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ABSTRACT

The tropical Hadley circulation (HC) plays an importanterah influencing the climate in the tropics and extra-tropics
The realism of the climatological characteristics, spatiaucture, and temporal evolution of the long-term véoiatof the
principal mode of the annual mean HC (i.e., the equatoradlymmetric mode, EAM) was examined in model simulations
from the Coupled Model Intercomparison Project Phase 5 @3}l The results showed that all the models are moderately
successful in capturing the HC'’s climatological featunesluding the spatial pattern, meridional extent, andrisity, but not
the spatial or temporal variation of the EAM. The possiblsans for the poor simulation of the long-term variabilifyttee
EAM were explored. None of the models can successfully caphe differences in the warming rate between the tropical
Southern Hemisphere (SH) and Northern Hemisphere (NH)wikiconsidered to be an important driver for the variatibn o
the AM. Most of the models produce a faster warming in the N&htim the SH, which is the reverse of the observed trend.
This leads to a reversed trend in the meridional gradientédet the SH and NH, and contributes to the poor simulation of
EAM variability. Thus, this aspect of the models should beiiaved to provide better simulations of the variability bét
HC. This study suggests a possible reason for the poor dimlaf the HC, which may be helpful for improving the skill of
the CMIP5 models in the future.
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1. Introduction being the key issues (Hu and Zhou, 2009). Many studies, us-

ing a variety of observational and reanalysis data, have con

The Hadley circulation (HC) is the largest atmOSpherg:r];_tently shown that the width of the HC shows an obvious

circulation system on the planet, and is defined as the zona . :
L i o erward expansion trend, and the rate of expansion has been
mean meridional mass circulation in the atmosphere bound®

. . uantified (Fu et al., 2006; Hudson et al., 2006; Frierson
approximately by 3t5 and 30N. The HC is a thermally gt al. 2007(' Lu et al., 2007; Seidel et al., 2008; Johanson

erven meridional circulation with poleward mass tran$pornd Fu, 2009: Hu et al., 2011). In terms of intensity, obser-
in the upper troposphere and equatorward mass transport in

vations show enhanced average annual HC intensity in the
the lower troposphere (Quan et al., 2004). The HC plays gfq, " ~an et al., 2002; Wielicki et al., 2002). The signifi-

essential role in influencing the climate at low, mid, anchhig ant increasing trend of the Northern Hemisphere (NH) win-

latitudes, and is thus of great importance to the global Cﬁér HC can be traced back to the 1950s (Quan et al., 2004:

mate (e.g., Lmdzgn, 1994; Chang, 1995; Hou, 1998; Dlﬁa and Li, 2008; Hu and Zhou, 2009). However, the inten-
and Bradley, 2004; Feng et al., 2013). : .
- sity of the boreal summer HC shows no obvious trend (Quan

Recently, the long-term variability of the HC has been . : ;
studied intensively, with the width and intensity of the H tal, 20(.)4’ Feng etal., 2011). Furt.hermore, the. intemsity

' e HC since 1979 has been examined (Stachnik and Schu-
macher, 2011; Nguyen et al., 2013), revealing inconsistent
* Corresponding author: LI Jianping trends among different datasets.

