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concentrations or 4 times preindustrial CO2 levels reveal 
very similar SRW responses to the atmospheric only simu-
lations with anomalously wider SST warming. Our results 
suggest that in a warmer climate, the changes in the strength 
and width of the HC act in concert to significantly alter 
SRW sources and propagation characteristics.

Keywords Hadley circulation · Atmospheric simulations · 
Coupled simulations · Stationary Rossby wave

1 Introduction

The Hadley cell (HC) is generally defined as the zonal 
mean meridional mass circulation in the atmosphere, with 
warmer air rising in the tropics and colder air sinking in 
the subtropics. This thermally driven meridional circulation 
extends roughly between 30°S and 30°N and plays a key 
role in the climate system by transporting momentum and 
heat from the tropics to the subtropics (Lindzen 1994).

There has been a recent and growing interest in 
studying the Hadley circulation changes in response to 
global climate change. Most studies have focused on the 
alterations in HC strength and width with the objective 
of verifying how these changes affect the regional and 
global climates. An observational study by Johanson and 
Fu (2009) showed that the HC has widened by about 
2°–5° since 1979 and that this observed widening can-
not be explained by natural variability. This widening 
and the concomitant poleward displacement of the sub-
tropical dry zones may be accompanied by large-scale 
drying near 30°N and 30°S. Idealized and comprehen-
sive general circulation models (GCMs) have also shown 
HC widening in response to increases in greenhouse 
gases and changes in the thermal structure of the polar 

Abstract Ensemble simulations, using both coupled ocean–
atmosphere (AOGCM) and atmosphere only (AGCM) gen-
eral circulation models, are employed to examine the aus-
tral winter response of the Hadley circulation (HC) and 
stationary Rossby wave propagation (SRW) to a warming 
climate. Changes in the strength and width of the HC are 
firstly examined in a set of runs with idealized sea surface 
temperature (SST) perturbations as boundary conditions in 
the AGCM. Strong and weak SST gradient experiments (SG 
and WG, respectively) simulate changes in the HC inten-
sity, whereas narrow (5°S–5°N) and wide (30°S–30°N) SST 
warming experiments simulate changes in the HC width. 
To examine the combined impact of changes in the strength 
and width of the HC upon SRW propagation two AOGCM 
simulations using different scenarios of increasing carbon 
dioxide (CO2) concentrations are employed. We show that, 
in contrast to a wide SST warming, the atmospheric simu-
lations with a narrow SST warming produce stronger and 
very zonally extended Rossby wave sources, leading to 
stronger and eastward shifted troughs and ridges. Simula-
tions with SST anomalies, either in narrow or wide latitude 
bands only modify the intensity of the troughs and ridges. 
SST anomalies outside the narrow latitude band of 5°S–5°N 
do not significantly affect the spatial pattern of SRW propa-
gation. AOGCM simulations with 1 %/year increasing CO2 
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stratosphere (Polvani and Kushner 2002; Lu et al. 2007; 
Frierson et al. 2007).

Lu et al. (2008) tested the hypothesis that the circulation 
response to global warming might resemble the circula-
tion response to El Niño. The authors found different HC 
responses to global warming and to El Niño events. Global 
warming produces expansion and weakening of the HC, 
while El Niño produces contraction and strengthening of 
the HC. Also, global warming produces a poleward shift of 
the mid-latitude jets, while El Niño produces an equator-
ward shift. This contrast is intriguing because both El Niño 
and global warming produce substantial warming of the 
tropical troposphere. Tandon et al. (2013) studied this issue 
and found that a thermal forcing applied to a narrow region 
around the equator produces ‘‘El Niño–like’’ HC contrac-
tion and equatorward shift of the jets, while a forcing with 
wider meridional extent produces ‘‘global warming–like’’ 
HC expansion and poleward shift of the jets. Thus, this 
means that seemingly subtle alterations to the meridional 
structure of a thermal forcing can have a dramatic effect on 
the circulation response.

Frierson et al. (2007) showed that the width of the HC 
responds similarly to changes in sea surface tempera-
ture (SST) distribution in idealized and full GCMs: both 
models respond with a widening of the HC in response 
to increases in global mean temperature, and, to a lesser 
extent, to increases in meridional temperature gradients. 
Increases in SST and SST gradients lead to increases in 
the dry static stability, which then reduces baroclinic 
growth rates and pushes the latitude of baroclinic instabil-
ity onset (and therefore the edge of the HC) to a location 
that is farther poleward. The authors also found that the 
HC width increases within an idealized moist GCM were 
similar to those with a comprehensive GCM; this suggests 
that HC width does not strongly depend on model phys-
ics. Gastineau et al. (2009) investigated the role played by 
the detailed structure of the SST change on the large-scale 
atmospheric circulation. The authors clearly demonstrated 
that changes in the zonal-mean meridional gradients of 
SST are the main modulators of the HC strength, whereas 
the winter hemisphere HC poleward expansion was well 
captured by the simulations with a globally uniform SST 
warming, without any latitudinal or longitudinal changes 
in SST gradients.

The studies mentioned above focused on the investi-
gation of HC changes and what drives them. However, 
there are few studies examining how these changes in 
the strength and width of the HC affect the extra-tropical 
atmospheric circulation. The tropical variability is con-
nected with the extra-tropical atmospheric circulation 
through teleconnections induced by Rossby-wave dynam-
ics, with important implications for regional climates by 
modifying patterns of temperature and precipitation. Many 

of the observed teleconnection patterns in the atmosphere 
can be explained by a disturbance in the vorticity field 
caused by the tropical deep convection in the ascending 
branch of the HC, associated with anomalous divergence 
at high levels. This triggers large-scale atmospheric Rossby 
waves, which can propagate into higher latitudes along a 
ray path (Hoskins and Karoly 1981; Hoskins and Ambrizzi 
1993). Thus, local forcing in specific places can influence 
remote regions through organized structures in the form 
of waves, and one way to analyse this wave propagation is 
using stationary Rossby wave linear theory in a barotropic 
atmosphere (Müller and Ambrizzi 2007; Müller and Berri 
2007).

Freitas and Ambrizzi (2012) found observationally, for 
the austral winter, that weak HC years are characterized by 
a wave train with zonal wavenumber three, trapped inside 
the polar jet waveguide, emanating from the subtropical 
central-west Indian Ocean in an arc-like route and reaching 
the north of South America. On the other hand, strong HC 
years are characterized by a wave train with zonal wave-
number four, also trapped inside the polar jet waveguide, 
emanating from subtropical central-east Indian Ocean and 
reaching the subtropical west coast of Africa. The authors 
showed that over South America the HC weakening can 
lead to a very cold and rainy winter in the southwest of the 
continent and a mild warm and dry winter in the Brazilian 
states of Minas Gerais and Bahia. An almost opposite con-
figuration is seen with the HC strengthening.

Several studies have shown the important role of tropi-
cal SST anomalies and external radiative forcing in driv-
ing changes in local and/or remote atmospheric circula-
tion through the propagation of planetary waves from 
regions of anomalous upper-level divergence. For exam-
ple, Taschetto and Ambrizzi (2012) found a link between 
the Indian Ocean basin-wide warming and South American 
climate that occurs via alterations of the Walker circulation 
pattern and through a mid-latitude wave-train teleconnec-
tion. O’Kane et al. (2015), recently applied non-stationary 
non-parametric multiscale cluster analysis to examine the 
respective roles of potential vorticity sources, Rossby wave 
dynamics and baroclinic instability on atmospheric telecon-
nections in the Southern Hemisphere over the past 60 years. 
They found significant Rossby wave sources dominated by 
local processes, and largely contained in the waveguides of 
the troposphere, exhibiting large secular trends in response 
to systematic changes in radiative forcing, predominantly 
carbon dioxide (CO2).

