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ABSTRACT

Based on the simulations of 31 global models in CMIP5, the performance of the models in simulating the Hadley and
Walker circulations is evaluated. In addition, their change in intensity by the end of the 21st century (2080–2099) under
the RCP4.5 and RCP8.5 scenarios, relative to 1986–2005, is analyzed from the perspective of 200 hPa velocity potential.
Validation shows good performance of the individual CMIP5 models and the multi-model ensemble mean (MME) in re-
producing the meridional (zonal) structure and magnitude of Hadley (Walker) circulation. The MME can also capture the
observed strengthening tendency of the winter Hadley circulation and weakening tendency of the Walker circulation. Such
secular trends can be simulated by 39% and 74% of the models, respectively. The MME projection indicates that the winter
Hadley circulation and the Walker circulation will weaken under both scenarios by the end of the 21st century. The weak-
ening amplitude is larger under RCP8.5 than RCP4.5, due to stronger external forcing. The majority of the CMIP5 models
show the same projection as the MME. However, for the summer Hadley circulation, the MME shows little change under
RCP4.5 and large intermodel spread is apparent. Around halfof the models project an increase, and the other half projecta
decrease. Under the RCP8.5 scenario, the MME and 65% of the models project a weakening of the summer southern Hadley
circulation.
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1. Introduction

The Hadley and Walker circulations are important atmo-
spheric circulations in the tropics. Traditionally, the Hadley
circulation refers to a global mean meridional circulation
(Held and Hou, 1980; Oort and Yienger, 1996), consisting of
overall rising motion near the equator and sinking motion in
the subtropics, with the completion of this circuit produced
by equatorward motion in the lower troposphere and pole-
ward motion in the upper troposphere. The Walker circula-
tion is a zonal overturning atmospheric circulation, with ris-
ing air in the western Pacific and sinking air in the eastern
Pacific (Bjerknes, 1969). Their definitions are documented in
the glossary of IPCC AR5 (2013). In effect, the Walker cir-
culation can be observed throughout the entire tropical belt.
The Hadley and Walker circulations are directly thermally
driven and exert significant impacts on climate; for exam-
ple, they influence temperature and precipitation over a broad
range of regions across the globe (Horel and Wallace, 1981;
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Kousky et al., 1984; Ropelewiski and Halpert, 1989; Hou,
1998; Kumar et al., 2004; Zhou and Wang, 2006a, 2008),
and tropical cyclone frequency over the western North Pa-
cific (Zhou and Cui, 2008). They are also closely related to
ENSO (Horel and Wallace, 1981; Oort and Yienger, 1996;
Wang, 2002a; Quan et al., 2004; Zhou and Wang, 2006b),
as summarized in IPCC AR5 (2013). Therefore, the likely
change of the Hadley and Walker circulations in a warmer
world is a major topic of interest in the climate change re-
search community, as well as those working in other fields of
the physical sciences.

The observed secular changes of the Hadley and Walker
circulations have been well documented. Several lines of ev-
idence, including reanalyses, layer-average satellite temper-
atures, and outgoing longwave radiation, indicate that the
Hadley circulation in each hemisphere has moved poleward
since 1979. The poleward expansion for both hemispheres
mainly occurs in their summer and autumn seasons, while
changes in their winter and spring seasons are relatively small
(Hu and Fu, 2007; Fu and Lin, 2011; Hu et al., 2011; Davis
and Rosenlof, 2012; Lucas et al., 2012; Nguyen et al., 2013).
Attribution studies suggest that stratospheric ozone depletion
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and greenhouse gases have made a combined contribution
to the poleward expansion of the southern Hadley circula-
tion (SHC) during austral summer (Johanson and Fu, 2009;
Polvani et al., 2011; Hu et al., 2013; Min and Son, 2013).
Antarctic ozone depletion can cause high-latitude cooling
that extends to the troposphere and leads to enhanced merid-
ional temperature gradients between the tropospheric polar
region and the extratropics, consequently resulting in a pole-
ward shift of westerly winds and the SHC (Polvani et al.,
2011). Greenhouse-gas-induced warming can cause an in-
crease in static stability, such that the onset of baroclinic-
ity is shifted poleward, leading to a poleward expansion of
the SHC (Hu and Fu, 2007, Lu et al., 2007). The expan-
sion of the northern Hadley circulation (NHC) during bo-
real summer has been largely attributed to the increase in
black carbon and tropospheric ozone (Allen and Sherwood,
2011). Both of these substances can absorb solar radiation,
which warms the extratropical troposphere and causes pole-
ward shifts in the tropospheric subtropical jet stream and the
NHC.

