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Abstract. The mid-Pliocene warm period (∼ 3.3–3.0 Ma)
is often considered as the last sustained warm period with
close enough geographic configurations compared to the
present one associated with atmospheric CO2 concentration
(405± 50 ppm) higher than the modern level. For this rea-
son, this period is often considered as a potential analogue
for the future climate warming, with the important advantage
that for mid-Pliocene many marine and continental data are
available. To investigate this issue, we selected the RCP4.5
scenario, one of the current available future projections, to
compare the pattern of tropical atmospheric response with
the past warm mid-Pliocene climate.

We use three Atmosphere-Ocean General Circulation
Model (AOGCM) simulations (RCP4.5 scenario, mid-
Pliocene and present-day simulation) carried out with the
IPSL-CM5A model and investigate atmospheric tropical dy-
namics through Hadley and Walker cell responses to warmer
conditions, considering that the analysis can provide some
assessment of how these circulations will change in the fu-
ture. Our results show that there is a damping of the Hadley
cell intensity in the northern tropics and an increase in both
subtropics. Moreover, northern and southern Hadley cells ex-
pand poleward. The response of the Hadley cells is stronger
for the RCP4.5 scenario than for the mid-Pliocene, but in
very good agreement with the fact that the atmospheric CO2
concentration is higher in the future scenario than in the mid-
Pliocene (543 versus 405 ppm). Concerning the response of

the Walker cell, we show that despite very large similarities,
there are also some differences. Common features to both
scenarios are: weakening of the ascending branch, leading
to a suppression of the precipitation over the western trop-
ical Pacific. The response of the Walker cell is stronger in
the RCP4.5 scenario than in the mid-Pliocene but also de-
picts some major differences, as an eastward shift of its rising
branch in the future scenario compared to the mid-Pliocene.

In this paper, we explain the dynamics of the Hadley and
Walker cells, and show that despite a minor discrepancy, the
mid-Pliocene is certainly an interesting analogue for future
climate changes in tropical areas.

1 Introduction

The mid-Pliocene warm period (∼ 3 million years ago;
3 Ma), is known as the most recent period in earth’s his-
tory when the global average temperature was warmer than
the present day for a sustained time (∼ 300 thousand years,
Haywood et al., 2000; Haywood and Valdes, 2004). Despite
some differences in the height of mountain ranges that may
for instance change high-latitude temperature in the North-
ern Hemisphere (Foster et al., 2010), the geographic distri-
bution of continents and oceans for the mid-Pliocene was
the same as or very similar to the present one (Foley et al.,
2009). During that period, CO2 values are estimated to have
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reached 360–440 ppm, and sea level was 22±10 m above the
modern levels (Krantz, 1991; Dowsett et al., 1992; Raymo
et al., 1996; Miller et al., 2012). Given the availability of
relatively large sets of palaeoenvironmental proxy data, the
mid-Pliocene has become an unequalled “palaeo-analogue”
for future climate predictions by the end of 21st century
(Thompson and Fleming, 1996; Jansen et al., 2007).

Indeed, future environmental scenarios and model predic-
tions cannot be tested by observational data. However, look-
ing at geological analogues, we can use the past environment
as a guide for the understanding of future climate change and
a test of the validity of climate models. The most recent warm
climate associated with higher CO2 values than modern is the
mid-Pliocene; thereby there is no other way to learn about
warm climate than to study deep-past climates that are geo-
logically different from the present-day one, except for the
mid-Pliocene (Salzmann et al., 2008). To better understand
the dynamical causes for the mid-Pliocene warmth, and to
further assess the ability of climate models to simulate past
warm climate, a suite of simulations have been conducted
for the mid-Pliocene warm period under the frame of the
Pliocene Modeling Intercomparison Project (PlioMIP). Ac-
cording to the PlioMIP, two experimental designs are recom-
mended for each participating model. PlioMIP experimen-
tal designs are well documented in literature (Haywood et
al., 2010, 2011). Previously, there have been long-term ef-
forts to reconstruct global sea surface temperature datasets
(Dowsett et al., 1996; Dowsett and Robinson, 2009), which
are very useful to validate PlioMIP simulations and further
document the possible causes of the mid-Pliocene warm cli-
mate by modelling studies. However, how far does the mid-
Pliocene represent what may happen during the 21st century?
We shall focus here on tropical–subtropical atmospheric dy-
namics analysis in the mid-Pliocene and future climate by
investigating the response of Hadley and Walker cells to past
and future warm climates.

Modelling studies reveal that the simulated mid-Pliocene
global annual surface air temperature and global mean
sea surface temperature are warmer compared with a pre-
industrial control experiment (Haywood et al., 2013). The
increase of surface air temperature is non-uniform, with the
most significant heating at higher latitudes. As has been
shown (Masson-Delmotte et al., 2006), when greenhouse gas
concentration increases, climate change shows a polar am-
plification (i.e. decrease of equator-to-pole temperature gra-
dient); therefore cooling or warming leads to an increased or
reduced temperature gradient that modulates the Hadley cell
intensity and extent (Ramstein et al., 1998). We also point
out here that tropical atmospheric dynamics are very sensi-
tive to this reduced temperature gradient. Reconstruction of
sea surface temperature (SST) depicts a permanent El Niño-
like condition over the tropical Pacific in mid-Pliocene, char-
acterized by reduced east–west asymmetry in SST and sub-
surface thermocline depth (Wara et al., 2005; Ravelo et al.,
2006). Some features of the atmospheric general circulation

in the mid-Pliocene have been also investigated using Atmo-
sphere General Circulation Model (AGCM) simulation. The
Kamae et al. (2011) study presented an AGCM simulation
with specified PRISM3 SST and found one of the key as-
pects of the mid-Pliocene climate was a slowdown of Walker
circulation, resulting from a reduced east–west gradient of
SST in the tropics, particularly in the Pacific Ocean and In-
dian Ocean. The ascending branch of the Hadley cell in each
hemisphere expands poleward in the mid-Pliocene warm pe-
riod when the width of the ascending branch is defined as the
range between the equator and the maximum of mass stream
function (MSF) at 500hPa. This widening in the southern cell
is larger than that in the northern cell. Additional sensitiv-
ity experiments indicate that the ascending branches of the
Hadley cells expand poleward in response to the warmer SST
at higher latitudes (Kamae et al., 2011).