Email: ljp@bnu.edu.cn In addition to its intensity and width, the spatial struc-
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ture of the long-term variability is another important adpelittle effort has been directed toward obtaining a proper-si
of the HC, and has received considerable attention in receidtion of the long-term variation of climatic circulatioin
years. The annual cycle of the HC consists of equatoriatlye present study, the performance of CGCMs in simulating
symmetric and asymmetric parts (Dima and Wallace, 200&)e complex long-term variation of the HC, in particular the
More recently, the first principal mode of the long-term varprimary mode of the annual mean HC, is examined with the
ability of the HC was found to be equatorially asymmetric iaim of identifying the possible causes of unsatisfactomy-si
both boreal winter and summer, with variability that is condlations, and thus contribute to the improvement of current
sidered to be closely related to the sea surface temperafQ@CMs.
(SST) over the Indo-Pacific warm pool (IPWP; Ma and Li, The remainder of the paper is organized as follows. Sec-
2008; Feng et al., 2011). A further study by Li and Fention 2 describes the models, observational datasets, atid me
(2015) indicated that the faster warming of SST within theds used in the study. Section 3 outlines the performance of
IPWP in the Southern Hemisphere (SH), as compared to 8MIP5 models in reproducing the spatial and temporal evo-
NH, is responsible for the variation of the equatoriallyrasy lution of the EAM of the HC. Section 4 discusses the possible
metric mode (EAM) in both boreal winter and summer. Fengauses of unsatisfactory simulation of the EAM. And finally,
et al. (2013) also studied the long-term variability of tlee b conclusions and further discussion are provided in se&ion
real spring HC, and reported that the structure of the ppaci
mode of the HC is also equatorially asymmetric. They found )
that the long-term strengthening trend in the AM contrisute. M odéls, observational datasets, and method-
to frequent droughts in the extra-tropics during boreahspr ology
These studies raise the possibility that the spatial straaif
the principal mode of the HC is independent of its climatcl Models
logical structure, and that the unequal warming in the talpi CMIP5 has brought together more than 20 international
NH and SH may contribute to its long-term variability. Thiglimate modeling centers to conduct a comprehensive set of
possibility is further supported by the findings of Feng aind llong-term simulations of 20th century climate and différen
(2013), who investigated the influence of different types efimate change scenarios in the 21st century. CMIP5 is a
El Niflo—Southern Oscillation events on the HC, and rewtalstandard experimental protocol for global CGCMs. It pro-
that the spatial structure of the SST meridional gradientvides a community-based infrastructure in support of dema
responsible for the spatial anomalies of the HC. model diagnosis, intercomparison, validation, data axces
The above review of the present status of HC researahd documentation.
suggests that the variability of the HC is complex. Given The simulations from 10 coupled models developed at
that the variation of the HC is closely linked to changes idifferent modeling centers (see Table 1) were used in the
global atmospheric circulation, and has major impacts @nesent study. Models were selected on the basis of data
weather and climate on the global scale, it is important &vailability and model diversity. Considering that the sim
understand the long-term variability of the HC as well as itdation periods for each model are different, the model simu
future changes. Of more practical importance, if numericitions of monthly meridional wind and surface temperature
models can successfully simulate the variation of the H&@om January 1961 to December 2000 were chosen to pro-
this would be of great interest for identifying and underide a common study period. Multiple simulations are avail-
standing the changes in the HC, and would also be importafie from most models, with different realizations based on
for predicting future climate change. Recent work by Hu elifferent initial conditions, but only the first standardnsila-
al. (2013) discussed Coupled Model Intercomparison Proj¢ions were used in this study.
Phase 5 (CMIP5) simulations of the poleward expansion of ]
the HC, and reported that the simulated poleward expansff: Observational datasets
in CMIP5 is much weaker than in observations. However, The reanalysis data used in this study were from the Na-
few studies evaluating model performance have focused timnal Centers for Environmental Prediction/National @&en
the spatial structure of the principal mode of long-term Hé&@r Atmospheric Research (NCEP/NCAR) dataset, from the
variability. Such an approach would not only improve undelate 1940s to the present day (Kalnay et al., 1996). The 40-
standing of the variability of the HC, but would also providgear European Centre for Medium-Range Weather Forecasts
some reference points for improvements to climate modelfReanalysis (ERA40) from 1958 to mid-2002 (Uppala et al.,
CMIP5 has provided a comprehensive evaluation of sta@305) was also used to verify the long-term variation of the
of-the-art multi-model datasets of coupled general cattaoh HC. Two SST datasets were extracted: one from the Met Of-
models (CGCMs), and has proved to be a useful benchméide Hadley Centre Sea Ice and SST dataset version 1, on
for model sensitivity and predictability experiments toTSSa 1° x 1° latitude—longitude grid (HadISST; Rayner et al.,
forcing (Taylor et al., 2012). However, current climate mod2003), and the other from the Improved Extended Recon-
els still possess clear deficiencies in simulating the t#ria struction SST dataset (ERSST; Smith and Reynolds, 2004)
ity of climatic modes (Guo et al., 2013; Zheng et al., 20138vith 2° x 2° horizontal resolution, to explore and confirm
Zhu et al., 2013). Although considerable advances have belea impacts of tropical SST on the long-term variability of
made in improving the performance of CGCMs, relativelthe 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 (leriat) Levels Reference
Beijing Climate Center, Climate BCC-CSM1-1 Beijing Climate Center, China 12%4 17  Jiang et al. (2010)
System Model
Beijing Climate Center, ClimateBCC-CSM1-1-m Beijing Climate Center, China 32060 17  Jiangetal. (2010)