It has also been revealed by several studies that the NHC
during boreal winter has strengthened, while the SHC during
boreal summer has exhibited apparent interdecadal change
since the second half of the 20th century (Quan et al., 2004;
Zhou and Wang, 2006b). Quan et al. (2004) indicated that the
intensification of the NHC during boreal winter may be as-
sociated with an intensified hydrological cycle consistingof
increased equatorial oceanic rainfall, and a general drying of
tropical/subtropical landmasses. Feng et al. (2011) proposed
that the interdecadal variation of the SHC may be explained
by the non-uniform warming trend in the Indo–western Pa-
cific Ocean and Atlantic Ocean, which increases the large-
scale meridional SST gradient in the SH over the Indian
Ocean and the tropical Atlantic. However, the mechanism re-
sponsible for different behaviors of the NHC and SHC is still
an open issue. For the Walker circulation, based on obser-
vations of cloud cover, surface wind, vertical velocity and
SLP, a weakening tendency is apparent during the 20th cen-
tury (Vecchi et al., 2006; Nicholls, 2008; Deser et al., 2010;
Yu and Zwiers, 2010; Tokinaga et al., 2012). In addition, a
number of studies have projected the changes of the Hadley
circulation (Frierson et al., 2007; Lu et al., 2007; Hu et al.,
2013) and the Walker circulation (Power and Kociuba, 2011;
Kociuba and Power, 2015) under future warming.

In the studies mentioned above, the projected changes of
the Hadley and Walker circulations were mainly measured by
the mass streamfunction and SLP, respectively. Significantly,
Wang (2002a, 2002b) used the velocity potential as a char-
acteristic of the Hadley and Walker circulations. Tanaka et
al. (2004) further proposed that the Hadley and Walker cir-
culations can be decomposited from the velocity potential
in the upper troposphere. In this study, with the aim to pro-
vide further clues in the quest to understand changes in the
Hadley and Walker circulations, we evaluate the performance
of CMIP5 models in simulating the Hadley and Walker cir-
culations and revisit their change from the perspective of ve-
locity potential.

2. Data and method

The simulation data used in this study come from the 31
CMIP5 models listed in Table 1. For each model, the outputs
of their historical, RCP4.5 and RCP8.5 experiments (Tay-
lor et al., 2012) are exploited for analysis. The RCP4.5 and
RCP8.5 experiments involve the radiative forcing peaking at
4.5 W m−2 and 8.5 W m−2 by 2100, representing a medium-
low and high radiative forcing scenario, respectively. More
information on the models and forcings is available on the
CMIP5 website (http://cmippcmdi.llnl.gov/cmip5/availabil-
ity.html). The monthly reanalysis data from NCEP–NCAR
(Kistler et al., 2001) during the period 1950–2005 are em-
ployed to validate the performance of the CMIP5 models.
Since the models have different spatial resolutions (see Ta-
ble 1), we interpolated them into the same 2.5◦×2.5◦ grid as
the NCEP–NCAR data before analysis.

The velocity potentialχ is calculated using the horizontal
wind vectorVVV at the 200 hPa level, following the definition
by Krishnamurti (1971):∇ ·VVV = −∇2χ. According to Tanaka
et al. (2004), the velocity potential can be divided into thelin-
ear combinations of three independent components in terms
of its characteristics in the space–time domain, i.e.,χ(t, x,y)=
[χ](t,y)+χ∗(t, x,y) = [χ](t,y)+χ∗(x,y)+χ∗

