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pathway and spatial scale of the observed SAA wave 
train are further explained by the Rossby wave ray tracing 
analysis in non-uniform basic flow. The SAA wave train 
forced by southwest South Atlantic warming is character-
ized by an anomalous anticyclone off the eastern coast of 
the Australia. Temperature diagnostic analyses based on 
the thermodynamic equation suggest anomalous northerly 
flows on western flank of this anticyclone can induce low-
level warm advection anomaly over SEA, which thus lead 
to the warming of surface air temperature there. Finally, 
SST-forced atmospheric general circulation model ensem-
ble experiments also demonstrate that SST forcing in the 
South Atlantic is associated with the SAA teleconnection 
wave train in austral summer, this wave train then modulate 
surface air temperature over SEA on decadal timescales. 
Hence, observations combined with numerical simulations 
consistently demonstrate the decadal-scale teleconnection 
between South Atlantic SST and summertime surface air 
temperature over SEA.

Keywords  South Atlantic decadal variability · South 
Atlantic–Australia wave train · Southeast Australia · 
Surface air temperature decadal variability

1  Introduction

Southeast Australia (SEA; south of 30°S and east of 
140°E), a highly populated area, is a major center of Aus-
tralia’s agriculture, industry and economy. As in many 
other places of the word, surface air temperature over SEA 
experienced significant warming during the twentieth cen-
tury (Stocker et  al. 2014). Accompanied by accelerated 
warming over SEA since the 1950s (Murphy and Timbal 
2008; Ashcroft et  al. 2012; Fierro and Leslie 2014), high 

Abstract  Austral summer (December–February) sur-
face air temperature over southeast Australia (SEA) is 
found to be remotely influenced by sea surface tempera-
ture (SST) in the South Atlantic at decadal time scales. 
In austral summer, warm SST anomalies in the southwest 
South Atlantic induce concurrent above-normal surface 
air temperature over SEA. This decadal-scale teleconnec-
tion occurs through the eastward propagating South Atlan-
tic–Australia (SAA) wave train triggered by SST anoma-
lies in the southwest South Atlantic. The excitation of the 
SAA wave train is verified by forcing experiments based on 
both linear barotropic and baroclinic models, propagation 
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temperature extremes are becoming more and more fre-
quent over SEA (Alexander et al. 2006; Perkins et al. 2012; 
Lewis and Karoly 2013; Morak et  al. 2013), posing an 
increasing threat to human health and property (Hansen 
et  al. 2008; Karoly 2009). The accelerated warming over 
SEA since the 1950s may be caused by a combination of 
large-scale anthropogenic warming and natural decadal 
variability at regional scale. As such, investigation of the 
drivers and processes responsible for surface air tempera-
ture decadal variability over SEA is very important.

Many previous studies have linked Australian climate 
to various large-scale remote climate drivers (Risbey et al. 
2009; Ummenhofer et al. 2011; Hunter and Binyamin 2012; 
Fierro and Leslie 2014), and most of these studies focused 
on rainfall variability. The El Niño–Southern Oscillation 
(ENSO) (Taschetto and England 2009; Cai et  al. 2011; 
Ummenhofer et  al. 2011), Indian Ocean Dipole (IOD) 
(Risbey et al. 2009; Cai et al. 2011), Southern Hemisphere 
annular mode (SAM) (Hendon et  al. 2007; Meneghini 
et al. 2007; Risbey et al. 2009; Feng et al. 2010a), sea sur-
face temperature (SST) in the Wharton Basin (Li et  al. 
2012a) and monsoon-like Southwest Australian circulation 
(SWAC) (Feng et  al. 2010b, 2015; Li et  al. 2011) are all 
reported to modulate Australian rainfall on interannual time 
scales. On decadal time scales, positive (negative) phases 
of the Interdecadal Pacific Oscillation (IPO) can induce 
reduced (increased) rainfall in eastern Australia (Verdon 
et  al. 2004; Dong and Dai 2015). Moreover, the North 
Atlantic Oscillation (NAO) was also shown to be able to 
influence subtropical eastern Australia rainfall through the 
delayed adjustment of the Atlantic meridional overturning 
circulation (AMOC) (Sun et al. 2015a).