As discussed above, most previous studies focused on
mechanisms responsible for the mid-Pliocene warmth. The
increasing importance of the mid-Pliocene as an analogue
of future climate warming induced by greenhouse gases is
highlighted by the IPCC AR4 (Jansen et al., 2007). Thus the
aim of the present study is to investigate whether the mid-
Pliocene represents a plausible comparative climate for at-
mospheric circulation changes in a future scenario. Here, we
depict not only the similarity of Hadley cells and Walker cir-
culation produced by the mid-Pliocene and future projection,
but also pinpoint the differences and find out possible dynam-
ical explanations for these differences between both simula-
tions.

The structure of the present paper is organized as follows.
A brief description of data and analysis method is given in
Sect. 2. In Sects. 3 and 4, we carry out a comparative analysis
of Hadley and Walker circulations between the RCP4.5 mod-
erate scenario and the mid-Pliocene climate relative to the
pre-industrial experiment. Similarities and differences in the
response of Hadley and Walker cells to global mid-Pliocene
and future warm climate are discussed in Sect. 5. The impact
of Hadley and Walker circulation changes on precipitation in
both climates is discussed in Sect. 6. Summary and general
discussions conclude this study in Sect. 7.

2 Data and analysis method

2.1 The IPSL-CM5A atmosphere–ocean general
circulation model

The model used for the present study is the last version of
the IPSL model (IPSL-CM5A) (Dufresne et al., 2013). It is
an earth system model developed by Institute Pierre Simon
Laplace and currently used for past and future climate pro-
jections (e.g. Contoux et al., 2012; Dufresne et al., 2013).
The atmospheric model (LMDZ5A) has two standard res-
olutions: the low resolution is 1.875◦ in latitude by 3.75◦

in longitude with 39 vertical levels (96× 96, L 39), and the
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mid-resolution is 1.25◦ in latitude by 2.5◦ in longitude with
39 vertical levels (143× 144, L 39) (Hourdin et al., 2013).
The land surface model used is ORCHIDEE (Organizing
Carbon and Hydrology In Dynamic Ecosystems), consist-
ing of three modules: hydrology, carbon cycle and vegeta-
tion dynamics (Krinner et al., 2005). The ocean model ver-
sion is NEMOv3.2 (182× 149, L 31) and mean grid spacing
is about 2◦ with latitudinal resolution of 0.5◦ near the equa-
tor, 1◦ in the Mediterranean Sea and 31 vertical levels in the
ocean with 10 levels in the top 100 m (Madec, 2008). The
sea ice model used here is LIM2 (Louvain-la-Neuve Sea Ice
Model) (Fichefet and Maqueda, 1997). The four components
are coupled together using OASIS3 coupler (Valcke, 2006).

There are two versions of the IPSL model (IPSL-CM5A-
LR and IPSL-CM5A-MR) and both are used for CMIP5 pro-
jection. Only the low resolution (IPSL-CM5A-LR) is avail-
able for the mid-Pliocene simulation (Contoux et al., 2012),
thus we select IPSL-CM5A-LR used for present compari-
son between the RCP4.5 scenario and mid-Pliocene. Details
of the IPSL-CM5A model are available in previous studies
(Marti et al., 2010).

2.2 Pre-industrial experiment (control run)

The pre-industrial experiment is performed as required by
CMIP5/CMIP3 using the IPSL-CM5A-LR model. Green-
house gases, solar constant and orbital parameters are set to
pre-industrial values recommended by CMIP5/CMIP3. So-
lar constant is 1365 W m−2; CO2 and CH4 concentrations are
fixed at 280 ppm and 760 ppb, respectively.

2.3 Mid-Pliocene warm period experiment

Recently, PlioMIP was established to assess the ability of
various climate models to simulate the mid-Pliocene warm
period (Haywood et al., 2010, 2011). The IPSL-CM5A-LR
model as part of the PlioMIP has been used for the sim-
ulation of the mid-Pliocene warm climate. The results are
in good agreement with data globally and depict the same
main features as other AOGCM models involved in PlioMIP
(Contoux et al., 2012). The boundary conditions for the mid-
Pliocene simulation are set following the PlioMIP experi-
ment guidelines (Haywood et al., 2010, 2011) and are thor-
oughly described in Contoux et al. (2012). Modern coast-
line is employed in this simulation due to the challenge of
changing the land–sea mask in the ocean model. Accord-
ing to PlioMIP, differences between mid-Pliocene and mod-
ern topographies are added as anomalies to IPSL-CM5A-LR
model topography (Sohl et al., 2009; Edwards, 1992). Im-
posed ice-sheet and vegetation reconstructions are derived
from PRISM3D (Hill et al., 2007; Salzmann et al., 2008).
Orbital configuration, solar constant, greenhouse gases and
aerosols were specified as similar to the pre-industrial con-
trol run, except for atmospheric CO2 concentration which
was fixed at 405 ppm.

2.4 Future climate projections

According to CMIP5 experiment design, future projections
are required for each participating model under the represen-
tative concentration pathways (RCPs) proposed by CMIP5.
RCPs represent pathways of radiative forcing (in W m−2)

that reach a specific value by the end of the 21st century
relative to the pre-industrial. There are four RCP scenarios:
RCP2.6 (low), RCP4.5 (medium), RCP6.0 (medium-high)
and RCP8.5 (high). RCP4.5 is the current moderate sce-
nario we choose for comparison with mid-Pliocene warm
climate. The integration length of the RCP4.5 scenario is
almost 300 yr, from 1 January 2006 to 31 December 2300.
The atmospheric CO2 concentration increases from 378 ppm
and then stabilizes at 543 ppm in 2150. Results from the
IPSL-CM5A-LR model are compared to the last 50 yr of
the 300 yr RCP4.5 simulations of six other CMIP5 mod-
els (MPI-ESM-LR, BCC-CSM1.1, NorESM1-M, NCAR-
CCSM4, FGOALS-S2, MIROC-ESM), as listed in Table 1.