′

(t, x,y), wherex,
y, andt represent longitude, latitude and time; [( )] and ( )∗

stand for the zonal mean and the deviation from it; and( )
and ( )′ denote the annual mean and the deviation from it,
respectively. As stated by Tanaka et al. (2004), the Hadley
circulation is defined as an axisymmetric part of the circula-
tion since it is driven by the meridional difference of global
zonal-mean heating. This information is assumed to be con-
tained in the zonal-mean field of the velocity potential, i.e.,
[χ](t,y). The information on the Walker and monsoonal cir-
culations is then assumed to be contained in the deviation
from the zonal mean, i.e.,χ∗(t, x,y). Subsequently, the mon-
soonal circulation driven essentially by the land–sea heatcon-
trast is defined as part of the seasonal change in the deviation
field. For this reason, the annual mean is subtracted from the
deviation field of the zonal mean to measure the monsoonal
circulation, i.e.,χ∗

′

(t, x,y). Finally, the Walker circulation
driven by the different SST along the equatorial tropics is de-
fined as the remainder, which is the annual mean of the zonal
deviation field, i.e.,χ∗(x,y). Consequently, the Walker circu-
lation has no seasonal variation, which is the shortcoming of
this definition. All seasonal cycles are deposited in the mon-
soonal circulation. Besides, the three separated orthogonal
components characterized by the space–time domain may be
too simple to separate the complex tropical circulations. De-
spite the imperfection of this definition, Tanaka et al. (2004)
demonstrated that this simple separation of the tropical cir-
culation into the Hadley, Walker and monsoonal components
is feasible and useful. The definition retrieves the essenceof
the tropical circulations and can be used to study their secular
changes. Given that the aim here is to analyze the long-term
changes of the Hadley and Walker circulations, this approach
was adopted in the present study.

Since the NHC and SHC are dominant in boreal win-
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Table 1. Information on the 31 CMIP5 models used in the present analysis.

Model name Modeling group

Atmospheric
resolution
(lon × lat)

ACCESS1.0 CSIRO and BoM, Australia 192×145
ACCESS1.3 CSIRO and BoM, Australia 192×145
BCC CSM1.1 BCC, China Meteorological Administration, China 128×64
BCC CSM1.1(m) BCC, China Meteorological Administration, China 320×160
BNU-ESM Beijing Normal University/China 128×64
CanESM2 CCCma, Canada 128×64
CCSM4 NCAR, United States 288×192
CMCC-CM CMCC, Italy 480×240
CMCC-CMS CMCC, Italy 192×96
CNRM-CM5 Centre National de Recherches Météorologiquesand Centre Europeen de Recherche et For-

mation Avancees en Calcul Scientifique, France
256×128

CSIRO Mk3.6.0 Queensland Climate Change Centre of Excellence and CSIRO, Australia 192×96
FGOALS-g2 LASG, IAP, Chinese Academy of Sciences, China 128×60
FIO-ESM First Institute of Oceanography, China 128×64
GFDL CM3 GFDL, NOAA, United States 144×90
GFDL-ESM2G GFDL, NOAA, United States 144×90
GFDL-ESM2M GFDL, NOAA, United States 144×90
GISS-E2-H GISS, NASA, United States 144×90
GISS-E2-R GISS, NASA, United States 144×90
HadGEM2-AO Met Office Hadley Centre, United Kingdom 192×144
HadGEM2-ES Met Office Hadley Centre, United Kingdom 192×144
INMCM4 Institute for Numerical Mathematics, Russia 180×120
IPSL-CM5A-LR IPSL, France 96×96
IPSL-CM5A-MR IPSL, France 144×143
IPSL-CM5B-LR IPSL, France 96×96
MIROC5 Atmosphere and Ocean Research Institute (University of Tokyo), National Institute for En-

vironmental Studies, and Japan Agency for Marine-Earth Science and Technology, Japan
256×128

MIROC-ESM Atmosphere and Ocean Research Institute (University of Tokyo), National Institute for En-
vironmental Studies, and Japan Agency for Marine-Earth Science and Technology, Japan

128×64

MIROC-ESM-CHEM Atmosphere and Ocean Research Institute (University of Tokyo), National Institute for En-
vironmental Studies, and Japan Agency for Marine-Earth Science and Technology, Japan

