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ABSTRACT

The tropical Hadley circulation (HC) plays an important role in influencing the climate in the tropics and extra-tropics.
The realism of the climatological characteristics, spatial structure, and temporal evolution of the long-term variation of the
principal mode of the annual mean HC (i.e., the equatoriallyasymmetric mode, EAM) was examined in model simulations
from the Coupled Model Intercomparison Project Phase 5 (CMIP5). The results showed that all the models are moderately
successful in capturing the HC’s climatological features,including the spatial pattern, meridional extent, and intensity, but not
the spatial or temporal variation of the EAM. The possible reasons for the poor simulation of the long-term variability of the
EAM were explored. None of the models can successfully capture the differences in the warming rate between the tropical
Southern Hemisphere (SH) and Northern Hemisphere (NH), which is considered to be an important driver for the variation of
the AM. Most of the models produce a faster warming in the NH than in the SH, which is the reverse of the observed trend.
This leads to a reversed trend in the meridional gradient between the SH and NH, and contributes to the poor simulation of
EAM variability. Thus, this aspect of the models should be improved to provide better simulations of the variability of the
HC. This study suggests a possible reason for the poor simulation of the HC, which may be helpful for improving the skill of
the CMIP5 models in the future.
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1. Introduction

The Hadley circulation (HC) is the largest atmospheric
circulation system on the planet, and is defined as the zonal-
mean meridional mass circulation in the atmosphere bounded
approximately by 30◦S and 30◦N. The HC is a thermally
driven meridional circulation with poleward mass transport
in the upper troposphere and equatorward mass transport in
the lower troposphere (Quan et al., 2004). The HC plays an
essential role in influencing the climate at low, mid, and high
latitudes, and is thus of great importance to the global cli-
mate (e.g., Lindzen, 1994; Chang, 1995; Hou, 1998; Diaz
and Bradley, 2004; Feng et al., 2013).

Recently, the long-term variability of the HC has been
studied intensively, with the width and intensity of the HC
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being the key issues (Hu and Zhou, 2009). Many studies, us-
ing a variety of observational and reanalysis data, have con-
sistently shown that the width of the HC shows an obvious
poleward expansion trend, and the rate of expansion has been
quantified (Fu et al., 2006; Hudson et al., 2006; Frierson
et al., 2007; Lu et al., 2007; Seidel et al., 2008; Johanson
and Fu, 2009; Hu et al., 2011). In terms of intensity, obser-
vations show enhanced average annual HC intensity in the
1990s (Chen et al., 2002; Wielicki et al., 2002). The signifi-
cant increasing trend of the Northern Hemisphere (NH) win-
ter HC can be traced back to the 1950s (Quan et al., 2004;
Ma and Li, 2008; Hu and Zhou, 2009). However, the inten-
sity of the boreal summer HC shows no obvious trend (Quan
et al., 2004; Feng et al., 2011). Furthermore, the intensityof
the HC since 1979 has been examined (Stachnik and Schu-
macher, 2011; Nguyen et al., 2013), revealing inconsistent
trends among different datasets.

In addition to its intensity and width, the spatial struc-
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ture of the long-term variability is another important aspect
of the HC, and has received considerable attention in recent
years. The annual cycle of the HC consists of equatorially
symmetric and asymmetric parts (Dima and Wallace, 2003).
More recently, the first principal mode of the long-term vari-
ability of the HC was found to be equatorially asymmetric in
both boreal winter and summer, with variability that is con-
sidered to be closely related to the sea surface temperature
(SST) over the Indo-Pacific warm pool (IPWP; Ma and Li,
2008; Feng et al., 2011). A further study by Li and Feng
(2015) indicated that the faster warming of SST within the
IPWP in the Southern Hemisphere (SH), as compared to the
NH, is responsible for the variation of the equatorially asym-
metric mode (EAM) in both boreal winter and summer. Feng
et al. (2013) also studied the long-term variability of the bo-
real spring HC, and reported that the structure of the principal
mode of the HC is also equatorially asymmetric. They found
that the long-term strengthening trend in the AM contributes
to frequent droughts in the extra-tropics during boreal spring.
These studies raise the possibility that the spatial structure of
the principal mode of the HC is independent of its climato-
logical structure, and that the unequal warming in the tropical
NH and SH may contribute to its long-term variability. This
possibility is further supported by the findings of Feng and Li
(2013), who investigated the influence of different types of
El Niño–Southern Oscillation events on the HC, and revealed
that the spatial structure of the SST meridional gradient is
responsible for the spatial anomalies of the HC.

