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ABSTRACT

The Southern Hemisphere summertime eddy-driven jet and storm tracks have shifted poleward over the
recent few decades. In previous studies, explanations have mainly stressed the inßuence of external forcing in
driving this trend. Here we examine the role of internal tropical SST variability in controlling the austral
summer jetÕs poleward migration, with a focus on interdecadal time scales. The role of external forcing and
internal variability are isolated by using a hierarchy of Community Earth System Model version 1 (CESM1)
simulations, including the pre-industrial control, large ensemble, and pacemaker runs. Model simulations
suggest that in the early twenty-Þrst century, both external forcing and internal tropical PaciÞc SST variability
are important in driving a positive southern annular mode (SAM) phase and a poleward migration of the
eddy-driven jet. Tropical PaciÞc SST variability, associated with the negative phase of the interdecadal PaciÞc
oscillation (IPO), acts to shift the jet poleward over the southern Indian and southwestern PaciÞc Oceans and
intensify the jet in the southeastern PaciÞc basin, while external forcing drives a signiÞcant poleward jet shift
in the South Atlantic basin. In response to both external forcing and decadal PaciÞc SST variability, the
transient eddy momentum ßux convergence belt in the middle latitudes experiences a poleward migration due
to the enhanced meridional temperature gradient, leading to a zonally symmetric southward migration of the
eddy-driven jet. This mechanism distinguishes the inßuence of the IPO on the midlatitude circulation from the
dynamical impact of ENSO, with the latter mainly promoting the subtropical wave-breaking critical latitude
poleward and pushing the midlatitude jet to higher latitudes.

1. Introduction

As the leading mode of atmospheric variability in the
Southern Hemisphere (SH) extratropics, the southern
annular mode (SAM) and its associated eddy-driven jet
(or midlatitude jet) are fundamentally important for
the climate system. The SAM has been shown to have
well-established connections with SH subtropical and
extratropical rainfall bands ( Purich et al. 2013; Hendon
et al. 2014; Lim et al. 2016a). Consequently, a range of
observational and model studies have sought to under-
stand the observed poleward movement of the eddy-
driven circulation in the SH over recent decades.

A poleward shift of the SH eddy-driven circulation
under increasing greenhouse gases and stratospheric

ozone depletion has been emphasized in early studies
(Kushner et al. 2001; Yin 2005). Thompson and Solomon
(2002) highlighted the contribution of stratospheric
ozone depletion to a positive SAM trend, especially
over the SH summertime since the 1960s, based on
multiple observed datasets from 1969 to 1998.Arblaster
and Meehl (2006) further classiÞed different sources
of external forcings and their contributions to the
SAM trend using a global coupled model and indicated
that the ozone changes in the upper troposphere and
stratosphere dominated the observed positive SAM
trend. Similar results were obtained by Polvani et al.
(2011), who found that the impact of ozone depletion
was 2Ð3 times larger than GHGs on the summertime
poleward displacement of the eddy-driven jet and the
expansion of the Hadley cell over the second half of the
twentieth century.Corresponding author: Dongxia Yang, dongxia.yang@monash.edu
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The contributions of natural intrinsic variability,
particularly the inßuence of tropical sea surface tem-
peratures (SSTs), have also been discussed, with a
primary focus on interannual time scales. A number of
previous studies have shown an association between El
NiñoÐSouthern Oscillation (ENSO) and a SAM phase
shift via zonally symmetric variations in transient eddy
momentum ßux anomalies (LÕHeureux and Thompson
2006; Fogt et al. 2011; Gong et al. 2013; Yu et al. 2015).
During La Ni ña events, a positive SAM phase occurs
more frequently and the opposite is found for El Ni ño
years. Chen et al. (2008) further analyzed the eddy
momentum ßux spectrum and found that the midlati-
tude jet could be expected to undergo a poleward
migration during La Ni ña years due to the poleward
displacement of the wave-breaking critical latitudeÑand
of the associated transient eddy momentum ßux diver-
gence and convergence zones, by waves of a broad range
of phase speeds.