128×64

MPI-ESM-LR MPI for Meteorology, Germany 192×96
MRI-CGCM3 Meteorological Research Institute, Japan 320×160
NorESM1-M Norwegian Climate Centre, Norway 144×96
NorESM1-ME Norwegian Climate Centre, Norway 144×96

ter (December–January–February) and summer (June–July–
August), respectively, we just focus on the characteristics of
the NHC in boreal winter and the SHC in boreal summer in
the following analysis. Note that the Hadley circulation in
this study is the global zonal mean, not the local zonal mean.
The Walker circulation refers to the annual Pacific Walker cir-
culation, and has no seasonal variations. This problem is not
critical for the investigation of its long-term changes (Tanaka
et al., 2004).

3. Validation of the CMIP5 models

3.1. Climatology

Figure 1 shows the climatological distribution of the ve-
locity potential at 200 hPa during boreal winter and summer,
1986–2005, derived from NCEP–NCAR reanalysis data and

the MME simulation of the historical experiment. The cor-
responding divergent wind is also displayed. The MME is
calculated as the arithmetic average of the 31 models. For
the NCEP–NCAR reanalysis data, in boreal winter (Fig. 1a),
the positive velocity potential with a maximum value above
100× 105 m2 s−1 is located over the equatorial western Pa-
cific, and the negative velocity potential with a minimum
value below−100× 105 m2 s−1 is observed over western
Africa, implying a pronounced zonal wavenumber-one pat-
tern. Since the divergent winds flow from the positive peak
to the minimum, strong upward motion occurs over the west-
ern Pacific in the SH and the air flows eastward to the equa-
torial eastern Pacific and northward to Asia. During boreal
summer (Fig. 1c), the zonal wavenumber-one pattern is also
prominent in the velocity potential. The positive peak, with
a value of 190× 105 m2 s−1 shifts to the northwest near the
Philippines, and the minimum, with a value of−135× 105
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Fig. 1. Climatological distribution of the 200 hPa velocity potential (units: 105 m2 s−1) during boreal (a, b) winter and (c, d) summer
of 1986–2005, based on (a, c) NCEP–NCAR reanalysis data and (b, d) the MME simulation.

m2 s−1, moves southwestward to the South Atlantic. Strong
divergent wind is found from the NH to the SH, whose direc-
tion over the equator is the reverse of that in boreal winter.
This is regarded as the contribution from the Hadley circu-
lation. The velocity potential pattern revealed in the NCEP–
NCAR reanalysis data can be reproduced well by the MME.
As shown in Figs. 1b and d, the MME simulated patterns
in boreal winter and summer are generally comparable to the
observation in both spatial distribution and magnitude. The
pattern correlation coefficient between the MME simulation
and the NCEP–NCAR reanalysis data is 0.96 for boreal win-
ter and 0.98 for boreal summer. The MME can also gener-
ally capture the observed spatial structure of the velocitypo-
tential in the lower troposphere, which is, however, beyond
the scope of the present discussion. For the models on an
individual basis, the simulation is also highly correlatedto
the NCEP–NCAR reanalysis data, with the correlation coef-
ficient ranging from 0.78 (GISS-E2-H) to 0.97 (IPSL-CM5A-
LR and IPSL-CM5A-MR), and 0.83 (BCC-CSM1-1-m) to
0.98 (MPI-ESM-LR and CMCC-CMS), for boreal winter and
summer, respectively (see Fig. 4).

Figure 2 further presents the zonal mean of the 200
hPa velocity potential in winter and summer for the NCEP–
NCAR reanalysis data and the MME simulation. It is inter-
esting to see the general resemblance between them. In bo-
real winter (Fig. 2a), both exhibit negative values in the NH,
with a peak near 25◦N, and positive values in the SH, with a
peak near 10◦S. The negative and positive peaks represent the
locations of the sinking branch and rising branch of the NHC,
indicating meridional divergent flow from the SH to the NH
in the upper troposphere. In boreal summer, the velocity po-
tential at 200 hPa is reversed, being positive in the NH and
negative in the SH. The corresponding peaks are respectively
located around 15◦N and 25◦S, and there are upper tropo-

spheric divergent flows from the NH to the SH, indicative of
the SHC. The correlation between the NCEP–NCAR reanal-
ysis data and the MME simulation and individual models is
higher than 0.90, no matter whether in winter or in summer
(see Fig. 4).