System Model
Fourth Generation Canadian Cou- CANCM4 Canadian Centre for Climate Mod-128x 64 22  Chylek et al. (2011)

pled Model elling and Analysis, Canada

Second Generation Canadian EarthCANESM2  Canadian Centre for Climate Mod128x 64 22  Chylek et al. (2011)
System Model elling and Analysis, Canada

Center National de RecherchesCNRM-CM5 Centre National de Rechercheb6x 128 17  Voldoire et al. (2013)
Météorologiques Coupled Global Météorologiques, France

Climate Model ) o )
The First Institution of Oceanogra- FIO-ESM The First Institution of Oceanogra128x 64 17 Qiaoetal. (2013)

phy Earth System Model phy, China
Flexible Global Ocean-Atmosphere- FGOALS-s2  Institute of Atmospheric Physic4,28x 108 17 Baoetal. (2013)
Land System Model Chinese Academy of Sciences,
China

Institute for Numerical Mathematics INMCM4 Institute for Numerical Mathemat-180x 120 17  \olodin et al. (2010)
Coupled Model ics, Russia

Max Planck Institute Earth SystemMPI-ESM-MR Max Planck Institute for Meteorol-192x 96 25  Stevens et al. (2013)
Model ogy

Norwegian Climate Centre EarthNORESM1-M Norwegian Climate Centre 1406 17 Bentsenetal. (2012)
System Model

simulations and reanalysis data, the period 1961-2000 wasdes could be significantly separated. That is, the adjacen
selected to examine the long-term variability of the pyiati  significant separated modes of the EOF’s eigenvalues should
mode of the annual mean HC, and to evaluate the simulatiatisfy the relation

performance of the CMIP5 models.

2
2.3.  Methodology AAj :/\,-\/;, Ajr1—Aj = DAj,

The HC was characterized by the mass stream functi@ghereA is the eigenvalue, and is the valid degrees of free-
(MSF) of the mean meridional circulation (MMC). The MSFdom. The relationship between the principal mode of the an-
was obtained by vertically integrating the zonal-mean therinual mean HC and SST was investigated by correlation anal-
ional winds in the conventional way (Li, 2001), and was desis. Linear trends were computed using least-squarearline
fined by regression. The statistical significance of the values ef th

[ 2nRcosp q 1 correlations and linear trends was assessed by means of the
L'U_/ g [vidp, @ two-sided Studentstest.

whereRis the mean radius of the earthis the latitude|V] is
the zonal mean meridional wingd,is the gravitational accel- 3.  Performance of CMIP5 modés in repro-
eration, andp the pressure. The operators  and [ ] represent ducing the EAM of the annual mean HC
temporal and zonal averaging, respectively. As the annual . . .
mean HC has a two-cell structure and tends to be symmegié- Climatological HC simulated by CM1PS5 models
about the equator (Figs. 1 and 2), and to avoid one cell dom- The southern component of the HC based on ERA40 data
inating the calculated intensity, the HC intensity (HCl)swvais more intense than that based on NCEP/NCAR data, but
calculated separately in the NH and SH, and defined as tienetheless there is good agreement between the spatial pat
maximum of the absolute value of the annual mean MSF terns of the HC (Figs. 1a and b). The northern and southern
each hemisphere. The locations of the poleward edges andhponents of the HC have equivalent extent and magnitude,
ascending branch of the HC were identified as the latitudetth descending branches around 3&itude in each hemi-
where the MSF reached zero at 500 hPa. These were sphere and an ascending branch near the equator.
tained using linear interpolation, and then the width of the Similar characteristics are seen in the climatological
HC could be derived from the differences between the poleean for all the models, with equivalent magnitudes of the
ward edge locations in each hemisphere. northern and southern components of the HC and similar
EOF analysis was employed to determine the principaderidional extents (Fig. 2). However, there are small dif-
mode of year-to-year variability of the annual mean MMerences in the actual values of the HC extent. The nar-
North’s rule was employed to determine whether the EQBwest 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 asgebdinch of the climatological Hadley circulation (HC)géther
with its extent and intensity (HCI). The HCIs of both the Swrm Hemisphere (SH) and Northern Hemisphere (NH) are shdvine
numbers in parentheses are the corresponding standaedidesij R1 is the correlation of the PCs of the long-termalality of the annual
mean HC between observations and models; R2 is the spatialation of SST trends between observations and modetsnttie range
(20°S-20N, 0°-358°E).