The above review of the present status of HC research
suggests that the variability of the HC is complex. Given
that the variation of the HC is closely linked to changes in
global atmospheric circulation, and has major impacts on
weather and climate on the global scale, it is important to
understand the long-term variability of the HC as well as its
future changes. Of more practical importance, if numerical
models can successfully simulate the variation of the HC,
this would be of great interest for identifying and under-
standing the changes in the HC, and would also be important
for predicting future climate change. Recent work by Hu et
al. (2013) discussed Coupled Model Intercomparison Project
Phase 5 (CMIP5) simulations of the poleward expansion of
the HC, and reported that the simulated poleward expansion
in CMIP5 is much weaker than in observations. However,
few studies evaluating model performance have focused on
the spatial structure of the principal mode of long-term HC
variability. Such an approach would not only improve under-
standing of the variability of the HC, but would also provide
some reference points for improvements to climate models.

CMIP5 has provided a comprehensive evaluation of state-
of-the-art multi-model datasets of coupled general circulation
models (CGCMs), and has proved to be a useful benchmark
for model sensitivity and predictability experiments to SST
forcing (Taylor et al., 2012). However, current climate mod-
els still possess clear deficiencies in simulating the variabil-
ity of climatic modes (Guo et al., 2013; Zheng et al., 2013;
Zhu et al., 2013). Although considerable advances have been
made in improving the performance of CGCMs, relatively

little effort has been directed toward obtaining a proper sim-
ulation of the long-term variation of climatic circulation. In
the present study, the performance of CGCMs in simulating
the complex long-term variation of the HC, in particular the
primary mode of the annual mean HC, is examined with the
aim of identifying the possible causes of unsatisfactory sim-
ulations, and thus contribute to the improvement of current
CGCMs.

The remainder of the paper is organized as follows. Sec-
tion 2 describes the models, observational datasets, and meth-
ods used in the study. Section 3 outlines the performance of
CMIP5 models in reproducing the spatial and temporal evo-
lution of the EAM of the HC. Section 4 discusses the possible
causes of unsatisfactory simulation of the EAM. And finally,
conclusions and further discussion are provided in section5.

2. Models, observational datasets, and method-
ology

2.1. Models

CMIP5 has brought together more than 20 international
climate modeling centers to conduct a comprehensive set of
long-term simulations of 20th century climate and different
climate change scenarios in the 21st century. CMIP5 is a
standard experimental protocol for global CGCMs. It pro-
vides a community-based infrastructure in support of climate
model diagnosis, intercomparison, validation, data access,
and documentation.

The simulations from 10 coupled models developed at
different modeling centers (see Table 1) were used in the
present study. Models were selected on the basis of data
availability and model diversity. Considering that the sim-
ulation periods for each model are different, the model simu-
lations of monthly meridional wind and surface temperature
from January 1961 to December 2000 were chosen to pro-
vide a common study period. Multiple simulations are avail-
able from most models, with different realizations based on
different initial conditions, but only the first standard simula-
tions were used in this study.