As for Australian surface air temperature variability, the 
mean surface air temperature and maximum surface air 
temperature over Australia are shown to be connected to 
ENSO on interannual timescales. El Niño events are associ-
ated with increased surface air temperature, while La Niña 
events commonly induce decreased air temperature (Power 
et al. 1998, 1999; Jones and Trewin 2000; Fierro and Leslie 
2014). However, the air temperature–ENSO relationship is 
unstable, with a weak relation during IPO positive phases, 
but a stronger relation when the IPO cools the tropical 
Pacific Ocean (Power et al. 1999; Ashcroft et al. 2012). The 
out-of-phase variation between the SAM index and surface 
air temperature over SEA was also noted in some previ-
ous studies (Gillett et  al. 2006; Hendon et  al. 2007; Wat-
terson 2009). On decadal time scales, Dong and Dai (2015) 
documented a positive correlation between the IPO index 
and annual-mean surface air temperature over central and 
northern Australia, and this relationship is further found 
to be strongest in austral summer. However, the IPO can-
not explain the decadal change of surface air temperature 
over SEA, thus the possible climate drivers for surface air 

temperature decadal change over SEA remain unclear. Our 
preliminary analysis finds summertime surface air temper-
ature decadal variation over SEA has a close relationship 
with South Atlantic SST, which may therefore be a plausi-
ble driver.

The South Atlantic plays a unique role in global energy 
balance by transporting energy towards the equator as a 
part of global conveyor (Gordon 1986). The South Atlan-
tic decadal variability has received less attention compared 
with the well observed North Atlantic historically, however 
there has been an increasing effort of the climate research 
community to elucidate South Atlantic decadal variability 
and corresponding climate impacts in recent years (Sterl 
and Hazeleger 2003; Haarsma et  al. 2005; Lopez et  al. 
2016a, b; Nnamchi et  al. 2016). Based on the empirical 
orthogonal function (EOF) analysis of global SST anoma-
lies, several studies have identified a decadal-scale inter-
hemispheric SST dipole mode, which is mainly character-
ized by SST anomalies of opposing sign between the North 
and South Atlantic (Parker et  al. 2007; Dima and Lohm-
ann 2010; Sun et al. 2013). This decadal-scale dipole mode 
was shown to be associated with the fluctuation of AMOC 
(Vellinga and Wood 2002; Wang et  al. 2014; Sun et  al. 
2015b; Lopez et al. 2016b), and can be used to indicate the 
strength of the AMOC (Latif et al. 2006). Some other stud-
ies highlighted the role of local air–sea coupling confined 
to the South Atlantic in the decadal variability of the South 
Atlantic (Venegas et  al. 1997; Wainer and Venegas 2002; 
Nnamchi et  al. 2016). In addition, IPO forcing was also 
documented to be able to cause SST decadal change in the 
South Atlantic through the teleconnection wave train ema-
nating from tropical Pacific to the South Atlantic. Though 
various mechanisms have been proposed to explain the 
decadal variability of the South Atlantic in previous stud-
ies, few attention has been paid to explore the possible cli-
mate impacts of the South Atlantic on decadal timescales 
(Wainer and Soares 1997; Robertson et  al. 2003; Lopez 
et al. 2016b). Recent study found anomalous South Atlantic 
meridional heat transport can cause lagged SST anomalies 
in the South Atlantic due to convergence/divergence of heat 
on decadal timescales, these SST anomalies can then force 
anomalous Hadley circulation and modulate the strength of 
monsoon (Lopez et al. 2016b). Overall, our understanding 
of the decadal climate impacts of the South Atlantic is still 
very limited, further investigation into this topic is needed.

This study will focus on the decadal-scale teleconnec-
tion between South Atlantic SST and austral summer sur-
face air temperature over SEA, as well as the underlying 
mechanism for this teleconnection. The remainder of this 
paper is organized as follows. Datasets and methods used 
in this study are described in Sect.  2. Section 3 reveals a 
decadal-scale covariability between South Atlantic SST 
and summertime surface air temperature over Australia. 
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Section  4 provides possible physical explanations for this 
decadal-scale teleconnection. SST-forced atmospheric gen-
eral circulation model (AGCM) ensemble simulations are 
further utilized in Sect. 5 to verify the existence of the dec-
adal-scale teleconnection. Section  6 contains a summary 
and discussion.