Source Southern edge  Ascending edge  Northern edge Extent I (SHE  HCI (NH) R1 R2
NCEP/NCAR 31.32S(0.69) 5.69N(1.35) 29.82N (0.54¢) 61.14 (1.07) 8.55(0.54) 6.91(0.58)
ERA40 30.73S(0.66) 5.80°N (1.39) 29.92N (1.07) 62.1% (1.3¢) 11.57(1.03) 8.70(1.01)
BCC-CSM1-1 30.02S 2.83N 29.22N 59.2%4 9.33 8.72 0.12 0.68
BCC-CSM1-1-m 32.148 3.87S 30.99N 63.13 9.25 10.06 —-0.07 0.54
CANCM4 31.20S 4.86N 28.55N 59.75 11.40 9.44 0.03 0.36
CANESM2 31.32S 4.03N 28.89N 60.20 11.52 9.36 —-0.09 0.34
CNRM-CM5 29.70S 3.5EN 27.83N 57.53 10.46 9.89 —-0.05 041
FIO-ESM 29.51s 2.46N 27.19N 56.70 12.74 10.36 0.02 0.46
FGOALS-s2 29.48S 7.10N 28.43N 57.89 10.66 7.81 —0.34 0.55
INMCM4 32.18S 1.98S 28.53N 60.7F 7.60 7.40 —-0.13 0.44
MPI-ESM-MR 30.47S 7.25N 29.4TN 59.88 10.64 8.23 —0.08 0.63
NORESM1-M 32.19S 0.40S 30.34N 62.53 11.19 10.68 0.16 0.37

in BCC-CSM1-1-m (Table 2). However, the differences béhan those based on NCEP/NCAR in both hemispheres—
tween the results based on observations and models lieymoatdiscrepancy reported previously in Feng et al. (2011) for
within two standard deviations, except for CNR&M5 and boreal summer. However, both reanalyses show that the
FIO_ESM, implying that the model simulations of the climaintensity of the southern cell is stronger than the northern
tological structure of the HC are reliable. Note that theee acell. Most of the HCI model values are within the range
large differences between the observations for the clilngto of NCEP/NCAR and ERA40, except for those of FIO-ESM
ical HCI: the values of HCI based on ERA40 are much largand INMCM4. The stronger southern cell is captured in all
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Fig. 1. (a) The climatological mean of the annual mean mass streamttiém (MSF) determined from
NCEP/NCAR data. The contour interval is310'0 kg s~1, and the solid (dotted) contours indicate posi-
tive (negative) values. (c) As in (a), but for the first pripaii mode of the annual mean MSF and the explained
variance (%). The contour interval is0Bx 1010 kg s~21. (e) Time series of the principal mode of the annual
mean. The solid line is the linear trend, significant at tle&0evel. (b, d, f) Asin (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 annuabm®SF determined from CMIP5
models over the period 1961-2000.

models, and the differences among models in this regard aegiation of the HC. Large differences in the amplitude and
negligible. This result indicates that the models possext mstructure of the second-and higher-order modes are found in
erate capability in depicting the climatological struetsiof different reanalyses (Feng et al., 2013; Li and Feng, 20h5).

the HC.

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

variability

addition, in the present study, large discrepancies ararapp
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

In this section, the spatial pattern of the principal mode skparable according to North’s rule (not shown). Therefore
the annual mean HC is analyzed. The explained varianceonfly the first leading mode, together with its variabilityillw
the first leading mode of the long-term variability of the H®e discussed.
is close to 50% in boreal winter (Ma and Li, 2008), spring The first principal mode of the annual mean HC, in both
(Feng et al., 2013), and summer (Feng et al., 2011), givittee NCEP/NCAR and EARA40 data, displays an EAM domi-
us confidence that the first leading mode captures the maating the variability of the annual mean HC. Note that this
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mode is consistently observed in the two reanalysis datas#te counterpart in the SH is weak in both extent and mag-
and explains~50% of the variance of the annual mean HQjitude, and has its descending branch-a30°S. Note that
indicating that this mode can be reliably identified. In facthe first principal mode here is similar to those observed dur
this mode is consistently observed in four reanalyses [i.eag boreal winter (Ma and Li, 2008) and spring (Feng et al.,
NCEP/NCAR, ERA, JRA25 (Japanese 25-year Reanalysi)13).