2.2. Observational datasets

The reanalysis data used in this study were from the Na-
tional Centers for Environmental Prediction/National Center
for Atmospheric Research (NCEP/NCAR) dataset, from the
late 1940s to the present day (Kalnay et al., 1996). The 40-
year European Centre for Medium-Range Weather Forecasts
Reanalysis (ERA40) from 1958 to mid-2002 (Uppala et al.,
2005) was also used to verify the long-term variation of the
HC. Two SST datasets were extracted: one from the Met Of-
fice Hadley Centre Sea Ice and SST dataset version 1, on
a 1◦ × 1◦ latitude–longitude grid (HadISST; Rayner et al.,
2003), and the other from the Improved Extended Recon-
struction SST dataset (ERSST; Smith and Reynolds, 2004)
with 2◦ × 2◦ horizontal resolution, to explore and confirm
the impacts of tropical SST on the long-term variability of
the HC. Based on the coverage and availability of the model
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Table 1. List of the CMIP5 models used in this study.

Horizontal
resolution Vertical

Name Abbreviation Source (lon×lat) Levels Reference

Beijing Climate Center, Climate
System Model

BCC-CSM1-1 Beijing Climate Center, China 128×64 17 Jiang et al. (2010)

Beijing Climate Center, Climate
System Model

BCC-CSM1-1-m Beijing Climate Center, China 320×160 17 Jiang et al. (2010)

Fourth Generation Canadian Cou-
pled Model

CANCM4 Canadian Centre for Climate Mod-
elling and Analysis, Canada

128×64 22 Chylek et al. (2011)

Second Generation Canadian Earth
System Model

CANESM2 Canadian Centre for Climate Mod-
elling and Analysis, Canada

128×64 22 Chylek et al. (2011)

Center National de Recherches
Météorologiques Coupled Global
Climate Model

CNRM-CM5 Centre National de Recherches
Météorologiques, France

256×128 17 Voldoire et al. (2013)

The First Institution of Oceanogra-
phy Earth System Model

FIO-ESM The First Institution of Oceanogra-
phy, China

128×64 17 Qiao et al. (2013)

Flexible Global Ocean-Atmosphere-
Land System Model

FGOALS-s2 Institute of Atmospheric Physics,
Chinese Academy of Sciences,
China

128×108 17 Bao et al. (2013)

Institute for Numerical Mathematics
Coupled Model

INMCM4 Institute for Numerical Mathemat-
ics, Russia

180×120 17 Volodin et al. (2010)

Max Planck Institute Earth System
Model

MPI-ESM-MR Max Planck Institute for Meteorol-
ogy

192×96 25 Stevens et al. (2013)

Norwegian Climate Centre Earth
System Model

NORESM1-M Norwegian Climate Centre 144×96 17 Bentsen et al. (2012)

simulations and reanalysis data, the period 1961–2000 was
selected to examine the long-term variability of the principal
mode of the annual mean HC, and to evaluate the simulation
performance of the CMIP5 models.

2.3. Methodology

The HC was characterized by the mass stream function
(MSF) of the mean meridional circulation (MMC). The MSF
was obtained by vertically integrating the zonal-mean merid-
ional winds in the conventional way (Li, 2001), and was de-
fined by

ψ =
∫

2πRcosφ
g

[v̄]d p, (1)

whereR is the mean radius of the earth,φ is the latitude,[v̄] is
the zonal mean meridional wind,g is the gravitational accel-
eration, andp the pressure. The operators ¯ and [ ] represent
temporal and zonal averaging, respectively. As the annual
mean HC has a two-cell structure and tends to be symmetric
about the equator (Figs. 1 and 2), and to avoid one cell dom-
inating the calculated intensity, the HC intensity (HCI) was
calculated separately in the NH and SH, and defined as the
maximum of the absolute value of the annual mean MSF in
each hemisphere. The locations of the poleward edges and
ascending branch of the HC were identified as the latitudes
where the MSF reached zero at 500 hPa. These were ob-
tained using linear interpolation, and then the width of the
HC could be derived from the differences between the pole-
ward edge locations in each hemisphere.