Here, we analyze the large-scale atmospheric circulation
produced by RCP4.5 and compare it with the mid-Pliocene
warm period. However, previous studies argued that the mid-
Pliocene should not be considered as an analogue for the
future warming, which represents a non-equilibrium pertur-
bation of the climate system, whereas mid-Pliocene climate
is an equilibrium response to long-term changes in external
forcing (Crowley, 1996). It is possible that ocean processes
in response to CO2 increase are still not equilibrated due to
the large inertia of the ocean. We here will consider the fast
atmospheric tropical response and choose the last 50 yr of
the 300 yr RCP4.5 simulation used for comparison with the
mid-Pliocene.

2.5 Method description

The mass stream function is a conventional way to depict
the Hadley circulation (Cook, 2003). Using pressure as the
vertical coordinate, conservation of mass requires

1

a× cosφ

∂u

∂λ
+

1

a× cosφ

∂(v× cosφ)

∂φ
+
∂ω

∂p
= 0, (1)

whereu is zonal velocity,v the meridional velocity,ω the
verticalp velocity,a the earth’s radius,λ longitude, and ø lat-
itude. If Eq. (1) is averaged over longitude, around the entire
globe, then the first term on the left-hand side of the equation
is zero. Using square brackets to denote this zonal average,
the continuity equation is

1

a× cosφ

∂([v] × cosφ)

∂φ
+
∂ [ω]

∂p
= 0. (2)

Equation (2) states that if one component in Eq. (2) ([v]
or [ω]) is known, the other one can be identified. In other
words, one variable can be used to fully define the two-
dimensional flow. One can use the stokes stream functionψ
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Table 1. Multi-model comparative analysis of Hadley circulation properties (maximum of MSF and corresponding position, Hadley cell
boundaries) in the RCP4.5 scenario, and Hadley cell boundaries and maximum MSF from pre-industrial control run (in parentheses).

Southern Hadley Cell Northern Hadley Cell
Model maximum location edge maximum location edge

(1010kg s−1) (1010kg s−1)

IPSL-CM5A-LR −10.07 (−9.18) (12.3◦ S, 700 hPa) 30.5◦ S (28.6◦ S) 6.93 (8.01) (14.2◦ N, 500 hPa) 28.8◦ N (28.0◦ N)
MPI-ESM-LR –10.35(−10.17) (14.0◦ S,700 hPa) 30.9◦ S (30.2◦ S) 7.10(7.4) (15.8◦ N, 600 hPa) 29.5◦ N (29.0◦ N)
BCC-CSM1.1 −8.00 (−8.1) (12.5◦ S,700 hPa) 31.1◦ S (30.3◦ S) 7.49 (7.8) (15.4◦ N, 600 hPa) 29.4◦ N (28.9◦ N)
NorESM1-M –10.11(−10.19) (10.4◦ S, 700 hP) 33.4◦ S (32.6◦ S) 8.62 (9.17) (14.2◦ N, 600 hPa) 30.8◦ N (30.5◦ N)
NCAR-CCSM4 −8.95 (−9.46) (13.7◦ S, 700 hP) 33.9◦ S (33.0◦ S) 7.23 (7.78) (14.6◦ N, 600 hPa) 31.8◦ N (31.3◦ N)
FGOALS-S2 −8.33 (−10.07) (14.1◦ S, 700 hP) 31.5◦ S (29.7◦ S) 7.33 (7.11) (14.1◦ N, 600 hPa) 29.6◦ N (28.5◦ N)
MIROC-ESM −11.9 (−11.14) (9.8◦ S, 700 hPa) 29.2◦ S (28.4◦ S) 8.74 (9.34) (12.6◦ N, 500 hPa) 27.9◦ N (27.7◦ N)

The italics represent the modelling consistency of Hadley circulation properties in the RCP4.5 scenario between the IPSL model and other models.

to characterize the Hadley circulation, defined by

[v] =
g

2πa× cosφ

∂9

∂p
(3)

and

[ω] = −
g

2πa2 × cosφ

∂9

∂φ
. (4)

Theoretically, stream function can be calculated from obser-
vation of either [v] or [ω], but [v] is used for practical reasons
because meridional velocities are more frequently and accu-
rately observed. Solving forψ and integrating from the top
of the atmosphere yields

9(φ,p)=
2πa× cosφ

g

p∫
P0

[v(φ,p)]dp. (5)

3 Changes of Hadley circulation in RCP4.5 and
mid-Pliocene compared to pre-industrial control run

We use mass stream function (hereafter MSF) to depict the
Hadley circulation. Positive (negative) values of MSF indi-
cate net northward (southward) mass transport. The intensity
of Hadley cells is usually defined as the maximum of abso-
lute MSF between 30◦ S and 30◦ N (Oort and Yienger, 1996).
Before discussing the MSF changes in the mid-Pliocene and
RCP4.5 simulations, we first examine the intensity and ex-
tent of Hadley circulation derived from the pre-industrial,
mid-Pliocene and RCP4.5 scenario. The observed Hadley
circulation is well captured by annual averaged MSF derived
from the control run (not shown). Hadley circulation con-
sists of two close loops with ascending motion near the equa-
tor and descending motion in both subtropics (green vec-
tors); one is in the Northern Hemisphere (northern Hadley
cell) and the other is in the Southern Hemisphere (south-
ern Hadley cell). As listed in Table 1, the simulated inten-
sity of northern and southern Hadley cells derived from the

IPSL pre-industrial experiment is close enough to the ob-
served maximal MSF (8.76×1010 kg s−1) and minimal MSF
(−9.48× 1010 kg s−1), respectively. The positions of maxi-
mal and minimal MSF from the control run are compara-
ble to the observed (12.5◦ N, 600 hPa) and (10◦ S, 700 hPa).
As shown in Fig. 1a, b, the structures of MSF derived from
the mid-Pliocene and RCP4.5 scenario are almost identical
to that of the pre-industrial simulation.