and the NCEP-DOE (Department of Energy) Reanalysis] A similar EAM is found in BCCCSM11, BCCCSML1
within the period 1979-2000 with an explained variance dfM, CANESM2, and CNRMCM5; however, the variances
around 50%, further establishing the robustness of our explained by this mode in these models are all much smaller
sults. The stronger component of this mode is centeredth@n in observations (Fig. 3). Moreover, the simulated EAM
the north of the equator, extending from°80to 30N. The shows large differences in magnitude and extent from that
ascending branch of this component is located to the souttobiserved. In addition, near-equatorially symmetric struc
the equator, with a descending branch in the NH. In contrastres are observed in the other models, although the mag-
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Fig. 3. As in Fig. 1b, but for the first principal mode of the annual mé4SF determined from CMIP5
models over the period 1961-2000.
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nitudes of the two components are somewhat different, atid equator—in MPESM_MR and NORESM1M (Fig. 4).

the ascending branch is close to the equator, quite differ&ote that the first mode in FGOAL-s2 in the low-latitude
from that observed. To further examine the performance lofnd analysis is dominated by an equatorially asymmetric
the models in simulating the variability of the HC, the EOEell (Fig. 4g), but when the global domain is examined, it
analysis was repeated exclusively in the low-latitude bamdominated by extra-tropical circulation, implying aragx
(i.,e. 45S—-45N). The result is that the first EOF pattern irgeration of extra-tropical circulation variability in FGD-s2

the reanalyses is an even stronger EAM with an explain@elg. 3g). This result suggests that the limited ability loé t
variance of around 95%, indicating the dominance of thieodels to simulate the long-term variability of the HC is not
mode (not shown). However, the first EOF in the models edue to poor performance in high latitudes.

plains a much smaller variance range from 37.6% (FGOAL- The principal components (PCs) of the EAM show sim-
s2) to 60.6% (BCACSM_1), and the first EOF modes ardlar significant upward trends in both the NCEP/NCAR and
not consistent with observations. For example, the first E@RA40 dataset (Figs. 1e and f), indicating a strengthening
mode is equatorially symmetric in FIBSM, and the south- of the EAM during 1961-2000, which would intensify the
ern cell dominates—but with an ascending branch aroundrthern component of the HC. The PCs determined from
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Fig. 4. As in Fig. 3, but for the low-latitude band 245—45N.
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the two reanalysis datasets are highly correlated, withra cmterannual variation of the first leading mode of the annual
relation coefficient of 0.91. However, there are many uncenean HC variability.

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}.  Possible causes of the poor simulation of the
and none of the correlation coefficients between theirinter EAM of theHC

annual variation and that in the reanalyses is significase (s
R1 in Table 2). A similar result is seen when the low-latitude The above results indicate that the CMIP5 models per-

band is analyzed, except the significant downward trendfworm poorly in simulating the leading mode of the annual
FGOALS-s2 vanishes (not shown). This result implies thatean HC'’s long-term variability. In this section, we exgor
none of the models can simulate the long-term trend or tthee possible causes of this poor performance for the purpose
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Fig. 5. As in Fig. 1c, but for the time series of the principal modehaf annual mean MSF determined from
CMIP5 models over the period 1961-2000. Apart from FGOA2Sthe linear trends are not significant at