Despite the well-established interannual ENSOÐ
SAM relationship, less is known about the inßuence
of internal decadal variability on the midlatitude jet.
Some research has related the interdecadal PaciÞc os-
cillation (IPO) transition in the late 1990s to Antarctic
climate variability. For example, the negative phase of
the IPO has been linked to Antarctic sea ice expan-
sion via a positive phase of the SAM combined with a
deepened Amundsen Sea low (ASL), which alters the
wind patterns over the Antarctic sea ice zone (Meehl
et al. 2016; Purich et al. 2016; Clem et al. 2019;
Holland et al. 2019; Meehl et al. 2019b). Recent
studies have also highlighted the role of Atlantic and
Indian Ocean SSTs on Antarctic climate. For in-
stance,Li et al. (2015) suggested that tropical Atlantic
SSTs could force a positive response in the SAM and a
strengthened ASL via stationary Rossby wave activi-
ties in SH winter. Wang et al. (2019)and Purich and
England (2019) found that tropical Indian Ocean SST
likely contributed to the Antarctic sea ice decline in
austral spring 2016 via SAM and zonal-wave-3 (ZW3)
teleconnections.

A few studies have further distinguished the relative
roles of radiative forcing and global SST on SH mid-
latitude jet variations. For example, Lee and Feldstein
(2013)applied a cluster analysis based on ERA-Interim
data and concluded that ozone contributed about 50%
more than GHG toward the SH summertime jet shift
from 1979 to 2008, with tropical convection playing an
important role for the GHG-driven trend. Similar re-
sults were obtained in other studies examining simula-
tions with time-evolving SST and external forcing
prescribed in atmosphere-only models. For instance,
Deser and Phillips (2009)emphasized the importance of

radiative changes as the dominant driver of the pole-
ward movement of the SH westerly jet in austral
summer [DecemberÐFebruary (DJF)] during 1951Ð
2000 using Community Atmosphere Model version 3
(CAM3) experiments. Schneider et al. (2015) sug-
gested that ozone depletion could largely explain the
positive SAM pattern during 1979Ð2011 in the austral
summer season, while teleconnections from tropical
SSTs also play a role, indicating that the extratropical
circulation responds to a combination of both (ex-
ternal) radiative forcing and (internal) tropical SST
variability. However, there remain issues with us-
ing atmosphere-only experiments to study the com-
bined effects of external radiative forcing and internal
SST variability. First, compared to coupled models,
atmosphere-only experiments lack the interactions
with the underlying ocean and sea ice, which could be
important for tropicalÐextra tropical teleconnections.
Second, the time-evolving global SSTs still implicitly
contain the GHG-induced forced response, which
makes it difÞcult to delineate between the inßuence of
external forcing and the inßuence of internal vari-
ability in SST.

Here we examine the separate roles of internally
driven tropical SSTs and external forcing in the ob-
served decadal variability of SH midlatitude circulation
using the CESM1(CAM5) coupled model large ensem-
ble (Kay et al. 2015) as well as various pacemaker ex-
periments. We will address the following overarching
questions:

1) What are the relative roles of external forcing
versus internally driven SST variability in the trop-
ical PaciÞc, tropical Indian, and tropical and North
Atlantic Ocean basins in recent decadal variations
of the SH summertime midlatitude circulation?

2) By what mechanism does the SH summertime eddy-
driven jet respond to tropical PaciÞc SST on decadal
time scales?

We focus on the austral summer season since that has
experienced the strongest observed latitudinal shift over
the satellite era (Swart et al. 2015; Lim et al. 2016b), for
which we have the most reliable data. Furthermore,
there has been much research undertaken regarding the
inßuence of external forcings on the SH atmospheric
circulation shift in this season, but very little work on the
impact of internal variability on decadal time scales. The
rest of this paper is organized as follows:Section 2 de-
scribes the data, the model simulations, and the meth-
odology employed in this study. Section 3 presents the
main results. The physical mechanisms at play are out-
lined in section 4, and a summary with discussion is given
in section 5.
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2. Data and methods

Our study is primarily conÞned to the DJF season
during the 1979Ð2013 period due to the availability of
both reliable observational data and output from the
CESM pacemaker simulations.