Statistically significant changes of Hadley circulation can
be found in the future projection relative to the control
run (Fig. 1c, dotted area indicates statistical significance
level of 95 %). The Hadley circulation in the future sce-
nario is characterized by weakening Hadley cells in the trop-
ics (10◦ S–20◦ N) and strengthening Hadley cells in the sub-
tropics (23◦26′ S–35◦ S and 23◦26′ N–35◦ N). Hadley circu-
lation also depicts significant changes in the mid-Pliocene
in comparison with the control run (Fig. 1d). Coherent in-
tensification occurs on the southern Hadley cell in the mid-
Pliocene, while the Hadley cell in the Northern Hemisphere
has obvious regional changes associated with weakening of
Hadley circulation in the northern tropics (equator–20◦ N)
and intensified Hadley circulation in the northern subtropics
(23◦26′ N–35◦ N).

Thus, Hadley circulations in the two warm climates share
many similarities when compared to the pre-industrial con-
trol run, i.e. the strength of Hadley cells intensifies in both
subtropics (23◦26′ S–35◦ S; 23◦26′ N–35◦ N) and decreases
in the northern tropics (equator–20◦ N). However, large dif-
ferences still exist between the RCP4.5 and mid-Pliocene ex-
periments, as displayed in Fig. 1e. The strength of Hadley
circulation in the RCP4.5 scenario is weakened in the tropics
(20◦ S–20◦ N) and enhanced in the subtropics of both hemi-
spheres (23◦ 26′ S–35◦ S; 23◦26′ N–35◦ N) compared with
that in the mid-Pliocene warm period. This difference con-
tributes to the different behaviour of Hadley cell boundaries
between both simulations.

The strength of Hadley circulation derived from both past
and future warm climate is enhanced in subtropical regions of
both hemispheres, which would have substantial influence on
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 1 

Fig. 1 climatological annual average mass stream function (units: 10
10

Kg s
-1

) 2 

simulated by RCP4.5 (a) and mid-Pliocene (b). Mass stream function changes in 3 

RCP4.5 and mid-Pliocene compared to the control run is displayed in (c-d), 4 

respectively. Mass stream function difference between RCP4.5 and mid-Pliocene 5 

shown in (e) and (f) represents mass stream function at 500hPa (red line: RCP4.5, blue 6 

line: mid-Pliocene, black line: Control run). The dot area represents statistically 7 

significant with a 95% confidence. 8 

 9 

Fig. 1. Climatological annual average mass stream function (units: 1010kg s−1) simulated by RCP4.5(a) and mid-Pliocene(b). Mass
stream function changes in RCP4.5 and mid-Pliocene compared to the control run are displayed in(c, d), respectively. Mass stream function
differences between RCP4.5 and mid-Pliocene shown in(e), and(f) represents mass stream function at 500 hPa (red line: RCP4.5; blue line:
mid-Pliocene; black line: control run). The dot area represents statistical significance with a 95 % confidence.

Hadley cell boundaries. MSF at 500 hPa is chosen to quanti-
tatively illustrate the changes of the Hadley cell boundaries in
both simulations relative to the control run (Fig. 1f). Hadley
cell boundaries are identified as the latitudes where MSF
equals 0 kg s−1. The latitudinal positions where the values
of MSF are zero in both subtropical regions shift poleward
in both warm climates, resulting from the intensified MSF in
the subtropics compared with the control run. Widening of
Hadley cells also can be confirmed using another measure-
ment of Hadley circulation, as the vertical shear of merid-
ional velocity (V250 minus V850) shown in the Fig. 2a
(Quan et al., 2004).

Figure 2b quantifies the edge latitudes of northern and
southern Hadley cells, derived from the definition of MSF.
The analysis suggests that the width of the southern Hadley

cell is expanded 1.9◦ southward, whereas the northern
Hadley cell is expanded 0.8◦ northward in the RCP4.5 sim-
ulation. Statistically significant (95 % confidence) poleward
expansion of Hadley cells in the RCP4.5 scenario is also
found in the mid-Pliocene, with a 0.6◦ southward shift for the
southern Hadley cell, twice as large as northern Hadley cell
expansion (0.3◦ northward). Poleward expansion of Hadley
cell edges is captured by both future and past warm climates,
but with statistically significant difference (95 % confidence)
in terms of magnitude. As seen in Fig. 2b, the Hadley cell
boundaries show more significant poleward shift in the future
climate than in the mid-Pliocene, together with 1.3◦ south-
ward and 0.5◦ northward expansions for southern and north-
ern Hadley cells, respectively.

www.clim-past.net/9/1613/2013/ Clim. Past, 9, 1613–1627, 2013
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 1 

Fig.2 (a) simulated vertical shear of meridional wind (V250-V850) derived from three 2 

different simulations (Control run, RCP4.5 and mid-Pliocene). (b) Hadley cell edges 3 

in the three experiments.  4 

5 

Fig. 2. (a) Simulated vertical shear of meridional wind (V250–
V850) derived from three different simulations (control run,
RCP4.5 and mid-Pliocene).(b) Hadley cell edges in the three ex-
periments.

Properties of the Hadley cells generated by the IPSL-
CM5A-LR model are close to those projected from the
CMIP5 dataset, as listed in Table 1; thus the results derived
from IPSL are not model-dependent. As mentioned above,
the observed intensity of northern and southern Hadley cells
can be realistically reproduced by IPSL-CM5A-LR. All the
models show a weakened maximal MSF in the Northern
Hemisphere when compared to the pre-industrial experi-
ment, while the enhanced minimal MSF in the Southern
Hemisphere derived from the IPSL-CM5A-LR is in good
agreement with the results of MPI-ESM-LR and MIROC-
ESM. More important, widening of Hadley cells can also be
seen in other models.