2 � Datasets and methods

2.1 � Datasets

Gridded monthly mean land surface air temperature used in 
this study is UDEL dataset version 4.01, which is obtained 
from the University of Delaware spanning the period 
1900–2010 on a 0.5°  ×  0.5° grid (Legates and Willmott 
1990). The relatively high resolution of this dataset makes 
it particularly suitable for climate research at regional 
scale. Rainfall for the Australian continent is provided by 
the Bureau of Meteorology (BoM) on a 0.25° × 0.25° grid 
for the period 1900–2010 (Jones et al. 2009).

The gridded SST dataset is the monthly extended recon-
structed sea surface temperature version 4 (ERSSTv4), 
which adopts new bias adjustments, quality control proce-
dures and analysis methods compared to the older version 
3b (Huang et al. 2015). It covers the period from 1854 to 
the present on a 2°  ×  2° latitude–longitude grid. In addi-
tion, HadISST version 2.1 (obtained as the 10-member 
ensemble mean from European Center for Medium-Range 
Weather Forecasts (ECMWF) atmospheric model integra-
tions (ERA-20CM)) is also used to examine the reliability 
of the results (Rayner et al. 2013, in preparation; Hersbach 
et  al. 2015). Atmospheric reanalysis data including wind, 
geopotential height and air temperature are taken from the 
ECMWF atmospheric reanalysis of the twentieth century 
(ERA-20C) (Poli et al. 2016). This reanalysis dataset cov-
ers a period of 1900–2010 with horizontal resolution of 
approximately 125 km and vertical coverage from 1000 to 
1 hPa. The ERA-20C reanalysis is produced using the Inte-
grated Forecasting System (IFS) model in a 4-D Var sys-
tem to assimilate surface pressure as well as ocean surface 
wind with sea-ice and SST from HadISST2.1 as boundary 
forcing.

Atmosphere-only model simulations used in this study 
are derived from the ERA-20CM dataset, which is an 

Atmospheric Model Intercomparison Project (AMIP)-style 
experiment including an ensemble of 10 IFS atmospheric 
simulations integrated by the ECMWF, covering the period 
1899–2010 (Hersbach et al. 2015). The IFS model adopts 
T159 spectral resolution in the horizontal and includes 91 
vertical levels. The ten simulations are generated using ten 
realizations of slightly different boundary HadISST2.1 and 
sea-ice cover to overcome uncertainties in observational 
sources. All ten ensemble members use exactly the same 
radiative forcing suggested by the fifth phase of the Cou-
pled Model Intercomparison Project (CMIP5). The results 
derived from ERA-20CM will be referred to as the AMIP-
style ensemble in the remainder of this paper.

Due to relatively large uncertainties in surface observa-
tions before 1900, all the analyses in the present study are 
restricted to the period 1900–2010. Because our particular 
interest is in the climate impacts of the South Atlantic on 
decadal time scales, all the variables are linearly detrended 
first, and then processed with an 11-year running mean to 
highlight decadal signals. Summer in this study refers to 
the austral season and is defined as December, January and 
February (DJF). Anomalies are obtained with respect to the 
1900–2000 climatology.

2.2 � Statistical methods

The tests of statistical significance for linear correlation 
and regression between two auto-correlated time series 
are based on Student’s t test using an effective number 
of degrees of freedom Neff  derived from the following 
approximation:

where N represents the sample size, and �XX(j) and �YY (j) 
denote the autocorrelations of time series X and Y  at time 
lag j, respectively (Li et al. 2012b, 2013).

2.3 � Wave activity flux

A phase-independent wave activity flux formulated by 
Takaya and Nakamura (2001) is used to diagnose the prop-
agation of stationary Rossby wave. The horizoantal compo-
nent of the wave activity flux can be expressed as follows:
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where � ′ is perturbation geostrophic streamfunction, 
U = (u, v) denotes horizontal basic flow, p is pressure nor-
malized by 1000 hPa.

2.4 � Theoretical models

The linear barotropic model in a steady state can be 
expressed in the form of the vorticity equation:

where J denotes a Jacobian operator, 𝜓̄ and � ′ stand for 
basic state and perturbation streamfunctions, f  represents 
the Coriolis parameter and S′ is the anomalous vorticity 
forcing associated with divergent wind. The biharmonic 
diffusion coefficient v is set to a damping time scale of l day 
for the smallest wave while the Rayleigh friction coefficient 
� has a damping time scale of 10 days. The model is solved 
using a spherical harmonic expansion with T42 truncation 
(Watanabe 2004).