EOF analysis was employed to determine the principal
mode of year-to-year variability of the annual mean MMC.
North’s rule was employed to determine whether the EOF

modes could be significantly separated. That is, the adjacent
significant separated modes of the EOF’s eigenvalues should
satisfy the relation

∆λ j = λ j

√

2
N

, λ j+1−λ j > ∆λ j ,

whereλ is the eigenvalue, andN is the valid degrees of free-
dom. The relationship between the principal mode of the an-
nual mean HC and SST was investigated by correlation anal-
ysis. Linear trends were computed using least-squares linear
regression. The statistical significance of the values of the
correlations and linear trends was assessed by means of the
two-sided Student’st-test.

3. Performance of CMIP5 models in repro-
ducing the EAM of the annual mean HC

3.1. Climatological HC simulated by CMIP5 models

The southern component of the HC based on ERA40 data
is more intense than that based on NCEP/NCAR data, but
nonetheless there is good agreement between the spatial pat-
terns of the HC (Figs. 1a and b). The northern and southern
components of the HC have equivalent extent and magnitude,
with descending branches around 30◦ latitude in each hemi-
sphere and an ascending branch near the equator.

Similar characteristics are seen in the climatological
mean for all the models, with equivalent magnitudes of the
northern and southern components of the HC and similar
meridional extents (Fig. 2). However, there are small dif-
ferences in the actual values of the HC extent. The nar-
rowest HC extent is found in FIO-ESM, while the widest is
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Table 2. Locations of the southern and northern edges and the ascending branch of the climatological Hadley circulation (HC), together
with its extent and intensity (HCI). The HCIs of both the Southern Hemisphere (SH) and Northern Hemisphere (NH) are shown. The
numbers in parentheses are the corresponding standard deviations; R1 is the correlation of the PCs of the long-term variability of the annual
mean HC between observations and models; R2 is the spatial correlation of SST trends between observations and models within the range
(20◦S–20◦N, 0◦–358◦E).

Source Southern edge Ascending edge Northern edge Extent HCI (SH) HCI (NH) R1 R2

NCEP/NCAR 31.32◦S (0.69◦) 5.69◦N (1.35◦) 29.82◦N (0.54◦) 61.14◦ (1.07◦) 8.55 (0.54) 6.91 (0.58)
ERA40 30.73◦S (0.66◦) 5.80◦N (1.39◦) 29.92◦N (1.07◦) 62.13◦ (1.36◦) 11.57 (1.03) 8.70 (1.01)
BCC-CSM1-1 30.02◦S 2.83◦N 29.22◦N 59.24◦ 9.33 8.72 0.12 0.68
BCC-CSM1-1-m 32.14◦S 3.87◦S 30.99◦N 63.13◦ 9.25 10.06 −0.07 0.54
CANCM4 31.20◦S 4.86◦N 28.55◦N 59.75◦ 11.40 9.44 0.03 0.36
CANESM2 31.31◦S 4.03◦N 28.89◦N 60.20◦ 11.52 9.36 −0.09 0.34
CNRM-CM5 29.70◦S 3.51◦N 27.83◦N 57.53◦ 10.46 9.89 −0.05 0.41
FIO-ESM 29.51◦S 2.46◦N 27.19◦N 56.70◦ 12.74 10.36 0.02 0.46
FGOALS-s2 29.46◦S 7.10◦N 28.43◦N 57.89◦ 10.66 7.81 −0.34 0.55
INMCM4 32.18◦S 1.98◦S 28.53◦N 60.71◦ 7.60 7.40 −0.13 0.44
MPI-ESM-MR 30.47◦S 7.25◦N 29.41◦N 59.88◦ 10.64 8.23 −0.08 0.63
NORESM1-M 32.19◦S 0.40◦S 30.34◦N 62.53◦ 11.19 10.68 0.16 0.37

in BCC-CSM1-1-m (Table 2). However, the differences be-
tween the results based on observations and models lie mostly
within two standard deviations, except for CNRMCM5 and
FIO ESM, implying that the model simulations of the clima-
tological structure of the HC are reliable. Note that there are
large differences between the observations for the climatolog-
ical HCI: the values of HCI based on ERA40 are much larger