4 Changes of Walker circulation in RCP4.5 and
mid-Pliocene compared to pre-industrial control run

Walker circulation is the most important large-scale zonal
overturning circulation in the tropics. It is characterized by
rising air in the equatorial western Pacific, flowing eastward
in the upper troposphere and sinking in the eastern Pacific,
returning towards the western Pacific in the lower levels
(Walker and Bliss, 1932, 1937). Changes in Walker circula-
tion have a large impact on global and regional climate (Ro-
pelewski and Halpert, 1989; Power et al., 1999; Holmgren et
al., 2001). Thus, it has been a major research focus for many

Fig. 3. Climatological annual average potential velocity (contours;
107 m2 s−1) and divergent wind (blue vectors; m s−1) at 200 hPa
height, as well as vertically averaged vertical wind (ω, 10−2 m s−1)

weighted by the level’s pressure depth (shaded dot region), derived
from different simulations:(a) pre-industrial control run;(b) mid-
Pliocene warm period; and(c) the RCP4.5 scenario. The response of
multi-variables (potential velocity, divergent wind,ω) to the future
and mid-Pliocene warming when compared to control run are dis-
played in(d, e), and(f) represents differences between the RCP4.5
scenario and mid-Pliocene.

years (Trenberth and Hoar, 1997; Collins et al., 2010; Sohn
et al., 2013).

Figure 3a–c shows the Walker circulation defined by the
divergent component of the horizontal vector, correspond-
ing potential velocity (contours) at 200 hPa and the verti-
cal weighted average of vertical windω over each grid cell
at each level (from 100 hPa to 1000 hPa), weighted by the
level’s pressure depth (shaded dots), derived from the con-
trol run, mid-Pliocene and RCP4.5 scenario, respectively.ω

is the pressure vertical velocity, so positive (negative) values
represent descending (ascending) motion. The annual mean
Walker circulation is represented by ascending motion over
the tropical western Pacific and descending motion over the
eastern Pacific, as displayed in Fig. 3a–c.

Walker circulation changes are first examined in the
past warm climate and future scenario relative to the pre-
industrial control run, and the comparison between RCP4.5
simulation and mid-Pliocene will be examined in detail
in the next paragraph. The simulated mid-Pliocene Walker
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circulation is weakened compared to the pre-industrial con-
trol run, and is characterized by a statistically significant de-
cay (95 % confidence, not shown) of upward motion in the
tropical western Pacific “warm pool” (90–150◦ E) and a de-
crease of upper level divergence in this region (Fig. 3d).
Walker circulation in the RCP 4.5 scenario is also quite dif-
ferent from the control simulation, associated with a large
weakening of ascending motion (90–120◦ E) to the west of
the divergent centre and an increase of ascending motion
(140–180◦ E) to the east of the maximal divergence. As a
result, the rising branch of the Walker circulation in the fu-
ture scenario is weakened in the tropical western Pacific and
shifted eastward (Fig. 3e). These behaviours of Walker cells
in both warm climates depict clear changes of Walker circu-
lation in comparison with the control run; nevertheless, large
differences of Walker cell responses exist between RCP4.5
and mid-Pliocene, as shown in Fig. 3f. The ascending branch
of the Walker cell in the future scenario is more decreased
over the tropical western Pacific, but an increase of diver-
gence at 200 hPa takes place over the central Pacific, whereas
these changes do not occur in the mid-Pliocene warm cli-
mate.

To display the vertical profile of the Walker cell and quan-
tify the ascending branch of the Walker cell, we computed a
MSF-like indicator, defined as the vertical integration of the
divergent component of zonal wind in low latitude (30◦ S–
30◦ N) (Kamae et al., 2011). The positive values of the
MSF-like indicator represent net eastward divergent trans-
port, while the negative values indicate net westward diver-
gent transport. There are two enclosed zonal cells as dis-
played by Fig. 4a–c. One is the clockwise cell located over
the Pacific and the other is anticlockwise, associated with the
principal part over the Indian Ocean. The former is indeed
Walker circulation over the Pacific Ocean (i.e. the character-
istic of the Walker cell can be captured by the MSF-like in-
dicator), and thus longitudinal position where the MSF-like
value equals zero at 500 hPa over the region (120–180◦ E)
enables us to describe the differences of longitudinal posi-
tion of the ascending branch of the Walker cell between the
RCP4.5 scenario and mid-Pliocene (Fig. 4d). The ascending
branch of the Walker cell slightly shifts eastward in the mid-
Pliocene warm climate (139.7◦ E) compared with the control
run (138.5◦ E), while the longitudinal position of this ascend-
ing branch in the future scenario (156.2◦ E) shifts eastward
much more than for the mid-Pliocene compared to the con-
trol run, which is consistent with previous results from the
divergent horizontal vector at 200 hPa (Fig. 3d–f).

To evaluate the robustness of our results, we also examine
the Walker cell in the RCP4.5 scenario derived from CMIP5
models. The weakened ascending motion over the western
Pacific and increasing ascending motion over the central Pa-
cific can be seen in the MPI-ESM-LR model and NorESM1-
M model (not shown). Therefore, the behaviour of the Walker
cell in the future warm climate is not model dependent.

5 Dynamical explanations of Hadley and Walker cell
responses to both warm climate conditions

5.1 Hadley and Walker circulation changes in
RCP4.5 and mid-Pliocene in response to
global warming

Observational analyses have demonstrated that the Hadley
cells expanded poleward in recent decades (Hu and Fu,
2007), and various modelling studies have investigated the
Hadley cell expansion under global warming (Lu et al.,
2007). Results suggested that climate models have the ca-
pability of simulating the observed poleward shift of the
Hadley cells, despite that the simulated expansion of the
Hadley cells in terms of magnitude is smaller than the ob-
served values (Johanson and Fu, 2009). A recent modelling
study suggested that increasing greenhouse gases play an
important role in causing the observed poleward expansion
of the Hadley circulation (Hu et al., 2013). Climate models
predict a weakening of the atmospheric convective overturn-
ing in response to surface warming driven by an increase in
greenhouse gases (Knutson and Manabe, 1995; Tanaka et al.,
2004; Held and Soden, 2006). Subsequent analysis argued
that the weakening of tropical Pacific atmospheric circula-
tion is due to anthropogenic forcing (Vecchi et al., 2006).
Widening of the Hadley cells and slowdown of the Walker
cell are detectable in both warm climates, and whether these
changes of Hadley and Walker cells in response to future and
past global warming are related to the increasing atmospheric
CO2 concentration will be clarified in Sects. 5.2 and 5.3.