a. Reanalysis data

Zonal ( U) and meridional ( V) winds and mean sea
level pressure (MSLP) from January 1979 to February
2013 are taken from the European Centre for Medium-
Range Weather Forecasts interim reanalysis (ERA-
Interim; Dee et al. 2011). The observed monthly SST
over the global oceans between January 1870 and
December 2013 is taken from the Hadley Centre
HadISST1 dataset (Rayner et al. 2003).

b. The Community Earth System Model simulations

Climate variations are caused by both external radi-
ative forcing and internal variability. The latter arises
from the internal processes of each climate component
(atmosphere, ocean, land, cryosphere, etc.), as well as
their coupled interactions. To separate the internal
variability and the inßuence of the external forcing, Þve
sets of Community Earth System Model version 1.1
(CESM1.1) experiments are analyzed in this paper
(Table 1). The CESM1.1 is a coupled Earth system
model consisting of atmosphere, ocean, land, and sea
ice components with a nominal horizontal resolution of
18(Hurrell et al. 2013; Kay et al. 2015) and contributed
to phase 5 of the Coupled Model Intercomparison
Project (CMIP5).

The Þrst experiment comprises monthly data from a
preindustrial control run (length $ 1000 years) with a
constant forcing based on 1850 levels (Kay et al. 2015).
In the absence of changes in natural or anthropogenic
forcing, the ßuctuation range in the PI control describes
internally generated variability.

The second experiment is the CESM Large Ensemble
(LENS), which includes 40 individual members (Kay
et al. 2015). All ensemble members of the LENS follow
the same radiative forcing scenario (Taylor et al. 2012),
with historical forcing during 1920Ð2005, followed by the
high-emission forcing scenario of representative con-
centration pathway (RCP) 8.5 (Moss et al. 2010) from
2006 to 2080. Ensemble members of the CESM LENS
are generated with a small perturbation of the initial
atmospheric temperature Þelds. As a result of the cha-
otic nature of the climate system, the small initial per-
turbations evolve into a diverse member spread, which
reßects the internally generated variability of the cli-
mate system in the presence of external forcing. The
LENS 40-member ensemble mean yields an average
that removes internal variability and thus gives an esti-
mate of the inßuence of external forcing on the climate
system. It is noted that the LENS members have very
different tropical trends ( Chung et al. 2019); thus, to best
estimate the external forcing signal and to be comparable
with previous work using LENS ( Solomon and Polvani
2016; Holland et al. 2019; Zhang et al. 2019), we employed
40 members of the LENS throughout our study.

The remaining experiments use a pacemaker frame-
work ( Kosaka and Xie 2013; Schneider and Deser 2017;
Meehl et al. 2019a), wherein SST anomalies (SSTA) are
nudged to observed values within a speciÞc ocean re-
gion, while the rest of the model evolves freely. In all
pacemaker experiments (Table 1), the identical coupled
model and external forcing used in the LENS is em-
ployed, aside from ozone forcing, wherein the LENS
employs the Whole Atmosphere Community Climate
Model (WACCM; Marsh et al. 2013) ozone dataset, while
the pacemaker runs are forced with the StratosphereÐ
Troposphere Processes and their Role in Climate
(SPARC) stratospheric ozone data (Cionni et al. 2011).
In these pacemaker experiments, SSTA are nudged to

TABLE 1. Summary of the CESM1.1 simulations used in this research. All experiments begin in January 1920 and extend until the end of
December 2013, apart from the PI control run, where years 400Ð2100 are selected.

Experiments Time-evolving external forcing Time-evolving SSTs Members

Preindustrial control (PI control) 1850 conditions, years 400Ð2100 Ñ 1
Large Ensemble (LENS) Historical for 1920Ð2005,

RCP8.5 for 2006Ð13
Ñ 40

PaciÞc pacemaker As in LENS, except with
SPARC ozone forcing

Fully restored SSTA for 158SÐ158N, buffer
belts for 158Ð208S and 158Ð208N, 1808to
the American coast

10

Indian pacemaker As in LENS, except with
SPARC ozone forcing

Fully restored SSTA for 158SÐ158N, buffer
belts for 158Ð208S and 158Ð208N, from
the African coast to 1808