The aim of this paper is to investigate how simulated 
changes in the strength and width of the austral winter 
HC impact upon the extra-tropical planetary waves and 
their propagation. We set up six ensembles of atmospheric 
simulations using the CSIRO Mk3L GCM (Phipps 2010), 
using a set of idealized SST perturbations constructed from 
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observed SSTs, in order to simulate changes in the strength 
and width of the HC. In addition, two ensembles of cou-
pled model simulations were set up for a global warming 
scenario.

Caballero (2007) found that the interannual variability 
in the strength of the HC is largely associated with extra-
tropical eddy stresses. Thus, one could argue about the 
influence of the midlatitude eddies on the HC; here we will 
not consider this two-way interaction. Moreover, Kang and 
Polvani (2011) demonstrated that the summer Hadley cell 
is more akin to the eddy-driven Ferrel cell, whereas the 
winter Hadley cell is relatively unaffected by midlatitude 
eddies. Freitas et al. (2015) showed that atmospheric simu-
lations by the CSIRO Mk3L with observed SSTs and his-
torical time-evolving CO2 concentrations are quite skilful 
in reproducing important inter-decadal changes found in 
the jet streams, temperature, HC, mean sea level pressure 
and precipitation.

Details of the model and the observational datasets are 
given in Sect. 2. In Sect. 3, we describe our methodology 
and show how we set up ensemble atmospheric and cou-
pled simulations which are able to mimic changes in the 
HC strength and width. In Sect. 4, we firstly analyse the 
skill of atmospheric simulations; then, in Sect. 5 we inves-
tigate separately how simulated changes in the strength 
and width of the austral winter HC affect the extra-tropical 
planetary waves. The impact of simulated changes in both 
the strength and width of the HC upon these waves are 
examined through coupled simulations in Sect. 6. Finally, 
discussion and conclusions highlighting the main results of 
the paper are presented in Sect. 7.

2  Observational datasets and model details

2.1  Reanalysis dataset

The monthly data of zonal and meridional winds used here 
have been obtained from the the National Centers for Envi-
ronmental Prediction-Department of Energy (NCEP-DOE) 
Reanalysis 21 (Kanamitsu et al. 2002) on a 2.5° latitude by 
2.5° longitude grid at 17 pressure levels. The reanalysis 
dataset is used to verify how accurately the model simu-
lates the observed HC and the Rossby wave sources.

2.2  Model details

The CSIRO Mk3L GCM version 1.2, designed for the 
study of climate variability and change on monthly to 

1 NCEP-DOE Reanalysis 2 is available on: http://www.esrl.noaa.gov/
psd/data/gridded/data.ncep.reanalysis2.html.

millennial timescales, is used in this study (Phipps 2010; 
Phipps et al. 2011, 2013).

2.2.1  Atmosphere model

The atmospheric component of Mk3L is based on the 
CSIRO Mk3 model (Gordon et al. 2002) with rhomboi-
dal 21 resolution, consisting of equations for atmospheric 
transport, radiative exchange, convection and clouds. A 
cumulus convection scheme (Gregory and Rowntree 1990) 
and a prognostic stratiform cloud scheme (Rotstayn 1997, 
1998, 2000) are incorporated in the model. The radiation 
scheme treats solar (shortwave) and terrestrial (longwave) 
radiation independently, and includes the effects of CO2, 
ozone, water vapour and clouds. The Atmospheric Model 
Intercomparison Project (AMIP II) recommended dataset 
(Wang et al. 1995) provides the climatological values for 
the ozone concentrations.

A hybrid vertical coordinate is used, with 18 vertical lev-
els. Time integration is by a semi-implicit leapfrog scheme, 
with a Robert-Asselin time filter (Robert 1966), used to 
prevent decoupling of the time-integrated solutions at odd 
and even timesteps. The Mk3L atmosphere model uses a 
timestep of 20 min.

A multi-layer dynamic-thermodynamic sea ice model 
and a land surface model are included. The temperatures 
of the sea gridpoints are determined by the monthly-mean 
observed SSTs for the stand-alone atmosphere model. Lin-
ear interpolation in time is used to estimate values at each 
timestep, with no allowance for diurnal variation.

2.2.2  Coupled model

The coupling between the atmosphere model (AGCM) 
and ocean model (OGCM) is described in detail by Phipps 
(2006), and rigorously conserves heat and freshwater. Within 
the coupled model, four fields are passed from the AGCM to 
the OGCM: the surface heat flux, surface salinity tendency, 
and the zonal and meridional components of the surface 
momentum flux. Four fields are also passed from the OGCM 
to the AGCM: the SST, sea surface salinity (SSS), and the 
zonal and meridional components of the surface velocity.

The Mk3L coupled model runs in asynchronous mode, 
with one OGCM timestep (1 h) being followed by three 
AGCM timesteps (3 × 20 min). The surface fluxes calcu-
lated by the AGCM are averaged over the three consecutive 
AGCM timesteps, before being passed to the ocean model. 
Bilinear interpolation is used to interpolate the AGCM 
fields to the spatial resolution of the OGCM. In the case 
of the surface fields passed from the OGCM to the AGCM, 
instantaneous values for the zonal and meridional com-
ponents of the surface velocity are passed to the AGCM. 
These velocities act as the bottom boundary condition in 

http://www.esrl.noaa.gov/psd/data/gridded/data.ncep.reanalysis2.html
http://www.esrl.noaa.gov/psd/data/gridded/data.ncep.reanalysis2.html
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the sea ice model for the following three AGCM timesteps. 
In the case of the SST and SSS, however, the OGCM 
passes two copies of each field: one containing the values at 
the current OGCM timestep, and one containing the values 
which have been predicted for the next OGCM timestep. 
The AGCM then uses linear interpolation in time to esti-
mate the SST and SSS at each AGCM timestep. Area aver-
aging is used to interpolate the OGCM fields to the spatial 
resolution of the AGCM.

Flux adjustments can be applied to each of the fluxes 
passed from the AGCM to the OGCM, and also to the SST 
and SSS. Any need to apply adjustments to the surface 
velocities is avoided by using climatological values, diag-
nosed from a long OGCM reference simulation, to spin up 
the AGCM.

3  General methodology

3.1  Definition of HC

A conventional way to depict the HC is to use the mean 
meridional mass streamfunction ψ (Oort and Yienger 1996), 
which quantifies air mass transport in the tropics and subtrop-
ics. It is computed using the zonal-mean meridional wind and 
the surface pressure according to the following equation:

Here a is the earth’s radius, φ is the latitude, v is the zonally aver-
aged temporal mean of the meridional velocity, p is the pressure, 
ps is the surface pressure, and g is the acceleration of gravity.

A clockwise circulation (as in the NH winter cell) cor-
responds to a positive value of ψ, whereas a counter-clock-
wise circulation (as in the SH winter cell) is associated with 
a negative ψ (Oort and Yienger 1996). Thus, a strengthen-
ing (weakening) of the HC corresponds to a negative (posi-
tive) value of ψ for the difference between the perturbed 
and the reference ensemble in JJA (June–July–August).