Observational analysis and numerical simulations both
suggest that the interannual variability of the boreal win-
ter Hadley cells is closely related to the El Niño–Southern
Oscillation (ENSO) phenomenon (Sun et al., 2012). Walker
circulation is one of the most prominent atmospheric sys-
tems in the tropics, and most previous studies focused on
the interannual variability of Walker circulation and its re-
lationship with the ENSO activity (Power and Smith, 2007).
Observations and modelling studies indicate that since the
mid-nineteenth century tropical SST has warmed 0.5–0.6◦C
(Rayner et al., 2003; Knutson et al., 2006). As such, it has
been emphasized that SST changes over the tropical Pacific
would have substantial influence on the variation of tropical
atmospheric circulation, especially of the Walker cell (Vec-
chi and Soden, 2007). However, SST changes in both sim-
ulations have many common features and exhibit very simi-
lar patterns compared to SST in the control run, despite the
fact that SST changes in the RCP4.5 scenario are larger than
in the mid-Pliocene warm climate (Fig. 5). Nevertheless, the
impact of SST on the different responses of the Walker cell
should not be neglected. When we check Fig. 5, clear dif-
ferences in SST between the mid-Pliocene and the RCP4.5
experiment (Fig. 5f) can be observed in the tropical Pacific.
Here, the mid-Pliocene experiment was run for 700 yr. In this
experiment, the upper ocean has reached equilibrium. Thus,
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Fig. 4 MSF-like function (units: 10
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) simulated by three different simulations 2 

(control run, mid Pliocene and RCP4.5 scenario) as displayed in (a-c), respectively 3 

and MSF-like at 500hPa used for description of longitudinal position of ascending 4 

branch of Walker cell (d). 5 

Fig. 4. MSF-like function (units: 1010kg s−1) simulated by three different simulations (control run, mid-Pliocene, and RCP4.5 scenario)
as displayed in(a–c), respectively, and the MSF-like function at 500 hPa used for description of the longitudinal position of the ascending
branch of the Walker cell(d).

the relatively larger warming can be observed in the eastern
tropical Pacific (Fig. 5e), when compared to the western trop-
ical Pacific. This warming pattern agrees with observations.
In contrast, the RCP4.5 experiment actually was run for
150 yr, after the atmospheric CO2 became stable at 543 ppm.
In this experiment, the upper ocean cannot reach equilibrium.
When compared to the control run, strong warming appears
along the equatorial Pacific (Fig. 5d). Seen in this way, due
to the different experimental design, the responses of tropical
Pacific SST to increases of CO2 concentration should be dis-
tinguished in the mid-Pliocene and the RCP4.5 experiment.
The different changes in tropical Pacific SST highly likely
cause the different responses of the Walker cell in these two
experiments.

Indeed, the detailed response of Hadley and Walker cells
to increasing greenhouse gases is complex, as Hadley and
Walker cells are influenced by many factors. In this study, we
attempt to give the explanation of the Hadley cell and Walker
circulation changes from the perspective of atmospheric dy-
namics.

5.2 Dynamical mechanism of Hadley cell response
to global warming

In theory, both the Hadley and Walker cells are directly
driven by the south–north and east–west thermal contrast,

respectively. It means that the Hadley cells are directly driven
by the zonal average equator-to-pole pressure gradient in
the upper troposphere, which is largely determined by the
zonal average temperature gradient from equator to pole in
the upper troposphere (Webster, 2004). As shown in Fig. 6a
and b, tropospheric warming is not globally uniform in both
warm climates with maximal centre in the tropical upper tro-
posphere, and this non-uniform warming would lead to an
increase of poleward air temperature gradient in the future
scenario and past warm climate (Fig. 6a, b). An increase of
equator-to-pole temperature gradient is responsible for in-
creasing the poleward pressure gradient (Fig. 6c, d), and
should thereby be beneficial for the poleward expansion of
the Hadley cells simulated by the future scenario and mid-
Pliocene warm period. Moreover, meridional air temperature
gradient increases more in the RCP4.5 scenario in terms of
magnitude than in the mid-Pliocene climate (Fig. 6e), which
would lead to a larger poleward pressure gradient in the
RCP4.5 than in the mid-Pliocene (Fig. 6f), and thus could ex-
plain the larger expansion of the Hadley cells in the RCP4.5
scenario than in the mid-Pliocene.

In brief, the non-uniform warming in the troposphere
would be the crucial cause of poleward expansion of the
Hadley cells in the mid-Pliocene and future scenario. One
important question is what caused the non-uniform warm-
ing in the troposphere? Recent modelling studies argued
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Fig. 5 Annual mean sea surface temperature (units: ºC) in (a) pre-industrial control 2 

run, (b) mid-Pliocene and (c) RCP4.5. Annual mean sea surface temperature 3 

anomalies (d) between RCP4.5 and control run, (e) between mid-Pliocene and control 4 

run, (f) between RCP4.5 and mid-Pliocene. 5 

6 

Fig. 5. Annual mean sea surface temperature (units:◦ C) in (a) pre-industrial control run,(b) mid-Pliocene and(c) RCP4.5. Annual mean
sea surface temperature anomalies(d) between RCP4.5 and control run,(e) between mid-Pliocene and control run, and(f) between RCP4.5
and mid-Pliocene.

that anthropogenic CO2 increase plays an important role
in the observed widening of Hadley circulation (Hu et al.,
2013). In the present study, we consider that CO2 concen-
tration increase would be the possible factor responsible
for non-uniform warming in both warm climates. Indeed,
the magnitude of this non-uniform warming increases with
CO2 concentration, which could explain the poleward expan-
sion of the Hadley cells in the RCP4.5 scenario (543 ppm)
and mid-Pliocene (405 ppm) compared to the pre-industrial
run (280 ppm), and the larger widening of the Hadley cells
in the future scenario (543 ppm) than in the mid-Pliocene
(405 ppm).