10

Atlantic pacemaker As in LENS, except with
SPARC ozone forcing

Fully restored SSTA for 58Ð558N, buffer
belts for 08Ð58N and 558Ð608N, the
Atlantic basin

10
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the NOAA Extended Recon struction Sea Surface
Temperature version 3b (Smith et al. 2008) observed
anomalies, with a climatological period of 1920Ð2005.
For example, in the CESM tropical PaciÞc Ocean
pacemaker run (Table 1), a fully restored observational
SSTA was applied over the region 158SÐ158N, 1808to the
American coast, with two buffer belts along 158Ð208S
and 158Ð208N. In these buffer zones, the fully nudged
SSTA (at 158S and 158N) are gradually damped to zero
(at 208S and 208N) via a sine function of the latitude
change (Schneider and Deser 2017). The rest of the
model is fully coupled and free to evolve, and able to
capture the response to both external forcing and the
observed SST changes in this speciÞed region. Following
the method of Schneider and Deser (2017)and Holland
et al. (2019), the ensemble mean of the PaciÞc pace-
maker combines the response to external forcing and the
response to observed tropical PaciÞc SSTs, and thus
removing the ensemble mean of the LENS gives an
estimate of the response of the global climate system to
observed time-varying internally driven PaciÞc SSTs.
Note that while the ozone forcing differs slightly be-
tween the LENS and the pacemaker experiments,
Schneider and Deser (2017)concluded that the ozone
forcing differences had statistically indistinguishable
impacts on the trends in the SH eddy-driven jet over
the satellite era. Given the LENS stratospheric ozone
forcing (WACCM) has stronger ozone depletion over
that period than the SPARC ozone forcing (Cionni
et al. 2011) used in the pacemaker experiments (Eyring
et al. 2013), if anything our methodology for subtracting
the externally forced signal would weaken the deter-
mined impact of tropical internally generated SSTAs.

A similar methodology is applied to isolate the trop-
ical Indian Ocean (158SÐ158N; African coast to 1808)
and tropical and North Atlantic SST (0 8Ð608N; Atlantic
basin) impact in the other pacemaker experiments
(Table 1). By subtracting the LENS ensemble mean
from the separate pacemaker ensemble means, we
obtained the climate response to the internal variabil-
ity originating from the tropical PaciÞc SST, tropical
Indian Ocean SST, and the northern and tropical
Atlantic SST, respectively. The sum of these four
components (i.e., LENS, plus the three pacemakers
with external forcing removed) reßects the estimated
response of the climate system to both external forcing
and the internally generated observed variability in the
three tropical basin SSTs. However, this linear sum-
mation does not take into account tropical basin in-
teractions (Cai et al. 2019) and may result in some
ÔÔdouble countingÕÕ of the inßuence of tropical SSTs on
the extratropical circulati on. Finally, note that daily U
and V winds are not available for the Indian and

Atlantic pacemaker experiments, which limits our ex-
ploration of physical mechanisms to the PaciÞc pace-
maker experiment and LENS only.

c. DeÞnitions

1) EDDY -DRIVEN JET

The eddy-driven jet is located in the midlatitudes and
maintained by an eddy momentum ßux convergence
(Vallis 2006). Different from the baroclinic thermal-
driven subtropical jet, the eddy-driven jet is equivalent
barotropic, and the transient eddyÐmean ßow interac-
tion is important for its development and variation
(Hendon et al. 2014). In this paper, the eddy-driven jet is
deÞned as the maximum zonal wind at 850 hPa.

2) COSPECTRA ANALYSIS OF TRANSIENT EDDY

MOMENTUM FLUX

Cospectra analysis of transient eddy momentum ßux
(u0y0) has been widely used to study the changes of
midlatitude eddy characteristics (generation, propaga-
tion, and dissipation) and their impact on the back-
ground zonal ßow (Randel and Held 1991; Chen and
Held 2007; Chen et al. 2008; Hendon et al. 2014).