The strength or intensity of the HC is defined by the maxi-
mum value of the zonal mean meridional mass streamfunc-
tion. The HC extent is defined using the latitude at which 
the streamfunction takes the value zero, interpolated on the 
latitude grid, at the pressure level of 500 hPa (Gastineau et al. 
2008; Lu et al. 2007). For JJA, the streamfunction takes the 
value zero at three points between 45°N and 45°S: two at the 
extratropical edges of the Northern and Southern Hemisphere 
cells, and one between the two cells (Gastineau et al. 2008).

3.2  Rossby wave source

Sardeshmukh and Hoskins (1988) studied the genera-
tion of Rossby wave trains by the divergent flow in the 

(1)ψ(φ, p) =
2πa cosφ

g

∫ ps

p

[

υ(p
′

,φ)
]

dp
′

upper-troposphere from deep tropical convection. They 
defined the Rossby wave source (RWS), from the baro-
tropic vorticity equation, as:

Here ζ = ξ + f is the absolute vorticity, ξ is the rela-
tive vorticity, f is the Coriolis parameter, 

−→
Vχ is the divergent 

component of the wind velocity field and D is the hori-
zontal divergence ∂ u/ ∂ x + ∂ v/ ∂ y. The first component 
(−ζD) is the vortex stretching term (hereafter VS), or the 
generation of vorticity by divergence, and the second com-
ponent (−

−→
Vχ .∇ζ) is the advection of absolute vorticity by 

divergent flow (hereafter AV).
Here we applied a similar analysis method to that of 

Tyrrell and Karoly (1996), employing maps of divergence, 
RWS components, and streamfunction, with the aim to 
identify local HCs, which form direct links between the 
regions of tropical convection and regions of enhanced 
Rossby wave forcing in the extratropics.

3.3  CSIRO Mk3L atmosphere model simulations

A set of 6 ensembles have been conducted. Each ensemble 
of atmospheric simulations has five members, which are 
constructed by perturbing the initial conditions. The first 
ensemble or the atmosphere-model reference simulations 
are forced by the observed monthly mean Hadley Centre 
Global Sea Ice and Sea Surface Temperature (HADISST) 
dataset (Rayner et al. 2003)2 from 1871 to 2010 and histori-
cal time-evolving CO2 concentrations.

We examine separately the impact of changes in the HC 
strength and width upon the stationary Rossby wave propa-
gation using different SST forcing patterns constructed from 
the observed SSTs. Thus, in the following subsections we 
describe the perturbed atmospheric simulations performed 
as in the atmosphere-model reference simulations, but with 
a specified spatial component of the SST forcing pattern 
added to the observed SSTs. The Southern Hemisphere 
(SH) JJA climate fields in the period 1979–2010 are ana-
lysed for the difference between each perturbed ensemble 
mean and the atmosphere-model reference ensemble mean.

3.3.1  Simulating changes in the HC strength

Gastineau et al. (2009) clearly demonstrated that changes 
in the zonal-mean meridional gradients of SST are the 
main modulators of the HC strength. They showed that 
an increased (decreased) gradient led to an intensified 

(2)RWS = −ζD−
−→
Vχ · ∇ζ = −∇ · (

−→
Vχζ )

2 HADISST dataset is available on: http://www.metoffice.gov.uk/
hadobs/hadisst/data/download.html.

http://www.metoffice.gov.uk/hadobs/hadisst/data/download.html
http://www.metoffice.gov.uk/hadobs/hadisst/data/download.html
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(weakened) HC, independent of any change in global mean 
temperature. The warmer climate by itself actually led to a 
small decrease in HC intensity (Rind and Perlwitz 2005). 
Changes in the latitudinal gradient did not affect the width 
of the HC. Thus, to simulate changes in the HC strength 
and in order to investigate the effects upon the stationary 
Rossby wave propagation, strong and weak meridional SST 
gradients are prescribed in the model.

Here, to either increase or decrease the meridional 
SST gradient, a continuous and smooth Gaussian function 
(GSST) defined by Vidyunmala et al. (2007) as follows, is 
applied in the model:

(3)GSST
(

◦C
)

= Tmax

[

exp

(

−α

[

φ − φ0

90

]2
)]

where α is a measure of the SST gradient, φ is the latitude 
in degrees, φ0 is the latitude of SST maximum, and Tmax 
is the maximum SST for the period 1979–2010, which is 
equal to 28.25 °C. The strong (weak) meridional SST gra-
dient applied here corresponds to α = 10 (α = 1). Note 
that the SST gradient is altered when α is changed without 
changing the SST maximum (Vidyunmala et al. 2007).

The Gaussian curve is then blended with the observed 
SST field, according to the following equation:

Here OSST is the observed SST, i.e. the original time-
evolving monthly mean HADISST dataset from 1871 to 
2010, and GSST is the Gaussian curve obtained from the 
Eq. (3). The atmospheric simulations with strong (weak) 
meridional SST gradient prescribed are denoted SG (WG).

(4)SST = (2× OSST + GSST)/3

Table 1  Description of the 
atmosphere-model simulations 
used for the impacts analysis 
of changes in the HC strength 
upon the stationary Rossby 
wave propagation

Simulations Description

Atmosphere-model 
reference

Integrated for 140 years from 1871 to 2010 with time-evolving CO2 concentration 
and observed SSTs (5-member ensemble)

WG Integrated for 140 years from 1871 to 2010 with time-evolving CO2 concentra-
tion and weak SST meridional gradient added to the observed SSTs (5-member 
ensemble)

SG Integrated for 140 years from 1871 to 2010 with time-evolving CO2 concentra-
tion and strong SST meridional gradient added to the observed SSTs (5-member 
ensemble)

Fig. 1  Zonally averaged observed SST (°C) for the period 1979–2010 (red dashed line) and the idealized SST (°C) profiles (blue solid line) for 
(a) strong and (b) weak meridional SST gradient
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The reader is referred to Table 1 for a summary of the 
ensembles considered here. As well, Fig. 1 shows the zon-
ally averaged observed SST and the idealized profiles for 
strong (α = 10) and weak (α = 1) meridional SST gradient 
for the period 1979-2010. The value of α that best matches 
the observed SST field is 5.

3.3.2  Simulating changes in the HC width

Tandon et al. (2013), using an idealized GCM, verified that 
a thermal forcing applied to a narrow region around the 
equator produced HC contraction and equatorward shift of 
the jets, while a forcing with wider meridional extent pro-
duced HC expansion and poleward shift of the jets. Thus, 
to simulate changes in the HC width, in order to investigate 
the effects upon the stationary Rossby wave propagation, 
we use essentially two different patterns of SST warming.

The warmest anomaly, according to the annually aver-
aged time series of the global SST anomalies (°C) for the 
HADISST dataset from 1871 to 2010, is around 0.4 °C in 
the year 1998. As well, the linear trend for the time series 
of the global and tropical (30°S–30°N) SST anomalies is 
around 0.4 °C per century, which is statistically significant 
at the 5 % probability level. Thus, to simulate changes in 
the HC width, we have prescribed a tropical heating (TH) 
of 2 °C, which is equal to five times the linear trend per 
century and the warmest anomaly from 1871 to 2010.

Specifically, to simulate a HC contraction, the TH of 
2 °C is applied only from 5°S to 5°N, whereas to simulate 
a HC expansion it is applied from 30°S to 30°N; leaving 
unchanged the observed SST field in the other latitudinal 
bands. The atmospheric simulations for HC contraction 
(expansion) are denoted TH5 (TH30).