5.3 Dynamical mechanism of Walker circulation
response to global warming

We first examine the annual mean west/east thermal contrast
over the tropical upper level troposphere. Figure 7 represents

the 400–100 millibar average air temperature and potential
height along 20◦ S–20◦ N derived from the three different
simulations. The annual average air temperatures derived
from the three experiments exhibit a number of common fea-
tures (Fig. 7a–c): there are three significant peaks of annual
mean air temperature associated with three significant val-
leys and the most prominent peak and valley are over the
tropical western and eastern Pacific, respectively. As a re-
sult, the west-to-east air temperature gradient is established
over the tropical Pacific, which directly leads to the west-
to-east pressure gradient formation over the western Pacific
and east-to-west pressure gradient over the eastern Pacific for
the three simulations (Fig. 7d–f). The first pressure gradient
directly drives the airflow eastward and contributes to the di-
vergence upward over the western Pacific, while the second
one contributes to the convergence sinking over the eastern
Pacific.
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Fig. 6 Zonal average air temperature anomalies (units: ºC) (a) between RCP4.5 and 2 

control run, (b) between mid-Pliocene and control run. Potential height changes (units: 3 

m) (c) between RCP4.5 and control run, (d) between mid-Pliocene and control run. 4 

Zonal average anomalies air temperature (e) and potential height (f) between RCP4.5 5 

and mid-Pliocene. 6 

7 

Fig. 6. Zonal average air temperature anomalies (units:◦ C) (a) between RCP4.5 and control run,(b) between mid-Pliocene and control
run. Potential height changes (units: m)(c) between RCP4.5 and control run, and(d) between mid-Pliocene and control run. Zonal average
anomalies of air temperature(e)and potential height(f) between RCP4.5 and mid-Pliocene.

Non-uniform zonal atmospheric warming explains the
different behaviour of the Walker circulation between the
RCP4.5 scenario and mid-Pliocene warm period. The most
significant zonal warming in the mid-Pliocene is to the west
of the annual averaged maximal air temperature of the pre-
industrial simulation, with a reversed air temperature gra-
dient generated from the Indian Ocean to the western Pa-
cific (Fig. 8a). This leads to a pressure gradient from the
Indian Ocean to the western Pacific (Fig. 8b) and thereby
suppresses upper-level divergence, thus weakening the as-
cending branch of the Walker cell over the western Pacific
during the mid-Pliocene. Projected warming features two
significant peaks located in the west and east sides of the
present-day maximum of air temperature, respectively, asso-
ciated with two valleys confined over the tropical western
and eastern Pacific, respectively. Therefore, there are two re-
versed air temperature gradients generated over the tropical
western Pacific in comparison with present-day conditions
and both are directed to the tropical western Pacific, whereas

two reversed temperature gradients dominate the central Pa-
cific. The first is from central to western Pacific and the sec-
ond is from central to eastern Pacific (Fig. 8c). The first tem-
perature gradient leads to a central-to-western Pacific pres-
sure gradient and directly suppresses the ascending motion
of the Walker circulation over the western Pacific. The sec-
ond one leads to a central-to-eastern Pacific pressure gradient
and thereby increases the divergence over the central Pacific
(Fig. 8d). The response of the pressure gradient to the non-
uniform warming exhibits large differences between RCP4.5
and mid-Pliocene (Fig. 8e, f), which is responsible for the
differences of the Walker cell between both simulations.

Non-uniform atmospheric warming in response to increas-
ing CO2 concentration changes the meridional and zonal
thermal contrasts for both simulations, and thus largely
drives the extent of the Hadley cells and the strength of the
Walker circulation in the mid-Pliocene and RCP4.5 scenario.

Clim. Past, 9, 1613–1627, 2013 www.clim-past.net/9/1613/2013/



Y. Sun et al.: A comparative study of large-scale atmospheric circulation 1623

35 
 

 1 

Fig. 7 Annual mean vertically averaged air temperature (ºC) in the upper troposphere 2 

(400hPa to 100hPa) derived from (a) the control run, (b) mid Pliocene and (c) RCP4.5 3 

scenario. Potential height (units: 10
2
m) derived from (d) the control run, (e) mid 4 

Pliocene and (f) RCP4.5 scenario. 5 

6 

Fig. 7.Annual mean vertically averaged air temperature (◦ C) in the
upper troposphere (400 hPa to 100 hPa) derived from(a) the control
run, (b) mid-Pliocene and(c) the RCP4.5 scenario. Potential height
(units: 102 m) derived from(d) the control run,(e) mid-Pliocene
and(f) the RCP4.5 scenario.

6 The impact of Hadley and Walker circulations on
the regional hydrological cycle

In this section, we will examine the response of the hydro-
logical cycle associated with Hadley cells and Walker circu-
lation under the global warming scenario. Figure 9a–c shows
simulated annual mean precipitation for the three different
experiments (pre-industrial control run, mid-Pliocene and
RCP4.5 scenario). Spatial patterns of precipitation distribu-
tion have large similarities, characterized by increased rain-
fall in the tropics and middle-latitude ocean but decreased
precipitation in the subtropics and higher latitudes. Double
Intertropical Convergence Zone (ITCZ) phenomenon is still
depicted in the coupled model simulations.