Here we calculated the transient eddy momentum ßux
as a function of eddy phase speed and latitude following
Randel and Held (1991). SpeciÞcally 1) we obtained the
DJF (90 day) daily transient u0, y0 data from ERA-
Interim, CESM LENS, and PaciÞc pacemaker; 2) at
each latitude, we computed the cospectra (real part of
the complex cross power spectra) ofu0y0 by Fourier
transforming u0, y0 (longitude, time) to u0, y0 (wave-
number, frequency), with four passes of Gaussian
spectral smoothing [following Eq. (2) in Randel and
Held 1991] operating on the frequency dimension;
3) the wavenumberÐfrequency cospectra were trans-
ferred to wavenumberÐphase speed cospectra [follow-
ing Eqs. (3a) and (3b) in Randel and Held 1991]; and
4) we took the summation of zonal wavenumbers 1Ð10
for plotting the cospectra of u0y0 as a function of phase
speed and latitude. There is some sensitivity to the
choice of smoothing method and using monthly versus
seasonal length of data, which primarily impacts the
low-latitude regions but minimal impacts the midlati-
tudes where the eddy activity is vigorous.

3) SOUTHERN ANNULAR MODE

The southern annular mode (SAM) is the leading
mode of atmospheric variability in the SH extratropics,
characterized by a ÔÔsee-sawÕÕ-like behavior of mass
distribution between the mid and high latitudes. In this
study, the SAM index is deÞned as the normalized zonal-
mean sea level pressure (SLP) difference between 408
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and 658S, following Gong and Wang (1999). A positive
SAM phase means higher normalized pressure anoma-
lies over 408S than over 658S. This quasi-stationary
pattern can be considered as the eddy-driven circula-
tion ( Vallis 2006). The SAM phase is associated with the
latitudinal location of the eddy-driven jet as well as
variations in the jet intensity ( Swart and Fyfe 2012;
Swart et al. 2015).

4) INTERDECADAL PACIFIC OSCILLATION

The interdecadal PaciÞc oscillation (IPO) is a repre-
sentation of internal decadal climate variability in the
PaciÞc Ocean. There are several IPO deÞnitions, and
here we use the second principal component (PC2) of
the low-pass Þltered (13-yr cutoff) near-global SST as in
Meehl et al. (2016). A positive IPO phase reßects an
eastern PaciÞc Ocean warming ßanked by cooling in the

subtropical western PaciÞc. The negative IPO phase
sees SST anomalies of opposite sign to the positive
IPO phase.

3. Results

Figure 1 shows the observed SAM variation (Fig. 1a),
the leading principal component of the eddy-driven jet
(Fig. 1b) and the regression of westerly zonal wind
anomalies onto the PC1 time series (Fig. 1c). The peak
magnitude of the climatological jet is located in the
southern Atlantic and Indian Oceans with maximum
wind speeds of around 18 m s2 1 (see contours inFig. 1c).
The 11-yr running means (lines inFigs. 1a,b) suggest that
the SAM gradually trended from a negative to positive
phase during 1980Ð2000 and then plateaued afterward,
associated with a poleward shift of the eddy-driven jet

FIG . 1. (a) Marshall SAM time series (bars) for DJF from 1980Ð2013; the black line is the
11-yr running mean. (b) PC1 time series (bars) of 850 hPaU wind during 1980Ð2013 over 208Ð
908S; the black line is the 11-yr running mean. (c) Contours show the climatological midlat-
itude jet from 1980 to 2013 with an interval of 1 m s2 1; colors are the regression of the 850-hPa
zonal wind onto the PC1 in (b), with dashed areas signiÞcant at the 95% level based on a two-
sided StudentÕst test.
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(the dipole structure of anomalies centered on the cli-
matological jet axis in Fig. 1c). As noted above, external
forcing is believed to be the dominant driver of the
poleward shift in the austral summer eddy-driven jet over
the second half of the twentieth century, with ozone de-
pletion being the main contributor ( Karpechko et al.
2013). After 2000, Antarctic ozone depletion plateaued
(ChipperÞeld et al. 2017), whereas the IPO transitioned
from a positive to negative phase around 1999, as dis-
cussed in previous studies (e.g.,Meehl et al. 2016) and as
shown inFig. 2. How did the SH midlatitude atmospheric
circulation respond to these observed variations in forc-
ing and tropical SSTs?