Fig. 2. Zonal mean of the velocity potential (units: 105 m2 s−1)
during boreal (a) winter and (b) summer of 1986–2005, based
on NCEP–NCAR reanalysis data (solid line) and the MME sim-
ulation (dashed line).
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Fig. 3. Annual mean of the deviation from the zonal mean of the velocity
potential (units: 105 m2 s−1): (a) NCEP–NCAR reanalysis data; (b) MME
simulation.

Fig. 4. Spatial correlation coefficient between NCEP–NCAR reanalysis data and the
model simulations.

Figures 3a and b display the annual mean deviation from
the zonal mean of the velocity potential, superimposed on
the divergent winds, for the NCEP–NCAR reanalysis data
and the MME simulation, respectively. Comparing these two
figures, we can see that they bear a general similarity over
the Pacific, with the pattern correlation coefficient being 0.97.

Strong and positive velocity potential above 80×105 m2 s−1

is dominant over the western Pacific, while strong and neg-
ative velocity potential below−40×105 m2 s−1 is dominant
over the equatorial eastern Pacific. As a consequence, the
airflows ascend over the equatorial western Pacific and de-
scend over the eastern Pacific, indicative of the Walker circu-
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lation. The correlation coefficients between most of the indi-
vidual models and the NCEP–NACR reanalysis data are also
above 0.90, except models BCC-CSM1-1-m (0.89), GISS-
E2-H (0.75), GISS-E2-R (0.80), and IPSL-CM5B-LR (0.81)
(see Fig. 4).

3.2. Trend

Following Tanaka et al. (2004), we use the peak values of
the separated velocity potential to quantify the intensities of
the Hadley and Walker circulations. That is, the negative peak
value of the zonal-mean velocity potential shown in Figs. 2a
and b is defined as the intensity of the winter NHC and the
summer SHC, respectively. Certainly, the difference between
the positive and negative peaks is another choice for the defi-
nition of the intensity. Yet, the restriction such that the global
mean is always zero permits us to choose one of the peak val-
ues for the alternative simple measure of the intensity. The
Walker circulation intensity is defined by the positive peak
value of the velocity potential over the western Pacific, as
shown in Fig. 3. Tanaka et al. (2004) justified the use of such
index definitions to measure the intensity of the Hadley and
Walker circulations.

Figure 5 shows the long-term variations of the normal-
ized Hadley and Walker circulation indices for the period
1950–2005 from the NCEP–NCAR reanalysis data. A no-
table negative trend is apparent in the winter NHC, with a
decreasing amplitude of 0.5 (10 yr)−1, significant at the 99%
confidence level (Fig. 5a), indicating an intensification ofthe
winter NHC since the 1950s. However, no significant sec-
ular trend is detected for the SHC in boreal summer (Fig.
5b). These results conform to those calculated from the mass
streamfunction (Quan et al., 2004; Zhou and Wang, 2006b).
For the Walker circulation, a significant downward trend ex-
ists, with a decreasing amplitude of 0.5 (10 yr)−1, significant
at the 99% confidence level, indicating a weakening of the
Walker circulation (Fig. 5c).

Trends of the winter NHC, summer SHC and Walker
circulation over the same time period in the historical simu-
lations of the MME and individual models are presented in
Fig. 6. In general, the sign of secular tendency in the MME
simulation complies with the observation, but there is a large
spread among individual models. The simulated linear trends
range from−0.20 (10 yr)−1 (CNRM-CM5) to 0.18 (10 yr)−1