For comparison purposes, another set of experiments 
is performed by prescribing a SST forcing pattern based 
on the observed global SST anomalies from the HAD-
ISST dataset for the period 1871–2010. To perform this, 

the calculated monthly observed SST anomalies (at each 
gridpoint), for each one of the 140 years, were added on 
top of the original time-evolving monthly mean HADISST 
dataset at the same latitude bands of the TH30 and TH5 
ensembles; thus doubling the anthropogenic signal present 
in these regions in the original time series. These simula-
tions are denoted ANOM30 and ANOM5, respectively. 
Table 2 summarizes the atmospheric simulations consid-
ered here.

3.4  CSIRO Mk3L coupled model simulations

The HC response to an increase in the anthropogenic green-
house gas emissions found in several recent studies, using 
different datasets, is a weakening and a poleward expansion 
of this circulation (Lu et al. 2007, 2008, 2009; Hu and Fu 
2007; Reichler and Held 2005; Seidel et al. 2008). Thus, 
we examine the impact of changes in both the strength and 
width of the HC upon stationary Rossby wave propagation 
using different scenarios of increasing CO2 concentrations 
based on the coupled-model reference simulation.

A set of 3 experiments have been conducted. The first is 
the coupled-model reference run, which is integrated for 
1000 years with the CO2 concentration held constant at the 
preindustrial level (280 ppm). It is equivalent to the pre-indus-
trial control used in CMIP5 experiments. The other two exper-
iments, initialized from the coupled-model reference, are:

1. Idealized run with 1 % yearly increase of the CO2 up to 
4 × CO2 levels (1120 ppm), hereafter denoted 1 %/year 
CO2;

2. Three-member ensemble under instantaneous quadru-
pling of CO2, hereafter denoted 4 × CO2, from which we 
take the ensemble mean.

The reader is referred to Table 3 for a summary of the 
coupled simulations cited in this section. As for the 

Table 2  Description of the 
atmosphere-model simulations 
used for the impacts analysis of 
changes in the HC width upon 
the stationary Rossby wave 
propagation

Simulations Description

Atmosphere-model 
reference

Integrated for 140 years from 1871 to 2010 with time-evolving CO2 concentration 
and observed SSTs (5-member ensemble)

TH30 Integrated for 140 years from 1871 to 2010 with time-evolving CO2 concentra-
tion and observed SSTs with tropical heating (30°N–30°S) of 2 °C (5–member 
ensemble)

TH5 Integrated for 140 years from 1871-2010 with time-evolving CO2 concentra-
tion and observed SSTs with tropical heating (5°N–5°S) of 2 °C (5–member 
ensemble)

ANOM30 Integrated for 140 years from 1871 to 2010 with time-evolving CO2 concentration 
and observed SSTs with anomalies (30°N–30°S) (5-member ensemble)

ANOM5 Integrated for 140 years from 1871 to 2010 with time-evolving CO2 concentration 
and observed SSTs with anomalies (5°N–5°S) (5-member ensemble)
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atmospheric simulations, the SH mean JJA climate fields 
for the difference between the perturbed ensemble mean 
and the coupled-model reference are analysed.

4  Assessing the skill of atmospheric simulations 
by the CSIRO Mk3L model

The JJA climatology for the reanalysis data and for the 
atmosphere-model reference ensemble over the period 
1979–2010 is presented in order to verify how accurately 
the model simulates the observed HC, and the divergence 

and Rossby wave source fields. In the following sections 
the impacts of the simulated changes in the HC strength 
and width upon the stationary Rossby wave energy propa-
gation are then discussed.

The distribution of the zonal mean meridional mass 
streamfunction (ψ) for JJA, computed from the reference 
ensemble and from the NCEP-DOE Reanalysis 2 dataset, 
is displayed in Fig. 2. The HC is the major component of 
the global mass circulation, which also consists of the Fer-
rel cell in mid-latitudes, and the polar cell in high latitudes. 
Figure 2a, based on the reanalysis dataset, shows a solstitial 
cell with counter-clockwise circulation in JJA, with ascent 

Table 3  Description of the 
coupled-model simulations 
used for the impacts analysis 
of changes in the HC strength 
and width upon the stationary 
Rossby wave propagation

Simulations Description

Coupled-model reference Integrated for 1000 years with CO2 concentration held constant at 280 ppm

1 %/year CO2 Initialized from reference simulation, integrated for 140 years with 1 %/year 
yearly increase of the CO2 concentrations up to 4 × CO2 levels (1120 ppm)

4 × CO2 − 1 Initialized from the end of year 200 of reference simulation, integrated until the 
year 700 with 4 × CO2 concentrations (1120 ppm)

4 × CO2 − 2 Initialized from the end of year 250 of reference simulation, integrated until the 
year 700 with 4 × CO2 concentrations (1120 ppm)

4 × CO2 − 3 Initialized from the end of year 300 of reference simulation, integrated until the 
year 700 with 4 × CO2 concentrations (1120 ppm)

Fig. 2  Climatological average (1979–2010) for JJA of zonal mean 
meridional mass streamfunction (in units of 1010 kg s−1) based on 
the (a) NCEP-DOE Reanalysis 2 dataset and (b) atmosphere-model 

reference ensemble mean. Contour intervals are 2 × 1010 kg s−1. 
Dashed (solid) lines indicate negative (positive) values
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near the Intertropical Convergence Zone (ITCZ) around 
10°N (summer hemisphere) and subsidence around 30°S 
(winter hemisphere). We note that the reference ensemble, 
forced with observed SSTs and historical time-evolving 
CO2 concentration, is able to give a realistic HC (Fig. 2b) 
compared to the reanalysis dataset (Fig. 2a).

The divergence field is a very useful diagnostic for 
quantifying changes in the strength of the HC. A weaker 
(stronger) HC leads to a smaller (larger) lifting mass and 
so, less (more) divergence in the upper troposphere. Lon-
gitudinal variability in the location and intensity of regions 
of divergence (positive values) and convergence (negative 
values) is depicted in Fig. 3a, b. The climatological field, 
based on the reanalysis dataset (Fig. 3a), shows a diver-
gence area from 5° to 10°N over the Indian, Pacific and 
Atlantic Oceans, associated with the ITCZ, located further 
north in JJA. The divergence area is wider, extending from 
10°S to 15°N, over the equatorial central-eastern Indian 
Ocean and Western Pacific. Intense divergence in JJA is 
found over Eastern Equatorial Pacific, near Central Amer-
ica, and around southern India, Thailand and Philippines 
(Fig. 3a). These climatological aspects were also noted by 
Freitas and Ambrizzi (2012).

The divergence field in the reference ensemble (Fig. 3b) 
is weaker compared to the reanalysis and the divergence 
zone from 5° to 10°N disappears in the central Pacific and 
Atlantic Oceans. The convergence over the South Indian 
Ocean is found to be located slightly further west compared 
with the observations (Fig. 3a).

The RWS climatological field in the austral winter 
(Fig. 3c, d) shows the largest values in the subtropics, 
around 25°S, over the western Pacific and over southern 
Australia to the south. Cyclonic (anticyclonic) vorticity is 
negative (positive) in the SH. Therefore, a negative (posi-
tive) value in the RWS field corresponds to a cyclonic 
(anticyclonic) source of Rossby waves. These results are 
consistent with studies of RWS using alternate reanalyses 
products by Shimizu and Cavalcanti (2011), Freitas and 
Ambrizzi (2012) and O’Kane et al. (2015). The negative 
values of the RWS field are found mainly over the subtropi-
cal east Pacific, Atlantic and Indian Oceans (Fig. 3c, d), 
with close similarity found between the reference ensemble 
and observations. The VS and AV components of the RWS 
are displayed in Fig. 4. The VS component is especially 
important in the extra-tropical regions (Fig. 4a, b), whereas 
the AV has major influence on the sources in the subtropi-
cal areas (Fig. 4c, d) and in particular regions of high baro-
tropic–baroclinic instability over and to the west of the Tas-
man Sea (Frederiksen and Frederiksen 1993).