The linear baroclinic model (LBM) employed in this 
study is constructed by linearizing the primitive equa-
tions about a 3D climatological basic state. This model 
has a T42 horizontal spectral resolution and 20 vertical 
levels on a sigma coordinate with vorticity, divergence, 
temperature and the logarithm of surface pressure as 
model variables. Details of the model formulation can 
be found in Watanabe and Kimoto (2000). Horizontal 
and vertical diffusion, Newtonian damping and Rayleigh 
friction are all included in the model. The biharmonic 
horizontal diffusion is set with a damping time scale of 

(3)J(𝜓̄ ,∇2𝜓 �) + J(𝜓 �
,∇2𝜓̄ + f ) + 𝜈∇6𝜓 � + 𝛼∇2𝜓 � = S�,

1 day for the smallest wave. Weak vertical diffusion with 
a damping time scale of 1000  days is adopted to sup-
press vertical computational noise. Newtonian damping 
and Rayleigh friction represented as linear drag have a 
time scale of 0.2  days in the lower boundary layer and 
30  days at mid-levels. With the above dissipation set-
tings, the model takes about 25 days to achieve a steady 
state. As such, the average for days 31–35 is presented as 
the steady response.

2.5 � Thermodynamic equation

The thermodynamic equation is used for diagnostic analy-
sis of the air temperature over SEA, and is briefly intro-
duced as follows:

where T  is temperature, u and v represent zonal and meridi-
onal wind respectively, and � is the vertical velocity in 
pressure coordinates. Sp is the static stability parameter 
specified as Sp =

RT

cpp
−

�T

�p
, where R is the gas constant for 

dry air and cp is the specific heat at constant pressure. Here 
also J is the rate of heating per unit mass due to diabatic 
processes. The terms on the right-hand side of the thermo-
dynamic equation, from left to right, characterize zonal 
advection, meridional advection, adiabatic heating and dia-
batic heating.
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Fig. 1   The standard deviation 
(shading) of December–Febru-
ary (DJF) 11-year running mean 
sea surface temperature (SST) 
anomalies during the period 
1900–2010. a ERSSTv4, b 
HadISST2.1 (units: °C)

(a) (b)
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3 � Decadal‑scale covariability between South 
Atlantic SST and surface air temperature 
over Australia in austral summer

Figure 1a shows the standard deviation of DJF 11-year run-
ning mean SST anomalies based on dataset ERSSTv4 to 
measure the strength of Atlantic decadal variability, there 
are several areas stand out as having noticeable SST vari-
ability at decadal time scales. The most prominent area in 
this map is the North Atlantic, which manifests the SST 
variability connected to the Atlantic Multidecadal Variabil-
ity (AMV). In addition to the North Atlantic, the standard 
deviation map also indicates remarkable SST decadal vari-
ability in southwest South Atlantic, primarily confined to 
the domain 25°–50°S, 50°–10°W, where the magnitude of 
decadal SST variability is comparable to that in the North 
Atlantic. The standard deviation map calculated from 
another dataset HadISST2.1 (Fig.  1b) exhibits almost the 
same pattern as that in Fig. 1a, also with a notable center in 
the southwest South Atlantic. Two independent sets of SST 
data consistently indicate prominent decadal change in the 
southwest South Atlantic, thus similar to the North Atlan-
tic, the strong decadal variability in South Atlantic may 
also have widespread climate impacts.

Singular value decomposition (SVD) is an effective tool 
for identifying the coupled variability between two fields. 
To reveal the spatial pattern of the decadal-scale coupled 
relationship between South Atlantic SST and austral sum-
mer surface air temperature over Australia, SVD analysis is 
applied to the cross-covariance matrix between DJF South 
Atlantic SST anomalies (60°S–10°N, 70°W–20°E) and 
concurrent Australian surface air temperature anomalies 
over decadal time scales. Figure 2a, b presents the spatial 
pattern of the first SVD mode (SVD1) in the form of heter-
ogeneous correlation fields, this mode accounts for 45% of 
the total squared covariance. The expansion coefficients of 
South Atlantic SST (SST_SVD1) and surface air tempera-
ture over Australia (TS_SVD1) for SVD1 are depicted in 
Fig. 2c, the correlation between the two time series is 0.76, 
significant at the 95% confidence level. The SVD1 pat-
tern of South Atlantic SST is characterized by a vast area 
of significant positive correlation in the southwest South 
Atlantic, shown by the blue box in Fig.  2a (25°–50°S, 
50°–10°W). For the SVD1 pattern of surface air tempera-
ture over Australia, prominent positive correlations cover 
the southeastern corner of the Australian continent marked 
by blue lines in Fig. 2b (south of 30°S and east of 140°E). 
The SVD1 implies that, in terms of decadal variability, 