(MIROC-ESM-CHEM) for the winter NHC, from−0.16 (10
yr)−1 (GFDL-ESM2M) to 0.10 (10 yr)−1 (CNRM-CM5) for
the summer SHC, and from−0.20 (10 yr)−1 (IPSL-CM5B-
LR) to 0.19 (10 yr)−1 (INMCM4) for the Walker circulation.
Among the 31 models, 15 (48%) show positive trends that are
in contrast to the observation, and 4 (13%) show small trends
for the winter NHC (Fig. 6a). Meanwhile, only 12 (39%)
models show negative trends consistent (but underestimated)
with the observation. The simulated trends of the Walker
circulation are in general better than those for the Hadley
circulation. Twenty-three (74%) models can reproduce the
negative trends in the observation, in spite of the fact thatthe
observed trend is also underestimated. Only 7 (23%) mod-
els show positive trends, and 1 model (3%) shows no change,

Fig. 5. Temporal change in the normalized intensity index and
corresponding trend (dashed line): (a) winter NHC; (b) summer
SHC; (c) Walker circulation.

which differs from the observation (Fig. 6c).
In summary, both the MME and the individual CMIP5

models have good capacity to simulate the observed clima-
tological features of the Hadley and Walker circulations, as
defined from the velocity potential in the upper troposphere.
The MME as well as 39% and 74% of the models can cap-
ture the observed significant trends for the winter NHC and
the Walker circulation, respectively, although the observed
trend is underestimated.

4. Projected change in the Hadley and Walker
circulations

The MME projected temporal evolutions of the intensities
of the Hadley and Walker circulations under the RCP4.5 and
RCP8.5 scenarios are provided in Fig. 7. An upward trend
is clear in the change of the NHC intensity in winter under
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Fig. 6. Trend of the (a) winter NHC, (b) summer SHC and (c)
Walker circulation during 1950–2005.

both scenarios, with a larger trend under RCP8.5 [0.7× 105

m2 s−1 (10 yr)−1] than under RCP4.5 [0.4× 105 m2 s−1 (10
yr)−1]. This implies that the winter NHC will weaken toward
the end of the 21st century. The intensity of the SHC in boreal
summer is also projected to reduce, with a decreasing rate of
0.3×105 m2 s−1 (10 yr)−1 under the RCP8.5 scenario. How-
ever, little change is projected under the RCP4.5 scenario.
For the Walker circulation intensity, we find a remarkable

Fig. 7. The MME projected variations and corresponding trends
(dashed line) of the intensity index under the RCP4.5 and
RCP8.5 scenarios: (a) winter NHC; (b) summer SHC; (c)
Walker circulation.

decreasing trend under both RCP4.5 and RCP8.5. The rate
of decrease is 0.7×105 m2 s−1 (10 yr)−1 under RCP4.5 and
1.4×105 m2 s−1 (10 yr)−1 under RCP8.5. Thus, the Walker
circulation is also projected to weaken toward the end of the
21st century.

To further explore their future change, we present the spa-
tial distributions of the projected changes in the zonal mean of
the velocity potential and the deviation from the zonal mean
by the end of the 21st century (2080–99) relative to 1986–
2005. As projected in Fig. 8a, the peak of the negative veloc-
ity potential—indicating a subsidence of the winter NHC—
decreases by 4.4×105 m2 s−1 under the RCP4.5 scenario and
by 5.3× 105 m2 s−1 under the RCP8.5 scenario by the end
of the 21st century. The SHC intensity in boreal summer is
projected to reduce by 2.6×105 m2 s−1 under the RCP8.5 sce-
nario (Fig. 8b)—smaller than the change in winter. Under the
RCP4.5 scenario, little change is found in the MME projec-
tion for the SHC between 2080–99 and 1986–2005. The pro-
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Fig. 8. The MME projected change (units: 105 m2 s−1) of the (a) winter NHC under the RCP4.5 and RCP8.5 scenarios,(b) summer SHC
under the RCP4.5 and RCP8.5 scenarios, (c) Walker circulation under the RCP4.5 scenario, and (d) Walker circulation under the RCP8.5
scenario, during 2080–99 (relative to 1986–2005).

jected change in annual mean deviation from the zonal mean
of the velocity potential is consistent under the RCP4.5 and
RCP8.5 scenarios, with negative anomalies over the equato-
rial western Pacific and positive anomalies over the equatorial
eastern Pacific (Figs. 8c and d). This pattern hints at a weak-
ness in the Walker circulation at the end of the 21st century.
The weakening magnitude is much larger under the RCP8.5
scenario than under the RCP4.5 scenario.