In summary, we note that the reference ensemble, 
forced with observed SSTs and historical time-evolving 
CO2 concentration, is able to simulate a realistic HC and 
to skillfully reproduce the broad features of the fields of 

divergence, RWS and its components, compared with the 
reanalysis dataset.

5  Hadley circulation changes and impacts 
on stationary Rossby wave in atmosphere 
CSIRO Mk3L model

5.1  Changes in the HC strength

Table 4 shows the HC mean intensity for the WG and SG 
atmospheric simulations in the period 1979–2010 and for 
the difference (perturbed-reference). A strong (weak) SST 
gradient leads to an intensified (weakened) HC. This can 
be seen in Fig. 5, which shows the HC distribution com-
puted from the difference between the perturbed and the 
reference ensemble means. The strengthening (weakening) 
of the HC is mainly observed near the equator in the SG 
(WG) simulation as it is linked to the changes in the diver-
gence field.

Figure 6a shows that the divergence increases in the 
SG simulation, especially near Central America and over 
southern India, Thailand and Philippines. In the subtropics, 
a region of intense convergence anomaly around 90°E (see 
divergent wind vectors) and some regions of divergence 
anomaly around 30°E, 140°E and 20°W can be seen. Here, 
the word “anomaly” represents the difference between the 
perturbed and the reference ensemble means.

The main differences in the RWS field are near 30°S 
(Fig. 6b). The contribution to RWS in the equatorial region 
is small (Fig. 3c, d), as large divergence values found there 
(Fig. 3a, b) are counterbalanced by smaller values of the 
absolute vorticity (Shimizu and Cavalcanti 2011; Frei-
tas and Ambrizzi 2012). Tyrrell and Karoly (1996) found 
that, although the upper level tropical divergence does not 
directly contribute to large RWS in the tropics, extra-trop-
ical convergence regions, connected to the tropical con-
vection, appear to be very important in the generation of 
Rossby waves at upper levels. Figure 6b indicates that the 
changes in the RWS field are linked to the changes in the 
divergence pattern. A cyclonic anomaly source is observed 
around 90°E (where earlier a convergence anomaly was 
found—Fig. 6a), and three anticyclonic anomaly sources 
are seen around 30°E, 140°E and 20°W (divergence 
anomaly zone). Hence, cyclonic (anticyclonic) anomaly 
sources are linked to the convergence (divergence) anomaly 
regions. These cyclonic and anticyclonic anomaly sources 
are primarily influenced by the VS component (Fig. 6c), 
whereas the AV role is comparatively small (Fig. 6d).

Figure 7 (a) shows that the divergence decreases in the 
WG simulation, with a change pattern almost opposite 
to that observed in the SG simulation over the regions of 
intense divergence near Central America and over southern 
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Fig. 3  Climatological average (1979–2010) for JJA of divergence (in 
units of 10−6 s−1) at 200 hPa based on the: (a) NCEP-DOE Reanaly-
sis 2 dataset, (b) atmosphere-model reference ensemble mean, and 
Rossby wave source (in units of 10−11 s−2) based on the: (c) NCEP-

DOE Reanalysis 2 dataset, (d) atmosphere-model reference ensemble 
mean. The divergence (Rossby wave source) plots have contour inter-
vals of 1 × 10−6 s−1 (3 × 10−11 s−2)
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Fig. 4  Climatological average (1979–2010) for JJA of vortex stretch-
ing component (VS) at 200 hPa based on the: (a) NCEP-DOE Rea-
nalysis 2 dataset, (b) atmosphere-model reference ensemble mean, 

and advection of absolute vorticity by divergent flow component (AV) 
based on the: (c) NCEP-DOE Reanalysis 2 dataset, (d) atmosphere-
model reference ensemble mean. Contour intervals are 3 × 10−11 s−2
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India, Thailand and Philippines (c.f. Fig. 6a). In the sub-
tropics, regions of intense divergence around 90°E and 
convergence around 140°E are seen (opposite to what was 
found for the SG simulation). Figure 7b indicates that these 
divergence changes in the WG simulation are also linked 
to the modifications in the RWS field. An anticyclonic 
anomaly source is seen around 90°E (divergence anomaly 
region), and a cyclonic anomaly source is observed around 
140°E (convergence anomaly area). The VS component 
has an important role over these cyclonic and anticyclonic 

anomaly sources (Fig. 7c), with slight positive and negative 
contributions of the AV component primarily localised to 
the Tasman Sea and East Coast of Australia (Fig. 7d); as 
also verified for the SG simulation.

Figure 8 shows the stationary wave streamfunction field 
(with the zonal average removed) at 200 hPa for the differ-
ence between the perturbed ensemble mean (SG and WG 
simulations) and the reference ensemble. Negative (posi-
tive) values of this field represent ridges (troughs) in the 
SH. Due to the cyclonic (anticyclonic) anomaly sources 
(Figs. 6, 7), troughs (ridges) are found directly downstream 
from the convergence (divergence) anomaly regions in the 
subtropics. The stationary wave pattern is almost opposite 
between SG and WG simulations in the regions around 
South Africa and Madagascar, Australia, and south of South 
America; presenting some similarity with the observed 
results reported by Freitas and Ambrizzi (2012) using the 
NCEP/NCAR reanalysis dataset.

5.2  Changes in the HC width

Next, we specifically investigate the changes in the HC 
poleward extension, which is the precise latitude (obtained 
by linear interpolation) at which the average streamfunction 

Table 4  HC mean intensity (in units of 109 kg s−1) and the differ-
ence (perturbed-reference) for the atmosphere-model simulations 
specified

Values in bold are statistically significant at 5 % probability level 
according to Student’s t test

+ (−) difference signal indicates weakening (strengthening) of the 
HC

Simulations Mean  
intensity

Mean intensity difference 
(95 % confidence interval)

WG −22.33 2.96 (2.38 to 3.54)

SG −35.08 −9.79 (−10.30 to −9.27)

Fig. 5  Difference in JJA zonal mean meridional mass streamfunction 
(in units of 1010 kg s−1) between the (a) SG and atmosphere-model 
reference ensemble means, (b) WG and atmosphere-model reference 
ensemble means. Contour intervals are 2 × 1010 kg s−1 with stippling 

indicating regions where the differences are statistically significant at 
the 5 % probability level as determined by Student’s t test. Dashed 
(solid) lines indicate negative (positive) values
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Fig. 6  Difference in JJA at 200 hPa between the SG and the atmos-
phere-model reference ensemble means for (a) divergence (in units 
of 10−6 s−1) with the divergent wind vectors, (b) Rossby wave source 
(in units of 10−11 s−2), (c) vortex stretching component (in units of 
10−11 s−2), (d) advection of absolute vorticity by divergent flow com-

ponent (in units of 10−11 s−2). Contour intervals are 0.4 × 10−6 s−1 
and 2 × 10−11 s−2, respectively, with stippling indicating regions 
where the differences are statistically significant at the 5 % probabil-
ity level as determined by Student’s t test
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Fig. 7  As for Fig. 6 but for difference between the WG and the atmosphere-model reference ensemble means
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takes the value 0.0 at the pressure level of 500 hPa. The 
latitude of the extratropical boundary of the SH HC during 
JJA is used to diagnose the poleward position of the aus-
tral winter HC. Table 5 shows the climatological HC pole-
ward extension for the TH30, TH5, ANOM30 and ANOM5 
simulations and for the difference (perturbed-reference). 
Tandon et al. (2013), using an idealized GCM, verified that 
a thermal forcing applied to a narrow region around the 
equator produced HC contraction and equatorward shift of 
the jets, while a forcing with wider meridional extent pro-
duced HC expansion and poleward shift of the jets. Thus, 

Table 5 shows, through the difference in the poleward 
extent, that the TH30 simulation, which was constructed 
considering a wide SST warming (30°S–30°N), produces a 
poleward shift of the extratropical boundary of the SH HC. 
On the other hand, the TH5 simulation, with a narrow SST 
warming, produces an equatorward shift. The same results 
can be verified for the ANOM30 and ANOM5 simulations. 
The dipole structure around 30°S in Figs. 9a and 10a also 
reveals the poleward shift of the extratropical boundary of 
the SH HC. We note that the results for the TH30 (TH5) 
simulation are similar to the ANOM30 (ANOM5) simula-
tion, but the magnitude of the differences between the per-
turbed and the reference ensemble mean is much larger in 
the former case.