the 0.05 level.
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of providing some reference points for improving the simuhe south of the eastern tropical Pacific, tropical Atlaraied
lation skill of these models. The HC is a thermally drivein the IPWP is apparent (Figs. 6a and b). The areas of signif-
meridional circulation, and its variation is closely limkéo icant correlation overlap the regions with a significantnwar
the underlying thermal structure (Lindzen and Nigam, 198ing trend (Figs. 6c and d), indicating that the interannual
Hou and Lindzen, 1992). Therefore, the potential contribuariation of the PCs is associated with the variation of trop
tion of tropical SST to the variation of the EAM is examinedical SST. Note that the warming of tropical SST is equatori-
First, the distribution of the correlation between the PCaly asymmetric (i.e. a stronger signal in the SH than in the
of the EAM and SST is considered, as well as the warmiH), and to further explore this, we next consider the tem-
ing trend of SST during 1961-2000, based on ERSST apdral evolution of SST averaged over the tropical region in
HadISST data (Fig. 6). Significant positive correlationroveeach hemisphere (28—0 and 0—20°N) (Fig. 7). Based on
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Fig. 6. (a) Spatial distribution of the correlation between theetiseries of the principal mode for annual mean mass
stream function and ERSST. (b) As in (a), but for HadISSTL{ngar trend of the annual mean ERSST during 1961—
2000. (d) Asin (c), but for HadISST. Shading indicates statal significance at the 0.05 significance level (Student’

t-test).
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Fig. 7. Time series of SST zonally averaged over (8)260 and (b) 0—2C0°N, and (c) their difference (black

line; unit: °C), as well as their linear trend and the trend coefficientit§u°C (100 yr)-1] based on ERSST.

(b, d, f) Asin (a, c, e), but based on HadISST. The linear sema all statistically significant at the 0.05
significance level (Studenttstest).
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ERSST data, both the southern and northern componentsnaficating a reasonable response of the model simulatmns t
averaged SST exhibit significant warming trends, with coethe underlying thermal forcing.
ficients of 1.23C (100 yr) 1 and 0.79C (100 yr) ! respec- Next, we consider the temporal evolution of the tropical
tively from 1961 to 2000. Similarly, based on HadISST, th8ST in each hemisphere, as well as the SST meridional gra-
results are 1.15 and 0.82 (100 yr) L. That s, the warming dient (Fig. 10). The simulated warming trends within the
in the tropical SH is more rapid than in the NH in both reanalropics in each hemisphere in BQCSM1.1, CANESM2,
yses, and this is also clear in their difference (Figs. 7efandFGOALs s2, and MPIESM_MR are larger than observed,
Their difference [i.e. SST in (28—0) minus SST in (8- while they are much smaller in INMCM4. Notwithstanding
20°N)] shows an obvious upward trend, with a coefficient dhe consistent warming trends, most of the models cannot re-
0.45C (100 yr) ! and 0.34C (100 yr) ! based on ERSST produce the long-term trends in the SST meridional gradient
and HadISST data respectively, both statistically sigaific (Fig. 11). Only two models (BC@SM1.1 and CANCM4)
at the 0.05 confidence level, indicating that the meridionsthow the long-term upward trends in the warming differ-
thermal gradient of the tropics in each hemisphere reducemtes between the SH and NH seen in the reanalyses, but
during 1961-2000. As shown theoretically by Feng et ahese trends are not significant in these models. Also, the
(2013), the anomalous spatial pattern of HC is closely lihkeorrelation of the meridional SST gradients in B@SM1.1
to the structure of the meridional thermal gradient. Furtheand CANCM4 with those in ERSST is 0.04 and 0.16 respec-
more, they also established that the location of the ascetidely, and neither is statistically significant, even at th2
ing branch of the anomalous HC corresponds exactly to tlewel. This suggests that the ability of the models to repro-
position where the SST meridional gradient passes throudice the meridional gradient of tropical SST within the two
zero from positive to negative. The possible influence on themispheres is unacceptable, for either spatial or interan
HC of the SST difference between the southern and nortrariation, and leads to incorrect simulation of the longrte
ern tropics can be further seen from the composite differengariability of the EAM. Moreover, the observed SST differ-
in the HC MSF between the years of larger and smaller S&fce between the southern and the northern tropics is around
difference (Fig. 8). The variation of the tropical hemispghe 1° with +0.1° variation in time. However, it ranges from
gradient is associated with an anomalous vertical cirmrat around 0.1 to around 0.7 in the CMIP5 models, imply-
with anomalous ascent located in the SH, similar to the EAMg a smaller meridional SST gradient between the SH and
of the HC. This implies that the difference between the trogNH in the CMIP models than in the reanalyses. This may
cal SH and NH SST contributes to the intensity of the EAMbe the reason why the explained variance of the first EOF
Accordingly, we further explore the long-term trends ofh the models is much smaller than in the reanalyses. Note
SST in the CMIP5 model results (Fig. 9). The significarthat although the only difference between B@SM1.1 and
warming trends in the IPWP and tropical Atlantic are caBCC_.CSM1.1_M is the resolution, their simulations of the
tured well by all the models, but not the warming in the soutdC differ considerably, suggesting that resolution has a ma
of the eastern tropical Pacific. In addition, the cooling ijor impact on the model simulations.
the north of the central Pacific is not reproduced in all the The discussion above indicates that most of the simula-
models. The quality of the simulation of the long-term trentions of the underlying thermal forcing in CMIP5 models are
of SST within the tropics (i.e. 2G-20N, 0°-360E) is inconsistent with observations, which may explain the poor
further seen in the spatial correlation coefficients betwesimulation of the spatial structure and temporal evolutbn
the observations (based on ERSST; R2 in Table 2) and the EAM.
models. The correlation coefficients are all above 0.34,