To examine the consistency of the projections among in-
dividual models, the changes in the intensities of the winter
NHC, summer SHC and Walker circulation under the RCP4.5
scenario versus the RCP8.5 scenario are plotted in a scat-
ter diagram (Fig. 9). Apart from GISS-E2-R, INMCM4 and
NorESM1-M, all of the models project that the winter NHC
intensity will weaken by the end of the 21st century under the
two scenarios, with the decreasing amplitude ranging from
0.2× 105 m2 s−1 to 15.0× 105 m2 s−1 (Fig. 9a). The inter-
model regression equation isY = 0.4753X+0.2824, suggest-
ing a stronger change in the models under the RCP8.5 sce-
nario than under the RCP4.5 scenario. The MME projects
that the intensity will be weakened by 5.6% under RCP4.5
and 10.6% under RCP8.5 at the end of the 21st century, with
reference to the period 1986–2005.

For the intensity of the summer SHC, the projected
changes are scattered in the range of−4.9× 105 m2 s−1 to
8.6×105 m2 s−1 under the RCP4.5 scenario (ordinate of Fig.
9b) and−5.7× 105 m2 s−1 to 12.4× 105 m2 s−1 under the
RCP8.5 scenario (abscissa of Fig. 9b). Twenty-nine models
are located either in the first quadrant or in the third quadrant,
indicating the signs of changes are the same under RCP4.5

and RCP8.5 for most models. The inter-model regression
equation isY = 0.4703X− 1.601, also suggesting a stronger
change of the models under the RCP8.5 scenario than un-
der the RCP4.5 scenario. Among the 31 CMIP5 models, 13
(42%) models project a decrease in the SHC intensity and
18 (58%) models project an increase, under the RCP4.5 sce-
nario. Thus, the MME projects little change in the SHC in-
tensity under RCP4.5 by the end of the 21st century. For the
RCP8.5 scenario, 20 (65%) models project a decrease in the
SHC intensity and 11 (35%) models project an increase. As
a consequence, the MME projects that the SHC intensity will
be weakened by 3.9% at the end of the 21st century, relative
to 1986–2005.

For the Walker circulation intensity, the projected
changes are scattered in the range of−15.9× 105 m2 s−1

to 6.2×105 m2 s−1 under RCP4.5 (ordinate of Fig. 9c) and
−33.1×105 m2 s−1 to 12.6×105 m2 s−1 under RCP8.5 (ab-
scissa of Fig. 9c). The spread under the RCP8.5 scenario is
obviously larger than that under the RCP4.5 scenario, since
stronger external forcing is imposed in the models. Among
the 31 CMIP5 models, 25 are located either in the first quad-
rant or in the third quadrant, demonstrating the signs of
changes in the Walker circulation intensity are also the same
under the RCP4.5 and RCP8.5 scenarios for most models.
The inter-model regression equation isY = 0.3535X−1.835,
again revealing a stronger change in the models under the
RCP8.5 scenario than under the RCP4.5 scenario. Among
the 31 CMIP5 models, 25 (81%) project a decrease in the
Walker circulation intensity and 6 (19%) models project
an increase, under the RCP4.5 scenario. For the RCP8.5
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Fig. 9. The RCP4.5 projected changes (ordinate) versus the
RCP8.5 projected changes (abscissa) (units: 105 m2 s−1) over
2080–99 relative to 1986–2005: (a) winter NHC; (b) summer
SHC; (c) Walker circulation.

scenario, 24 (77%) models project a decrease in the Walker
circulation intensity and 7 (23%) project an increase. The
MME projects that the intensity will be weakened by 4.9%
under RCP4.5 and by 9.2% under RCP8.5, by the end of the
21st century.