Figures 9a and 10a show clearly an upward shift of 
the HC, not so evident in Figs. 9b and 10b since the SST 
warming is narrow (5°S–5°N) in these cases. The upper 
boundary of the HC corresponds to the tropopause of the 
atmosphere. Both the tropopause and the upper bound-
ary of the HC rise in a warmer climate (Gastineau et al. 
2008). A weakening of the HC is also seen for all simu-
lations considered here (TH30, TH5, ANOM30, ANOM5). 
This is because the warmer climate by itself actually leads 
to a decrease in HC intensity, as found by Rind and Perl-
witz (2005). We will discuss this issue in greater detail in 
Sect. 6.

Fig. 8  Difference in JJA stationary wave streamfunction (in units of 
106 m2 s−1) at 200 hPa between the (a) SG and atmosphere-model 
reference ensemble means, (b) WG and atmosphere-model reference 

ensemble means. Contour intervals are 2 × 106 m2 s−1 with stippling 
indicating regions where the differences are statistically significant at 
the 5 % probability level as determined by Student’s t test

Table 5  HC poleward extension (°latitude) and the difference (per-
turbed-reference) for the atmosphere-model simulations specified

Values in bold are statistically significant at 5 % probability level 
according to Student’s t test

+ (−) signal indicates °S (°N)

Simulations Poleward  
extent

Poleward extent difference 
(95 % confidence interval)

TH30 −31.08 −1.21 (−1.33 to −1.09)

TH5 −27.06 +2.80 (2.64 to 2.96)

ANOM30 −30.07 −0.21 (−0.37 to −0.04)

ANOM5 −29.61 +0.26 (0.09 to 0.43)
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The divergence field for the TH30 simulation (Fig. 11a) 
is weaker than for the TH5 simulation (Fig. 11b). The 
same is observed for the ANOM30 and ANOM5 simu-
lations (Fig. 11c, d). As well, the divergence field in the 
TH30 (TH5) simulation is more intense in relation to the 
ANOM30 (ANOM5) simulation (Fig. 11). The differences 
between the ANOM30 and ANOM5 simulations are small 
(Fig. 11c, d). In fact, we verified earlier (Table 5) that the 
poleward (equatorward) shift of the extratropical boundary 
of the SH HC is small in both these simulations.

The TH30 simulation shows a zonal dipole around 5°N, 
with a convergence anomaly zone from 10° to 90°E and a 
divergence anomaly sector from 90° to 140°E (Fig. 11a), 
whereas the TH5 simulation shows a convergence anom-
aly zone from 50°E to 140°W at 5°N and a divergence 
anomaly sector around the equator from 70°E to 150°W 
(Fig. 11b). This is the only substantive contrast seen in 
the divergence field between the ANOM30 and ANOM5 
simulations (Fig. 11c, d). These simulations also show 
convergence anomaly regions from 50°E at 45°S towards 
the northeast of Australia around 20°S, and from 180° to 
120°W around 40°S (Fig. 11c, d). Divergence anomaly sec-
tors are seen in both simulations (ANOM30 and ANOM5) 
over the Atlantic Ocean and South Africa around 30°S, 

southeast Australia to the south, and over the West Pacific 
Ocean from 30° to 60°S (Fig. 11c, d). These convergence 
and divergence anomaly zones are also seen in the TH30 
simulation (Fig. 11a).

As noted earlier, the divergence changes are linked to 
the modifications in the RWS field. Again, anticyclonic 
(cyclonic) anomaly sources are seen over the regions 
of divergence (convergence) anomaly (Fig. 12). These 
cyclonic and anticyclonic anomaly sources are mostly 
associated with the VS component, but there are positive 
contributions of the AV component to the RWS total field 
mainly over the Atlantic Ocean, South Africa, southeast of 
Australia, and from 45°S, 50°E stretching towards eastern 
Australia at around 30°S in the TH30 and ANOM30 simu-
lations (not shown). Positive influences of the AV compo-
nent in the TH5 and ANOM5 simulations are seen mainly 
over the southern tip of Africa around 30°S, and from south 
of Madagascar towards southeast Australia to 150°W (not 
shown) associated with the subtropical jet, which acts as a 
Rossby waveguide (Hoskins and Ambrizzi 1993).

The stationary wave streamfunction fields for the TH30 
and TH5 simulations are displayed in Fig. 13a, b. The wave 
pattern at mid-high latitudes for the TH30 simulation is 
very similar to what was found by Marshall and Connolley 

Fig. 9  Difference in JJA zonal mean meridional mass streamfunction 
(in units of 1010 kg s−1) between the (a) TH30 and atmosphere-model 
reference ensemble means, (b) TH5 and atmosphere-model reference 
ensemble means. Stippling indicating regions where the differences 

are statistically significant at the 5 % probability level as determined 
by Student’s t test. Dashed (solid) lines indicate negative (positive) 
values
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(2006, Fig. 2a) in their idealized experiment, where the 
tropical ocean SSTs were increased. These authors exam-
ined the impact that changes in the winter SH SST gradi-
ent have on the sign and strength of the SH Annular Mode 
(SAM). According to them, changes in winter tropical 
SSTs have little direct influence on the SAM, but they do 
force a strong wave train across the Southern Ocean, which 
has similarities to the PSA pattern.

The TH5 simulation shows stronger and eastward 
shifted troughs and ridges (Fig. 13b) in relation to the 
TH30 simulation (Fig. 13a). This is because the cyclonic 
and anticyclonic anomaly sources in the TH5 simulation 
are stronger and very zonally extended (Fig. 12b) in rela-
tion to the TH30 simulation (Fig. 12a). The lack of signifi-
cant differences, mainly in the divergence field, between 
the ANOM30 and ANOM5 simulations is reflected in the 
structure of the stationary wave streamfunction field at 
200 hPa (Fig. 13c, d). However, the ANOM5 simulation 
exhibits stronger troughs and ridges (Fig. 13c in compari-
son with the ANOM30 simulation (Fig. 13d), largely due 
to stronger cyclonic and anticyclonic anomaly sources 
(Fig. 12c, d). On the other hand, these anomaly sources 
in the ANOM5 simulation are not as zonally extended as 
in the TH5 simulation. Therefore, it is very likely that the 
SST anomalies outside the latitude band of 5°S–5°N do 

not significantly affect the spatial pattern of the stationary 
Rossby wave propagation.

