanalysis data and CMIP5 models

Data types HEA-SEA HES-SES Ratio

NCEP1-ERSST 24.87 3.61 6.9

NCEP1-HadISST 16.34 2.45 6.7

20CR-ERSST 17.60 2.39 7.4

20CR-HadISST 13.35 1.86 7.2

BCC-CSM1-1 19.83 0.27 74.6

BNU-ESM 26.03 3.30 7.9

CanESM2 18.26 2.15 8.5

CCSM4 8.73 3.21 2.7

CESM1-CAM5 2.20 − 0.80 –

CNRM-CM5 15.63 2.13 7.3

CSIRO-Mk3-6-0 10.63 2.59 4.1

EC-EARTH 7.64 0.42 18.2

FGOALs-g2 13.74 0.68 20.4

FIO-ESM 18.21 3.93 4.6

GFDL-ESM2M 19.08 4.37 4.4

GISS-E2-H 12.72 3.39 3.7

HadCM3 17.36 3.05 5.7

HadGEM2-ES 15.29 2.27 6.7

IPSL-CM5A-LR 6.83 0.43 15.8

MIROC-ESM 12.33 1.12 11.0

MPI-ESM-LR − 0.95 2.11 –

NorESM1-M 14.99 2.78 5.4
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except BNU-ESM, reproduce the spatial distribution of the
long-term variability of SEA reasonably well. In addition, all
models underestimate the explained variance of this model.
However, for long-term variations of SES, the amplitudes of
this mode vary markedly among the CMIP5 models despite
the explained variance of this mode being similar to the ob-
servations. The amplitude in the MIROC-ESM, EC-EARTH,
IPSL-CM5A-LR, BCC-CSM1-1, and FGOALs-g2 models
are much smaller than seen in the observations. Meanwhile,
large bias is seen in the simulated temporal long-term variabil-
ity of SEA (i.e., PCs), apart from in GISS-E2-H (Fig. 6c). By
contrast, most of the models were able to simulate the chang-
ing long-term variability of SES well, and this is reflected by
the significant correlations in the PCs between observations
and models (Fig. 6d).

Therefore, as discussed above, the larger response ratio of
HEA to SEAwith respect with HES to SES in models BCC-
ESM1-1, FGOALs-g2, and IPSL-CM5A-LR may be due to
the underestimated response of HES to SES. In contrast, the
low response ratio in the GISS-E2-H, CCSM4, and CSIRO-
Mk3-6-0 models may be caused by the underestimated re-
sponse of HEA to SEA. Also, the low response ratio shown
in FIO-ESM and GFDL-ESM2M models may be due to the
exaggerated response of HES to SES. And as mentioned, al-
though the long-term temporal variation for both the
equatorially asymmetric and symmetric variations are not as
well simulated as the spatial structures, the temporal variabil-
ity of SES is relatively better depicted in the models, implying
an improved performance in simulating the equatorially sym-
metric SST variations (Kug et al. 2012).

5 Discussion and conclusions

This study used historical simulations generated by 18 CMIP5
models to test their ability in simulating the response contrast
of HC to different SST meridional structures. By linearly
decomposing the variations of the HC and SST into two com-
ponents, the equatorially asymmetric (i.e., HEA and SEA) and
symmetric (i.e., HES and SES) variations, it is shown that the
models show nice skills in simulating the spatial structures
and amplitudes of the climatological HEA, HES, SEA, and
SES. Moreover, the climatological characteristics of HES and
SES show better simulation performance than those of HEA
and SEA. Overall, the models showed reasonable capability in
reproducing the climatological features of the equatorially
symmetric components for both SST and the HC.

As to the long-term variability, we found that most models
captured the spatial structures of the principal mode of HEA
and HES well in both spatial distribution and amplitude. The
IPSL-CM5A-LR model showed evident shortcomings in pro-
ducing the spatial structure of the principal mode of HEA.
Similarly, a limited ability in simulating the spatial distribution
of the principal mode of HES was observed. On the other
hand, the first dominant modes of SEA and SES were
reproduced by the CMIP5 models. Although there are certain
differences in the amplitudes and explained variances, the
long-term variability of the spatial distribution of the principal
modes was reproduced. With the exception of GISS-E2-H, we
found that the models cannot reproduce the temporal varia-
tions of the corresponding PCs of HEA, HES, and SEA. In
contrast, most of the models showed significant correlations

Fig. 3 a The first principal mode of HEA based on the NCEP1. The
contour interval is 0.02 × 1010 kg/s. Positive (negative) contours are
shown as solid (dotted) lines. b As in (a), but based on the twentieth-

century reanalysis. c As in (a), but for the HES. d As in (c), but based on
the twentieth-century reanalysis
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with the observations for the PCs of SES. The variations of
SES corresponded to the symmetric variations of SST, which
are associated with ENSO (Feng and Li 2013). This agrees
with the findings of previous works, which also found that the
simulation of ENSO variability is improved in the CMIP5
models (Guilyard et al. 2012; Kug et al. 2012; Bellenger
et al. 2014; Bhaskar et al. 2014).