5. Conclusion and discussion

Based on the outputs from 31 CMIP5 models, this study
evaluates the performance of the models in simulating the
features of the Hadley and Walker circulations from the per-

spective of 200 hPa velocity potential. The results show that
the individual CMIP5 models and the MME can successfully
capture the climatology of the Hadley circulation in boreal
winter and summer, and the Walker circulation. The pattern
correlations between the simulations and the observation are
generally above 0.9. Besides, the MME can reproduce the
strengthening tendency of the winter NHC and the weaken-
ing tendency of the Walker circulation in the observation. In
terms of individual models, the observed trend in the NHC
and the Walker circulation can be simulated (albeit underes-
timated) by 39% and 74% of them, respectively.

We further project their possible changes under the
RCP4.5 and RCP8.5 scenarios. The MME projection indi-
cates that the winter NHC and the Walker circulation are
likely to weaken in a warmer world by the end of the 21st
century. The weakening tendency under the RCP8.5 scenario
is larger than that under the RCP4.5 scenario, since stronger
external forcing is imposed in the models. The majority of
the CMIP5 models show the same projection as the MME.
Nevertheless, for the intensity of the SHC in boreal summer,
42% of the models project a decrease and 58% project an in-
crease, under the RCP4.5 scenario. Thus, its intensity shows
little change in the MME projection. Under the RCP8.5 sce-
nario, 65% of models project a decrease and 35% project an
increase. As a consequence, its intensity is projected to be
weakened by the end of the 21st century, with respect to the
period 1986–2005.

Recently, Seo et al. (2014) projected a robust (slight)
weakening of the Hadley circulation during boreal winter
(summer) at the end of the 21st century under the RCP8.5
scenario, also based on the simulations of CMIP5 models.
However, different to our study, they adopted the zonally av-
eraged mass streamfunction to measure the intensity of the
Hadley circulation. Nonetheless, the findings are similar,de-
spite the weakening amplitude of the SHC during boreal sum-
mer being somewhat different due to the difference in the se-
lected reference period (they used 2001–20, while we used
1986–2005). Similar changes in the Hadley and Walker cir-
culations can also be found in the MME projected vertical–
meridional and vertical–zonal planes, respectively (figure not
shown).

Changes in the strength of the Hadley circulation are as-
sociated with changes in the meridional potential tempera-
ture gradient, gross static stability, and tropopause height,
and the changes in the meridional potential temperature gra-
dient across the subtropics in a warming climate play a cru-
cial role (Lu et al., 2007; Seo et al., 2014). A reduction
in the meridional temperature gradient in response to global
warming leads to a reduction in the strength of the Hadley
circulation (Seo et al., 2014), which can explain the weak-
ening of the winter NHC and summer SHC. As compared
to the RCP4.5 scenario, the greater increase in greenhouse
gases under the RCP8.5 scenario induces a greater temper-
ature increase in the subtropics (IPCC, 2013), which results
in a larger decrease in the meridional potential temperature
gradient and thus a larger reduction in the intensity of the
Hadley circulation. The MME projects little change in the
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summer SHC strength under the RCP4.5 scenario by the end
of the 21st century, which may be linked to the small change
in the meridional potential temperature gradient. Changes
in the Walker circulation appear to be related to differential
warming between the Indian and Pacific Ocean warming at
low latitudes (Luo et al., 2012). Over the eastern equatorial
Pacific Ocean, where mid-tropospheric ascent is projected to
strengthen, changes in zonal SST, and hence SLP gradients,
induce low-level westerly wind anomalies that act to weaken
the Pacific Walker circulation (IPCC, 2013).

The conclusions drawn in this study reflect a possible esti-
mate by state-of-the-art climate models of the change in trop-
ical circulations. However, due to the uncertainty of the emis-
sions scenarios, uncertainty still exists in projections.Mean-
while, models also possess a number of shortcomings in sim-
ulating tropical circulations (Hu et al., 2013; Ma and Zhou,
2014; Kociuba and Power, 2015), possibly imposing further
uncertainty upon the conclusions. In addition to the intensity,
there are other important aspects of the Hadley and Walker
circulations to consider, including spatial localization, incli-
nation, and vertical structure. Moreover, the characteristics
and contributions of local meridional circulations in different
regions to the global zonal mean Hadley circulation are differ-
ent and even opposite. How well do CMIP5 models simulate
these, and what changes in them can we expect in the future?
These issues need to be studied further in future work.
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