It is well known that the subtropics experience relatively
lower levels of precipitation due to subsidence of the Hadley
circulation. As suggested in Sect. 3, the strength of the
Hadley cells increase remarkably in the subtropics and the
edge latitudes of Hadley cell boundaries shift poleward in
both warm climates, which leads to much drier subtropical
regions and poleward expansion of the edges of subtropical
dry zones in the mid-Pliocene and RCP4.5 scenario (Fig. 9d,
e). For example, a decrease in annual mean precipitation
can be seen between 20 and 35◦ N over Africa in the mid-
Pliocene simulation compared to the control run (Fig. 9d).
This feature is in good agreement with the data compila-
tion of Salzmann et al. (2008) over the Mediterranean coast
of Morocco and Tunisia, which shows temperate xerophytic
shrubland, i.e. drier conditions than the present-day temper-
ate sclerophyll woodland (Salzmann et al., 2011). However,
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Fig. 8 (a) vertically averaged upper level (from 400hPa to 100hPa) temperature 2 

anomaly (units: ºC) between mid-Pliocene and control run. (b) Potential height 3 

anomaly (units: m) between mid-Pliocene and control run. (c) and (d) are same as (a) 4 

and (b) but for differences between RCP4.5 and control run, respectively. (e) and (f) 5 

are same as (a) and (b) but for differences between RCP4.5 and mid-Pliocene. 6 

Fig. 8. (a)Vertically averaged upper level (from 400 hPa to 100 hPa)
temperature anomaly (units:◦ C) between mid-Pliocene and the
control run.(b) Potential height anomaly (units: m) between mid-
Pliocene and control run.(c) and(d) are the same as(a) and(b) but
for differences between RCP4.5 and the control run, respectively.
(e) and(f) are the same as(a) and(b) but for differences between
RCP4.5 and mid-Pliocene.

Australia and South Africa are more vegetated during the
mid-Pliocene than at present (Salzmann et al., 2008), a fea-
ture that is not reproduced by our climate simulation which
depicts similar or drier conditions than today. Nevertheless,
increase in precipitation over South Africa could have been
triggered by varying orbital configurations during the Piacen-
zian. In addition, the East Asian summer monsoon (EASM)
area is much wetter in mid-Pliocene than for present day,
which is consistent with other modelling studies which show
stronger EASM in the mid-Pliocene (Yan et al., 2012; Zhang
et al., 2013) and with reconstructed biomes for the mid-
Pliocene (Salzmann et al., 2008). Subtropics in both hemi-
spheres are much drier in the future scenario than in the mid-
Pliocene, which is consistent with stronger Hadley cells in
the subtropics and larger expansion of Hadley cell bound-
aries (Fig. 9f).

Tropical precipitation experiences significant changes in
both simulations compared to the control run. Precipita-
tion decrease over the western equatorial Pacific coincides
with the slowdown of the Walker cell in the mid-Pliocene,
whereas precipitation increase over central Pacific is consis-
tent with the ascending branch of the Walker cell shifting
eastward from western Pacific to central Pacific in the future
simulation.
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Fig. 9 Simulated annual mean total precipitation (units: mm/day) from (a) the control 3 

run, (b) mid-Pliocene warm period and (c) RCP4.5 scenario. Simulated responses of 4 

the total precipitation to mid-Pliocene (d) and future warm climate (e), total 5 

precipitation difference between the RCP4.5 and mid-Pliocene (f) are displayed in 6 

(d-f), respectively. 7 
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Fig. 9. Simulated annual mean total precipitation (units: mm day−1) from (a) the control run,(b) the mid-Pliocene warm period and(c)
the RCP4.5 scenario. Simulated responses of the total precipitation to mid-Pliocene(d) and future warm climate(e), and total precipitation
difference between the RCP4.5 and mid-Pliocene(f) are displayed in(d–f), respectively.

7 Discussion and conclusion

In this paper, we investigated the changes of Hadley and
Walker circulations in the mid-Pliocene and future warm cli-
mates based on the comparison with the pre-industrial con-
trol experiment. We analyzed the response of Hadley and
Walker cells in both contexts of warm climates and explained
most of the changes occurring in the tropics through large-
scale atmospheric dynamics. The main conclusions are as
follows.

There are many similarities in Hadley cell response to both
warm climates. The strength of the Hadley cells shows ob-
vious intensification in both subtropics and a decrease in
the northern tropics. The intensified Hadley cells in both
subtropics lead to widening of Hadley cell boundaries in
both warm climates. Moreover, the Hadley cell poleward ex-
pansion is larger in the RCP4.5 scenario than in the mid-
Pliocene, which is very consistent with the higher CO2

concentration (543 ppm) in the future scenario than in the
mid-Pliocene (405 ppm).

The simulated Walker cell exhibits many similarities for
both climates but also depicts some differences between the
mid-Pliocene and the RCP4.5 scenario. For instance, the as-
cending branch of the Walker cell is suppressed over the
western tropical Pacific compared to the present day, leading
to a slowdown of the Walker cell and a suppression of precip-
itation over the western Pacific in both simulations. The ma-
jor difference of Walker cell responses is that the ascending
branch of the Walker cell in the RCP4.5 scenario is shifted
eastward while this is not the case in the mid-Pliocene. The
response of west-to-east thermal contrast exhibits large dif-
ferences between RCP4.5 and mid-Pliocene, which could ex-
plain the differences in the Walker cell between both simula-
tions.

Indeed, south-to-north thermal contrast increases linearly
with CO2 concentration, and thereby the Hadley cells in the
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mid-Pliocene are a good analogue for the projected Hadley
cells, whereas the response of west-to-east thermal contrast
to CO2 increasing concentration is not similar, which implies
some limits to the analogue hypothesis.

Multi-model comparison studies have been performed on
the Hadley and Walker cells in the future climate. The re-
sults suggested that the widening of the Hadley cells, the
weakening of the ascending branch of the Walker cell over
western Pacific and the increased divergence over the cen-
tral Pacific are robust features, i.e. not model-dependent. Our
results demonstrate that a simulated Walker cell generally
slows down and Hadley cells expand poleward in the mid-
Pliocene warm climate, in agreement with recent modelling
studies (Kamae et al., 2011). This paper mainly focuses on
the model comparison of past and future warm climates. An
interesting issue beyond our investigation would be whether
the weakened rising motion of the Walker cell is relevant to
the permanent “El Nĩno-like” condition in the mid-Pliocene.
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