than those based on NCEP/NCAR in both hemispheres—
a discrepancy reported previously in Feng et al. (2011) for
boreal summer. However, both reanalyses show that the
intensity of the southern cell is stronger than the northern
cell. Most of the HCI model values are within the range
of NCEP/NCAR and ERA40, except for those of FIO-ESM
and INMCM4. The stronger southern cell is captured in all
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Fig. 1. (a) The climatological mean of the annual mean mass stream function (MSF) determined from
NCEP/NCAR data. The contour interval is 3× 1010 kg s−1, and the solid (dotted) contours indicate posi-
tive (negative) values. (c) As in (a), but for the first principal mode of the annual mean MSF and the explained
variance (%). The contour interval is 0.03×1010 kg s−1. (e) Time series of the principal mode of the annual
mean. The solid line is the linear trend, significant at the 0.05 level. (b, d, f) As in (a, c, e), but based on ERA40
data.
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Fig. 2. As in Fig. 1a, but for the climatological mean of the annual mean MSF determined from CMIP5
models over the period 1961–2000.

models, and the differences among models in this regard are
negligible. This result indicates that the models possess mod-
erate capability in depicting the climatological structures of
the HC.

3.2. Evaluation of the simulated EAM of long-term HC
variability

In this section, the spatial pattern of the principal mode of
the annual mean HC is analyzed. The explained variance of
the first leading mode of the long-term variability of the HC
is close to 50% in boreal winter (Ma and Li, 2008), spring
(Feng et al., 2013), and summer (Feng et al., 2011), giving
us confidence that the first leading mode captures the main

variation of the HC. Large differences in the amplitude and
structure of the second-and higher-order modes are found in
different reanalyses (Feng et al., 2013; Li and Feng, 2015).In
addition, in the present study, large discrepancies are appar-
ent in the second and third modes of the annual mean MSF
calculated from ERA40 and NCEP/NCAR data, and the sec-
ond and third modes in the NCEP/NCAR data are not fully
separable according to North’s rule (not shown). Therefore,
only the first leading mode, together with its variability, will
be discussed.

The first principal mode of the annual mean HC, in both
the NCEP/NCAR and EAR40 data, displays an EAM domi-
nating the variability of the annual mean HC. Note that this
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mode is consistently observed in the two reanalysis datasets,
and explains∼50% of the variance of the annual mean HC,
indicating that this mode can be reliably identified. In fact,
this mode is consistently observed in four reanalyses [i.e.,
NCEP/NCAR, ERA, JRA25 (Japanese 25-year Reanalysis)
and the NCEP-DOE (Department of Energy) Reanalysis]
within the period 1979–2000 with an explained variance of
around 50%, further establishing the robustness of our re-
sults. The stronger component of this mode is centered to
the north of the equator, extending from 10◦S to 30◦N. The
ascending branch of this component is located to the south of
the equator, with a descending branch in the NH. In contrast,

the counterpart in the SH is weak in both extent and mag-
nitude, and has its descending branch at∼ 30◦S. Note that
the first principal mode here is similar to those observed dur-
ing boreal winter (Ma and Li, 2008) and spring (Feng et al.,
2013).

A similar EAM is found in BCCCSM1 1, BCC CSM1
1 M, CANESM2, and CNRMCM5; however, the variances
explained by this mode in these models are all much smaller
than in observations (Fig. 3). Moreover, the simulated EAM
shows large differences in magnitude and extent from that
observed. In addition, near-equatorially symmetric struc-
tures are observed in the other models, although the mag-