The differences in the responses of HEA to SEA and HES
to SES are therefore assessed. Our results showed that only
five models (BNU-ESM, CanESM2, CNRM-CM5,
HadGEMs-ES, and HadCM3) displayed reasonable response

differences between HEA to SEA and HES to SES. It should
be noted that the CNRM_CM5, BCC_CSM1_1, and
CANESM2 models showed a satisfactory performance in
simulating the HC’s long-term variability in Feng et al.
(2015). The consistent results here highlight that the year-to-
year variability of the HC and its relationship with SST are
replicated well in these model simulations. Conversely, the
response ratios of HEA to SEA and HES to SES are not
constant and vary depending on the background climate.
These models (i.e., CNRM_CM5, BCC_CSM1_1, and
CANESM2) could therefore be used to further assess the

Fig. 4 a–r As in Fig. 3, but for the first principal mode of HEA in the CMIP5 models. The contour interval is 0.03 × 1010 kg/s
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responses of HC to SST under different climatic backgrounds
using their long historical outputs combined with future cli-
matic scenarios (e.g., RCP8.5 and RCP4.5). This is out of the
scope of this work, but could be a topic for future research.

On the other hand, the influence of SSTon the HC involves
complex linear and nonlinear processes, and SEA may also
influence the variation of HES (Feng et al. 2016). However,
the decomposition method here is linear, and that only the
responses of HEA to SEA and HES to SES were discussed.
This is due to the fact that the correlation coefficient of SEA
(SES) and HES (HEA) is moderate (below or around 0.4
across different datasets) comparing to that of HEA to SEA
and HES to SES, indicating the major influences of HES

(HEA) are subject to SES (SEA). Hence, only the linear re-
sponse of HC to SST was considered and assessed in the
CMIP5 models. At present, we could not decompose the var-
iations of HC and SST into linear and nonlinear components.
The method described in this study provides a simple method
to separately examine the possible linear impacts of SST on
the HC.

Finally, the simulations of the response differences of HEA
to SEA and HES to SES in the CMIP5 models vary greatly,
indicating the presence of certain uncertainties within the
models. The models capture the long-term variability of SES
better than SEA (particularly the corresponding PCs), possibly
because the variation of SEA reflects mainly the interdecadal

Fig. 5 As in Fig. 4, but for the HES
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variations of the HC, whereas HES represents mainly the in-
terannual variations of the HC (Feng et al. 2016), and the
variation of SES is closely linked with ENSO. This agrees
with previous studies that reported the models do not simulate
interdecadal variations well (e.g., Chiang et al. 2013; Yin et al.

2013; Zheng et al. 2013; Liu et al. 2016) and an improved
ENSO simulated performance is found (Kug et al. 2012).
Moreover, only the potential role of tropical SST on the HC
is discussed in the context; however, both the tropical SSTand
HC may be influenced by many other climatic systems, such

Fig. 6 As in Fig. 1, but for the Taylor diagram of the PCs between the observations and those in the models for a HEA, b HES, c SEA, and d SES. The
solid circles (numbered) refer to the 18 models

Fig. 7 aThe first principal mode of SEA based on the ERSST. bAs in (a), but for the SES. cAs in (a), but based on the HadISST. dAs in (c), but for the
SES
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as the Atlantic multi-decadal oscillation and the Antarctic os-
cillation (e.g., Zheng et al. 2015; Guo et al. 2016). However,
neither the climatic effects nor the impacts of the variability of
these large-scale oscillations have been reasonably
reproduced by the models (e.g., Ruiz et al. 2013; Zheng

et al. 2013; Han et al. 2016). This provides other plausible
explanations why the response differences between the
equatorially asymmetric and symmetric circulations to SST
are not simulated well in the models, and warrant further re-
searches. Nevertheless, we find that the response of the HC to

Fig. 8 The first principal mode of SEA in the CMIP5 models (°C)
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SST shows large uncertainties in the present models; this is
due to the reason that both the long-term variabilities of SST
and HC, particularly the temporal variations, are not well
reproduced despite the limitations of the CMIP5 models and
linear methodology used. The result provides a possible

explanation why uncertainties exist in the long-term variabil-
ity of HC in the current models, for the response of HC to
tropical SST is not well reproduced. This may be due to the
following aspects, unsatisfactory simulations in variability of
tropical SST, and involved adjustment of the atmosphere to

Fig. 9 As in Fig. 8, but for the SES (°C)
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the thermal structure and convergence process, implying an
improvement in the relevant physical process involving the
tropical air–sea interactions. This result may therefore contrib-
ute to the improvement of the CMIP5 models.
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