5. Discussionsand Conclusion

100 This study investigated the simulation of the climatolog-
= ical characteristics of the annual mean HC, its spatiakstru
& ture, and the temporal evolution of the long-term variabil-
‘0’ 300 - ity of the principal mode of the annual mean HC, using 10
; 4004 CMIP5 models. The results showed that the selected models
% 500 can capture the spatial structure of the climatological B& r
a 600 sonably well, including its extent and strength. Howeuss t
850 is not the case for the long-term variability of the prindipa
1000455 =0 mode of the annual mean HC, the EAM, either in terms of its

spatial pattern or interannual variation. It was found tivdy

Fig. 8. Composite differences of mass stream function between]cour models (BCCCSM1.1, BCCCSML1.M, CANESM2,

years with larger and smaller differences between the dedpi gnd CNRMCMS) Can. reproduce the equ_atorlally. asymmet-
Southern Hemisphere and Northern Hemisphere. Shading indifiC Structure of the principal mode, consistent with regnal

cates statistical significance at the 0.05 significance (&te-  Sis data, but with smaller explained variance, implying-lim
dent’st-test). ited skill in depicting the spatial pattern of the EAM. Fur-
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Fig. 9. As in Fig. 6b, but based on CMIP5 models.

thermore, none of the models can satisfactorily reproduee been reported to have key impacts on the long-term variabil-
interannual variation of the EAM or the long-term trend, inity of the HC (Feng et al., 2013; Li and Feng, 2015), we
dicating poor skill in reproducing the variability of theraral discussed the potential influence of such warming on the HC
mean HC. This poor performance in simulating the long-terim the CMIP5 models. All the models considered exhibit en-
variability of the EAM meant that we did not attempt to incouraging warming trends within the tropical oceans; how-
vestigate the possible variation of the HC in the future undever, most display a reversed warming speed between the
different climate change scenarios. tropical SH and NH compared with observations. In observa-
The possible reasons for the poor performance of ttiens, the warming within the tropical SH is faster than that
CMIP5 models in simulating the long-term variability of then the NH, and the meridional gradient of the tropical SH
EAM were examined. Since the HC is mainly a thermallgnd NH has reduced in recent decades. However, only two
driven circulation, and as the warming within the tropics haf the models (BCOCSM1.1 and CANCM4) show similar
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differences in warming, and these changes in meridionalgra  over the Indo-Pacific warm poal. Climate, 26, 532-544.
dient are poorly correlated with observations. This demonFu, Q., C. M. Johanson, J. M. Wallace, and T. Reichler, 2006: E
strates that the limited skill in simulating the underlythgr- hanced mid-latitude tropospheric warming in satellite mea
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of the EAM. Assessment of CMIPS simulations for China annual average
This study did not identify why the models cannot repro-  surface temperature and its comparison with CMIP3 simula-

duce the warming differences between the tropical SH and tions. Progressus Inquisitiones De Mutatione Climatis, 9(3),

NH, since the variation of the underlying SST is a complex  181-186. (in Chinese)

issue that is not only linked to atmospheric processes, bittou, A. Y., 1998: Hadley circulation as a modulator of theratxt

is also affected by processes in the interior ocean, as well a  ropical climate.J. Atmos. Sci., 55, 2437-2457.

air-sea interaction. Nevertheless, a possible cause pbire  Hou, A. Y., and R. S. Lindzen, 1992: The influence of con-
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