Fig. 3. As in Fig. 1b, but for the first principal mode of the annual mean MSF determined from CMIP5
models over the period 1961–2000.
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nitudes of the two components are somewhat different, and
the ascending branch is close to the equator, quite different
from that observed. To further examine the performance of
the models in simulating the variability of the HC, the EOF
analysis was repeated exclusively in the low-latitude band
(i.e. 45◦S–45◦N). The result is that the first EOF pattern in
the reanalyses is an even stronger EAM with an explained
variance of around 95%, indicating the dominance of this
mode (not shown). However, the first EOF in the models ex-
plains a much smaller variance range from 37.6% (FGOAL-
s2) to 60.6% (BCCCSM 1), and the first EOF modes are
not consistent with observations. For example, the first EOF
mode is equatorially symmetric in FIOESM, and the south-
ern cell dominates—but with an ascending branch around

the equator—in MPIESM MR and NORESM1M (Fig. 4).
Note that the first mode in FGOAL-s2 in the low-latitude
band analysis is dominated by an equatorially asymmetric
cell (Fig. 4g), but when the global domain is examined, it
is dominated by extra-tropical circulation, implying an exag-
geration of extra-tropical circulation variability in FGOAL-s2
(Fig. 3g). This result suggests that the limited ability of the
models to simulate the long-term variability of the HC is not
due to poor performance in high latitudes.

The principal components (PCs) of the EAM show sim-
ilar significant upward trends in both the NCEP/NCAR and
ERA40 dataset (Figs. 1e and f), indicating a strengthening
of the EAM during 1961–2000, which would intensify the
northern component of the HC. The PCs determined from
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Fig. 4. As in Fig. 3, but for the low-latitude band 45◦S–45◦N.
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the two reanalysis datasets are highly correlated, with a cor-
relation coefficient of 0.91. However, there are many uncer-
tainties in the PCs from the CMIP5 model simulations (Fig.
5). Even those models that successfully simulate the spa-
tial structure of the EAM have PCs with insignificant trends,
and none of the correlation coefficients between their inter-
annual variation and that in the reanalyses is significant (see
R1 in Table 2). A similar result is seen when the low-latitude
band is analyzed, except the significant downward trend in
FGOALS-s2 vanishes (not shown). This result implies that
none of the models can simulate the long-term trend or the

interannual variation of the first leading mode of the annual
mean HC variability.

4. Possible causes of the poor simulation of the
EAM of the HC

The above results indicate that the CMIP5 models per-
form poorly in simulating the leading mode of the annual
mean HC’s long-term variability. In this section, we explore
the possible causes of this poor performance for the purpose

Fig. 5. As in Fig. 1c, but for the time series of the principal mode of the annual mean MSF determined from
CMIP5 models over the period 1961–2000. Apart from FGOALSs2, the linear trends are not significant at
the 0.05 level.
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of providing some reference points for improving the simu-
lation skill of these models. The HC is a thermally driven
meridional circulation, and its variation is closely linked to
the underlying thermal structure (Lindzen and Nigam, 1987;
Hou and Lindzen, 1992). Therefore, the potential contribu-
tion of tropical SST to the variation of the EAM is examined.

First, the distribution of the correlation between the PCs
of the EAM and SST is considered, as well as the warm-
ing trend of SST during 1961–2000, based on ERSST and
HadISST data (Fig. 6). Significant positive correlation over

the south of the eastern tropical Pacific, tropical Atlantic, and
in the IPWP is apparent (Figs. 6a and b). The areas of signif-
icant correlation overlap the regions with a significant warm-
ing trend (Figs. 6c and d), indicating that the interannual
variation of the PCs is associated with the variation of trop-
ical SST. Note that the warming of tropical SST is equatori-
ally asymmetric (i.e. a stronger signal in the SH than in the
NH), and to further explore this, we next consider the tem-
poral evolution of SST averaged over the tropical region in
each hemisphere (20◦S–0◦ and 0◦–20◦N) (Fig. 7). Based on

Fig. 6. (a) Spatial distribution of the correlation between the time series of the principal mode for annual mean mass
stream function and ERSST. (b) As in (a), but for HadISST. (c)Linear trend of the annual mean ERSST during 1961–
2000. (d) As in (c), but for HadISST. Shading indicates statistical significance at the 0.05 significance level (Student’s
t-test).