6  Hadley circulation changes and impacts 
on stationary Rossby waves in coupled CSIRO 
Mk3L model

O’Kane et al. (2013a, b) showed that the entire South-
ern Ocean thermocline, as well as the boundary currents, 
underwent a systematic regime transition around 1978 
associated with a more dominant positive phase of the 
SAM and a reduction in the persistence of the positive 
phase of the hemispheric wavenumber three blocking pat-
tern. Recently, it has been shown that, when all seasons are 
considered, CO2 is the dominant external covariant driving 
the observed secular trends in wave 3, SAM and blocking 
(Franzke et al. 2015; O’Kane et al. 2015). As mentioned 
earlier in Sect. 3.3.2, the global and annual mean SST, 
according to the HADISST dataset, has broadly increased 
from 1870 to 2010, with a significant positive trend of 
0.04 °C per decade. As well, Freitas et al. (2015) found, 
using non-stationary vector autoregressive clustering tech-
niques, that the southern ocean (south of 30°S) under-
went a major regime transition in the late 1970s, when 

Fig. 10  As Fig. 9 but for difference between the (a) ANOM30 and atmosphere-model reference ensemble means, (b) ANOM5 and atmosphere-
model reference ensemble means
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Fig. 11  Difference in JJA divergence (in units of 10−6 s−1) with 
the divergent wind vectors at 200 hPa between the (a) TH30 
and atmosphere-model reference ensemble means, (b) TH5 and 
atmosphere-model reference ensemble means, (c) ANOM30 and 
atmosphere-model reference ensemble means, (d) ANOM5 and 

atmosphere-model reference ensemble means. Contour interval is 
0.4 × 10−6 s−1 for (a) and (b), 0.2 × 10−6 s−1 for (c) and (d), with 
stippling indicating regions where the differences are statistically sig-
nificant at the 5 % probability level as determined by Student’s t test
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Fig. 12  As for Fig. 11 but for Rossby wave source (in units of 10−11 s−2). Contour interval is 2 × 10−11 s−1 for (a) and (b), 1 × 10−11 s−1 for 
(c) and (d)
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the Indian Ocean and western boundary currents warmed 
and this is unlike the decadal variability of the preceding 
century. According to them, the transition between decadal 
variability and the preference for a warm SST state since 
the late 1970s suggests that the SST is carrying some of 

the signal of the CO2 increase, and thus, it is reasonable to 
assume that the observed changes in the SST are not just 
due to the decadal variability, but have a contribution from 
increasing greenhouse gases. Therefore, there is an indi-
rect effect of the anthropogenic CO2 forcing (via changes 

Fig. 13  As for Fig. 12 but for stationary wave streamfunction (in units of 106 m2 s−1). Contour interval is 2 × 106 m2 s−1 for (a) and (b), 
1 × 106 m2 s−1 for (c) and (d)
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in SST) that might be important in the case of atmospheric 
simulations.

Several studies have found that global warming pro-
duces both expansion and weakening of the HC (e.g. Lu 
et al. 2008, 2009; Gastineau et al. 2008). Thus, next we 
investigate the impact of simulated changes in both the 
strength and width of the HC upon stationary Rossby 
waves using coupled simulations. A significant advantage 
of the AOGCM is that it simulates, as in the real world, the 
influence of the ocean on the overlying atmosphere and 
its response to fluctuations in surface heat fluxes driven 
by atmospheric variability. It also contains both the direct 
effects of anthropogenic CO2 forcing (via differential 
changes in atmospheric heating) and the indirect effects 
(via changes in SST) (Deser and Phillips 2009).

Table 6 presents the HC mean intensity for the last 
40 years of the 1 %/year CO2 and 4 × CO2 coupled simu-
lations and for the difference (perturbed-reference). The 
weakening of the HC for the JJA season, under a global 
warming scenario, is of the order 7.6 % for the 1 %/year 
CO2 simulation and 9.3 % for the 4 × CO2 simulation. 
The amplitude of the 4 × CO2 response is larger, as could 
be expected from a stronger radiative forcing. However, 
the 1 %/year CO2 simulation presents a significant weak-
ening trend of 0.72 × 109 kg s−1 per decade, whereas the 
trend for the 4 × CO2 simulation is smaller and not sig-
nificant. According to some studies (Caldeira and Myhr-
vold 2013; Gabriel and Robock 2015), approximately half 
of the warming under a 4 × CO2 scenario occurs within 
the first decade and then a relatively slow trend develops 
for the next 50 years during which another approximately 
one quarter of the total warming occurs. We verified that 

the warming in the 4 × CO2 simulation is nearly 3 times 
greater in the first decade than in the 1 %/year CO2 simula-
tion. Thus, the different pace of warming in the two sce-
narios considered here could explain the differences in the 
weakening HC trends calculated for the last 40 years of the 
coupled-model simulations.

The results for the poleward extension in the coupled-
model simulations are presented in Table 7. The poleward 
shift of the extratropical boundary of the austral winter 
HC is about 0.7 degrees for 1 %/year CO2 and 0.8 degrees 
for 4 × CO2, considering the last 40 years of the simula-
tions. Figure 14 corroborates these results, demonstrating 
the weakening of HC (around the equator), the poleward 
shift of the extratropical boundary (dipole around 30°S), 
and also the upward shift of the HC, as also verified for the 
TH30 and ANOM30 simulations (Figs. 9a, 10a). The dif-
ferences are much stronger in the 4 × CO2 simulation, as 
this scenario represents a dramatic and abrupt change in the 
radiative forcing.

The fields of divergence, RWS and stationary wave 
streamfunction for the 1 %/year CO2 simulation [Fig. 15] 
are spatially very similar to the 4 × CO2 [Fig. 16], but 
weaker. Thus, under a global warming scenario, the diver-
gence field is characterized by a dipole around 5°S over the 
Indian Ocean, with a decrease to the north and an increase 
to the south in both simulations (Figs. 15a, 16a). Impor-
tant convergence anomaly zones are seen around 35°S 
over the Indian Ocean and over the West Pacific around 
30°S, whereas divergence anomaly zones are seen over 
the Atlantic Ocean, South Africa and East Pacific around 
30°S, and over southern Australia to the south (Figs. 15a, 
16a). Here, as for the AGCM simulations, anticyclonic and 
cyclonic anomaly sources (Figs. 15b, 16b) are observed 
over the regions of divergence and convergence anoma-
lies (Figs. 15a, 16a), respectively. The VS component has 
the major influence over these cyclonic and anticyclonic 
anomaly sources, but there are positive contributions of 
the AV component to the RWS total field mainly over the 
South Africa and at 50°S from 50°E towards eastern Aus-
tralia around 30°S for both simulations (not shown), similar 
to the findings for the TH30 and ANOM30 AGCM simu-
lations. Positive contributions are also seen over southern 
Australia to the south in the 1 %/year CO2 simulation and 
over southeast Australia in 4 × CO2 (not shown).