a. Decadal difference between 1999Ð2013 and
1979Ð98

To address this question the observed period is di-
vided into two separate periods P1 (1979Ð98) and P2
(1999Ð2013) based on the IPO time series inFig. 2,
targeting a comparison between the inßuence of positive
and negative IPO phases, respectively. The signiÞcance
test of the decadal difference is based on a two-sample
t test for observation and model ensemble mean. During
the positive IPO period (P1), the SAM was primarily in
the negative phase, with an equatorward movement
(negative PC value in Fig. 1b) of the jet, whereas in the
negative IPO period (P2), the SAM was primarily in its
positive phase with a poleward displacement of the jet.
As discussed earlier, the decadal change of the SAM and
the eddy-driven jet cannot be simply inferred as a re-
sponse to IPO variations, because strong ozone and
GHG forcings were also present at this time, along with
other tropical ocean SST changes.

Figure 3 shows the decadal difference of sea surface
temperature between 1999Ð2013 and 1979Ð98 for DJF in
observations (Fig. 3a), under the inßuence of external
forcing (Fig. 3c) and from the pacemaker experiments
(Figs. 3dÐf). To distinguish the inßuence of external
radiative changes from the intrinsic variability due to
tropical ocean SSTA, the LENS ensemble mean is
subtracted from the CESM pacemaker experiments. In
accordance with the IPO time series in Fig. 2, the ob-
served SSTs display a typical negative IPO phase pat-
tern within the PaciÞc basin, with signiÞcant cooling
over the central and eastern tropical PaciÞc, and notable
warming over the subtropics. This pattern is only cap-
tured in PaciÞc pacemaker minus LENS (Fig. 3d), which
suggests the primary role of internal decadal variability
in the observed SST difference, supporting previous
work (e.g., England et al. 2014). Meanwhile the impact
of external forcing across these two periods warms up
the Earth surface almost globally (Fig. 3c). The decadal
SST difference due to internally driven tropical and

North Atlantic SST and tropical Indian Ocean SST are
shown in Figs. 3e and 3f, respectively. There is an ob-
served signiÞcant warming trend in the North Atlantic,
resulting largely from the external forcing and partly
from internal variations. However, there are less sig-
niÞcant values in the Indian and Atlantic Ocean pace-
maker experiments than in the tropical PaciÞc and from
external forcing.

The sum (Fig. 3b) of the external and internal factors
(Figs. 3cÐf) yields a similar pattern to the observations in
most locations except the SH high latitudes, showing
that our methodology using the CESM experiments is
generally able to separate the different inßuences and
reproduce the observations to a large degree. However,
there is too much warming over the Southern Ocean,
especially in the southern Atlantic basin and around
New Zealand. This could be related to the systematic
warm bias of coupled climate models in CMIP5 (Wang
et al. 2014), with Kay et al. (2016) identifying insufÞ-
cient cloud brightness and excessive absorbed short-
wave radiation (ASR) biases over the Southern Ocean
in CESM1. Second, the equatorial central PaciÞc SST in
Fig. 3b is not cooling enough compared with Fig. 3a,
suggesting that the model has problems reproducing the
strength of the PaciÞc trade wind acceleration across this
time period. This issue also seems to affect all coupled
models and has been touched upon in several past
studies, for example (England et al. 2014; McGregor
et al. 2014; Luo et al. 2018; McGregor et al. 2018).
Furthermore, the North Atlantic pacemaker warming
induces a positive IPO-like pattern in the PaciÞc basin
(Fig. 3e), which is opposite to the result obtained
by McGregor et al. (2018) and Meehl et al. (2019a).
While noting these caveats, the pacemaker experiments
remain a useful tool to test and understand the inßuence
of each basin in driving SH circulation changes.

FIG . 2. The smooth blue line is the IPO time series from 1920 to
2013 in DJF calculated as the second EOF of low-pass-Þltered (13-
yr cutoff) near-global HadISST. Pink bars indicate the positive IPO
phase and white bars show the negative phase. The green line is the
the 11-yr running mean for the PC1 time series of the 850-hPa zonal
wind for 1920Ð2013 using Twentieth Century Reanalysis (V2)
datasets.
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