Fig. 7. Time series of SST zonally averaged over (a) 20◦S–0◦ and (b) 0◦–20◦N, and (c) their difference (black
line; unit: ◦C), as well as their linear trend and the trend coefficients [units: ◦C (100 yr)−1] based on ERSST.
(b, d, f) As in (a, c, e), but based on HadISST. The linear trends are all statistically significant at the 0.05
significance level (Student’st-test).
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ERSST data, both the southern and northern components of
averaged SST exhibit significant warming trends, with coef-
ficients of 1.23◦C (100 yr)−1 and 0.79◦C (100 yr)−1 respec-
tively from 1961 to 2000. Similarly, based on HadISST, the
results are 1.15 and 0.82◦C (100 yr)−1. That is, the warming
in the tropical SH is more rapid than in the NH in both reanal-
yses, and this is also clear in their difference (Figs. 7e andf).
Their difference [i.e. SST in (20◦S–0◦) minus SST in (0◦–
20◦N)] shows an obvious upward trend, with a coefficient of
0.45◦C (100 yr)−1 and 0.34◦C (100 yr)−1 based on ERSST
and HadISST data respectively, both statistically significant
at the 0.05 confidence level, indicating that the meridional
thermal gradient of the tropics in each hemisphere reduced
during 1961–2000. As shown theoretically by Feng et al.
(2013), the anomalous spatial pattern of HC is closely linked
to the structure of the meridional thermal gradient. Further-
more, they also established that the location of the ascend-
ing branch of the anomalous HC corresponds exactly to the
position where the SST meridional gradient passes through
zero from positive to negative. The possible influence on the
HC of the SST difference between the southern and north-
ern tropics can be further seen from the composite difference
in the HC MSF between the years of larger and smaller SST
difference (Fig. 8). The variation of the tropical hemisphere
gradient is associated with an anomalous vertical circulation
with anomalous ascent located in the SH, similar to the EAM
of the HC. This implies that the difference between the tropi-
cal SH and NH SST contributes to the intensity of the EAM.

Accordingly, we further explore the long-term trends of
SST in the CMIP5 model results (Fig. 9). The significant
warming trends in the IPWP and tropical Atlantic are cap-
tured well by all the models, but not the warming in the south
of the eastern tropical Pacific. In addition, the cooling in
the north of the central Pacific is not reproduced in all the
models. The quality of the simulation of the long-term trend
of SST within the tropics (i.e. 20◦S–20◦N, 0◦–360◦E) is
further seen in the spatial correlation coefficients between
the observations (based on ERSST; R2 in Table 2) and the
models. The correlation coefficients are all above 0.34,
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Fig. 8. Composite differences of mass stream function between
years with larger and smaller differences between the tropical
Southern Hemisphere and Northern Hemisphere. Shading indi-
cates statistical significance at the 0.05 significance level (Stu-
dent’st-test).

indicating a reasonable response of the model simulations to
the underlying thermal forcing.

Next, we consider the temporal evolution of the tropical
SST in each hemisphere, as well as the SST meridional gra-
dient (Fig. 10). The simulated warming trends within the
tropics in each hemisphere in BCCCSM1 1, CANESM2,
FGOALs s2, and MPIESM MR are larger than observed,
while they are much smaller in INMCM4. Notwithstanding
the consistent warming trends, most of the models cannot re-
produce the long-term trends in the SST meridional gradient
(Fig. 11). Only two models (BCCCSM1 1 and CANCM4)
show the long-term upward trends in the warming differ-
ences between the SH and NH seen in the reanalyses, but
these trends are not significant in these models. Also, the
correlation of the meridional SST gradients in BCCCSM1 1
and CANCM4 with those in ERSST is 0.04 and 0.16 respec-
tively, and neither is statistically significant, even at the 0.2
level. This suggests that the ability of the models to repro-
duce the meridional gradient of tropical SST within the two
hemispheres is unacceptable, for either spatial or interannual
variation, and leads to incorrect simulation of the long-term
variability of the EAM. Moreover, the observed SST differ-
ence between the southern and the northern tropics is around
1◦ with ±0.1◦ variation in time. However, it ranges from
around 0.1◦ to around 0.7◦ in the CMIP5 models, imply-
ing a smaller meridional SST gradient between the SH and
NH in the CMIP models than in the reanalyses. This may
be the reason why the explained variance of the first EOF
in the models is much smaller than in the reanalyses. Note
that although the only difference between BCCCSM1 1 and
BCC CSM1 1 M is the resolution, their simulations of the
HC differ considerably, suggesting that resolution has a ma-
jor impact on the model simulations.