Table 6  HC mean intensity (in 
units of 109 kg s−1) for the last 
40 years of the coupled-model 
simulations considered with the 
difference (perturbed-reference) 
and its linear trend (in units of 
109 kg s−1 per decade)

Values in bold are statistically significant at 5 % probability level according to Student’s t test

+ trend signal indicates weakening of the HC

Simulations Mean  
intensity

Mean intensity difference  
(95 % confidence interval)

Mean intensity difference linear 
trend (95 % confidence interval)

1 %/year CO2 −23.70 1.96 (1.37 to 2.55) +0.72 (0.23 to 1.21)

4 × CO2 −23.28 2.38 (1.93 to 2.82) +0.33 (−0.05 to 0.72)

Table 7  HC poleward extension (°) for the last 40 years of the cou-
pled-model simulations considered with the difference (perturbed-
reference)

Values in bold are statistically significant at 5 % probability level 
according to Student’s t test

+ (−) signal indicates °S (°N)

Simulations Poleward  
extent

Poleward extent difference 
(95 % confidence interval)

1 %/year CO2 −30.35 −0.69 (−0.91 to −0.48)

4 × CO2 −30.48 −0.83 (−0.98 to −0.67)
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The stationary wave streamfunction field for both simu-
lations (Figs. 15c, 16c) shows a wave pattern at mid-high 
latitudes with troughs (ridges) directly downstream from 
the cyclonic (anticyclonic) sources. Important troughs are 
seen over South Africa, Atlantic Ocean and East Pacific 
around 30°S and to the south of Australia and central 
Pacific around 55°S (Figs. 15c, 16c). Ridges are seen over 
the Australian continent, Western Pacific, Eastern Indian 
Ocean around 30°S, south of South America, to the south 
of South Africa (Figs. 15c, 16c). The wave pattern is 
stronger in the 4 × CO2 simulation (Fig. 16c) and is very 
similar to what was found in the TH30 atmospheric simula-
tion (Fig. 13a). The fact that some similarity exists between 
the coupled and atmosphere-only simulations, in the case 
of wider SST warming (TH30 simulation), which represent 
a warmer climate, indicates a high degree of consistency 
between these simulations.

7  Discussion and conclusions

In this paper we have examined how simulated changes in 
the strength and width of the austral winter HC, induced 

by anomalous SST gradients and changes in CO2 concen-
trations, affect the extra-tropical atmospheric circulation, 
and in particular, stationary Rossby wave propagation. The 
effect of the changes in the HC upon stationary Rossby 
wave propagation is indirect, i.e., via the deep convection 
in the rising branch of the HC and the associated anoma-
lous divergence at high levels. We have analysed this indi-
rect effect through directly applying changes in the tropi-
cal SST pattern and radiative forcing. The RWS and upper 
level mid-latitude circulation responses associated with 
the tropical convection have been investigated here using 
a methodology similar to that of Tyrrell and Karoly (1996). 
As in Freitas and Ambrizzi (2012), it has been shown here 
that directly downstream from the convergence (diver-
gence) anomaly regions in the subtropics, there are troughs 
(ridges) due to the cyclonic (anticyclonic) anomaly sources. 
Our results also show that atmospheric only simulations 
with observed SSTs are able to produce a quite realistic HC 
while reproducing the broad features of the climatological 
fields of divergence, RWS and its contributing components 
as compared with the NCEP-DOE Reanalysis 2 dataset.

In order to elucidate the various mechanisms and inter-
actions responsible for controlling the strength and width 

Fig. 14  Difference in JJA zonal mean meridional mass streamfunc-
tion (in units of 1010 kg s−1) between the (a) 1 %/year CO2 and 
coupled-model reference ensemble means, (b) 4 × CO2 and coupled-
model reference ensemble means. Stippling indicating regions where 

the differences are statistically significant at the 5 % probability level 
as determined by Student’s t test. Dashed (solid) lines indicate nega-
tive (positive) values
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of the HC we have first analysed separately and compre-
hensively the response of stationary Rossby wave propa-
gation using an ensemble of idealized SST perturbations 
in an AGCM. A set of idealized SST perturbations were 
applied in order to induce responses in the strength and 
width of the HC. Specifically, both strong and weak SST 
gradients (SG and WG, respectively) were applied to inves-
tigate the response of the HC intensity. The simulated sta-
tionary Rossby wave propagation in both the SG and WG 
cases were consistent with some observed results reported 
earlier by Freitas and Ambrizzi (2012) using the NCEP/

NCAR reanalysis. Both the narrower and wider SST warm-
ing (TH5 and TH30, respectively) were applied to induce 
responses in the HC width (poleward extension). A nar-
rower SST warming produces stronger and very zonally 
extended response in the RWS, leading to stronger and 
eastward shifted troughs and ridges. A SST forcing pat-
tern, based on the observed SST anomalies, was also pre-
scribed in narrow and wider latitude bands (ANOM5 and 
ANOM30, respectively), and the simulations present differ-
ences only in the intensity of the troughs and ridges. From 
these results we might conclude that the SST anomalies 

Fig. 15  Difference in JJA at 200 hPa between the 1 %/year CO2 and 
coupled-model reference ensemble means for (a) divergence (in units 
of 10−6 s−1) with the divergent wind vectors, (b) Rossby wave source 
(in units of 10−11 s−2), (c) stationary wave streamfunction (in units of 

106 m2 s−1). Contour intervals are 0.2 × 10−6 s−1, 1 × 10−11 s−2 and 
1 × 106 m2 s−1, respectively, with stippling indicating regions where 
the differences are statistically significant at the 5 % probability level 
as determined by Student’s t test
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outside the narrow latitude band of 5°S–5°N do not signifi-
cantly affect the spatial pattern of stationary Rossby wave 
propagation. To verify this, we average the annual mean 
SST anomalies from 1871 to 2010, based on the HADISST 
dataset, in the 5°S–5°N and 30°S–30°N latitude bands. 
The intensity of the anomalies in the narrow band is much 
stronger than in the wider band (not shown). This means 
that only the strongest anomalies found in the 5°S–5°N lat-
itude band could significantly affect the spatial pattern of 
SRW propagation.

We further examined the combined impact of changes 
in the strength and width of the HC upon stationary 
Rossby wave propagation by employing two additional 
coupled AOGCM simulations with different scenarios 

of increasing CO2 concentrations (1 %/year CO2 and 
4 × CO2). Both simulations showed very similar responses 
in HC and RWS, namely a HC weakening, a poleward shift 
of the extratropical boundary, and an upward shift of the 
HC. However, these responses are much stronger in the 
4 × CO2 simulation, as this scenario represents a dramatic 
and abrupt change in the radiative forcing.

Comparing the AGCM simulations with the results of 
AOGCM for two global warming scenarios, some remark-
able conclusions can be drawn. Interestingly, the results 
have shown that the stationary wave streamfunction field 
for the coupled simulations, in both scenarios, is very simi-
lar to what was found in the TH30 atmospheric simulation. 
In both coupled simulations and in the TH30 atmospheric 

Fig. 16  As for Fig. 15 but for difference between the 4 × CO2 and coupled-model reference ensemble means
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simulation, a weakening and a poleward shift of the extrat-
ropical boundary of the HC are seen. The weakening of the 
HC in the TH30 (4 × CO2) simulation is of the order 3 % 
(9 %) and the poleward shift of the extratropical boundary 
is of the order 4 % (3 %). Therefore, although the dominant 
change in the HC is different between the TH30 and the cou-
pled simulations, the effect upon the stationary Rossby wave 
propagation is almost the same. This suggests that it is the 
combined effects of the weakening and the poleward expan-
sion of the HC that determines the changes in stationary 
Rossby wave propagation. As well, as explained in Sect. 6, 
it is important to note the role of the indirect radiative forc-
ing due to CO2 in driving the stationary Rossby wave propa-
gation changes in the TH30 simulation, as the SST is carry-
ing some of the signal of the CO2 increase. Similar results 
obtained in the TH30, 1 %/year CO2 and 4 × CO2 simu-
lations, which represent a warmer climate, also reveal con-
sistency between the coupled and atmospheric simulations. 
Thus, we can conclude that, in a warmer climate, changes 
in the strength and width of the HC act together to strongly 
modify stationary Rossby wave propagation via regional 
variations in convergence and divergence.
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