The discussion above indicates that most of the simula-
tions of the underlying thermal forcing in CMIP5 models are
inconsistent with observations, which may explain the poor
simulation of the spatial structure and temporal evolutionof
the EAM.

5. Discussions and Conclusion

This study investigated the simulation of the climatolog-
ical characteristics of the annual mean HC, its spatial struc-
ture, and the temporal evolution of the long-term variabil-
ity of the principal mode of the annual mean HC, using 10
CMIP5 models. The results showed that the selected models
can capture the spatial structure of the climatological HC rea-
sonably well, including its extent and strength. However, this
is not the case for the long-term variability of the principal
mode of the annual mean HC, the EAM, either in terms of its
spatial pattern or interannual variation. It was found thatonly
four models (BCCCSM1 1, BCC CSM1 1 M, CANESM2,
and CNRMCM5) can reproduce the equatorially asymmet-
ric structure of the principal mode, consistent with reanaly-
sis data, but with smaller explained variance, implying lim-
ited skill in depicting the spatial pattern of the EAM. Fur-



AUGUST 2015 FENG ET AL. 1139

Fig. 9. As in Fig. 6b, but based on CMIP5 models.

thermore, none of the models can satisfactorily reproduce the
interannual variation of the EAM or the long-term trend, in-
dicating poor skill in reproducing the variability of the annual
mean HC. This poor performance in simulating the long-term
variability of the EAM meant that we did not attempt to in-
vestigate the possible variation of the HC in the future under
different climate change scenarios.

The possible reasons for the poor performance of the
CMIP5 models in simulating the long-term variability of the
EAM were examined. Since the HC is mainly a thermally
driven circulation, and as the warming within the tropics has

been reported to have key impacts on the long-term variabil-
ity of the HC (Feng et al., 2013; Li and Feng, 2015), we
discussed the potential influence of such warming on the HC
in the CMIP5 models. All the models considered exhibit en-
couraging warming trends within the tropical oceans; how-
ever, most display a reversed warming speed between the
tropical SH and NH compared with observations. In observa-
tions, the warming within the tropical SH is faster than that
in the NH, and the meridional gradient of the tropical SH
and NH has reduced in recent decades. However, only two
of the models (BCCCSM1 1 and CANCM4) show similar
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Fig. 10. As in Fig. 7, but based on CMIP5 models. Red and blue lines are for the SST spatially averaged within
20◦S–0◦ and 0◦–20◦N, respectively. All of the trends are statistically significant at the 0.05 significance level
(Student’st-test).

Fig. 11. As in Fig. 7c, but based on CMIP5 models.
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differences in warming, and these changes in meridional gra-
dient are poorly correlated with observations. This demon-
strates that the limited skill in simulating the underlyingther-
mal variation within the tropics may contribute to the poor
ability of the models to reproduce the long-term variability
of the EAM. On the other hand, the magnitude of the gra-
dient within the tropical hemispheres is much smaller than
observed, which may also contribute to the poor simulation
of the EAM.

This study did not identify why the models cannot repro-
duce the warming differences between the tropical SH and
NH, since the variation of the underlying SST is a complex
issue that is not only linked to atmospheric processes, but
is also affected by processes in the interior ocean, as well as
air–sea interaction. Nevertheless, a possible cause of thepoor
simulation by CMIP5 models of the long-term variability of
the principal mode of the annual mean HC is highlighted in
this paper, and we hope the result will be helpful in improving
CMIP5 model simulations.
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