Fig. 2   Heterogeneous correla-
tion maps (shading) of a DJF 
SST in South Atlantic and b 
simultaneous surface air tem-
perature over Australia for the 
first SVD mode (SVD1) at the 
decadal scale during the period 
1900–2010. c Normalized 
expansion coefficients of the 
SVD1 for DJF South Atlantic 
SST (SST_SVD1, blue line) 
and DJF surface air temperature 
over Australia (TS_SVD1, red 
line). The stippled areas in a, 
b indicate significant correla-
tions above the 95% confidence 
level (Student’s t test). The area 
enclosed by the blue box in a 
covers the domain 25°–50°S, 
50°–10°W, which is used to 
construct the South Atlan-
tic multi-decadal variability 
(SAMV) index. While the 
region in southeastern corner of 
the Australia marked by the blue 
lines in b is confined to south 
of 30°S and east of 140°E, 
which is employed to define the 
southeast Australia temperature 
(SEAT) index

(a) (b)

(c)
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when SST is above normal in the southwest South Atlantic, 
SEA tends to experience a warmer climate during the aus-
tral summer season.

Based on the key areas identified in SVD analysis, we 
constructed the South Atlantic multidecadal variability 
(SAMV) index, which is defined as the domain-averaged 
DJF SST anomalies over the region 25°–50°S, 50°–10°W 
in the South Atlantic (blue box in Fig.  2a). Latif et  al. 
(2006) used a box in southwest South Atlantic (40°–60°S, 
50°W–0°) to measure the multidecadal variability of the 
South Atlantic. However, standard deviation of SST shown 
in Fig.  1 displays the strongest decadal change over the 
region (25°–50°S, 50°–10°W), which is a little bit north 
to the box used in Latif et al. (2006). Thus, to better char-
acterize the decadal change in South Atlantic, we define 
the SAMV index over the region (25°–50°S, 50°–10°W) in 
southwest South Atlantic, similar to the location of south-
west pole of the interannual South Atlantic Ocean dipole 
(SAOD) (Morioka et  al. 2011; Nnamchi et  al. 2011). 
Because the SAMV indices defined based on datasets 

ERSSTv4 and HadISST2.1 are highly correlated (r = 0.92, 
significant at the 99% confidence level), so we will only 
show the results based on dataset ERSSTv4 in the remain-
der of this paper unless otherwise stated. Meanwhile, 
DJF surface air temperature averaged over the southeast-
ern corner of the Australian continent (indicated by blue 
lines in Fig.  2b) is referred to as the southeast Australia 
temperature (SEAT) index. These two indices are both 
low-pass filtered with 11-year running mean to separate 
the signal on decadal time scales. Time series of the nor-
malized SAMV index (red line) and SEAT index (purple 
line) are both shown in Fig. 3a, two indices exhibit promi-
nent in-phase variation at decadal time scales, the correla-
tion between the two indices reaches 0.7, which is above 
the 95% confidence level. Lopez et  al. (2016a) found the 
IPO-related Pacific SST anomalies can cause the dec-
adal change of South Atlantic SST through the telecon-
nection wave train emanating from tropical Pacific to the 
South Atlantic, meanwhile the IPO was also documented 
to be related to Australian surface air temperature (Dong 

Fig. 3   a Normalized time 
series of the SAMV index (red 
line) and SEAT index (purple 
line) for the period 1900–2010. 
b Correlation map (shading) 
between the SEAT index and 
DJF SST in South Atlantic 
over the decadal scale during 
1900–2010. c The same as in 
b, except for the SAMV index 
and DJF surface air temperature 
over Australia. In b, c, black 
dots indicate significant correla-
tions above the 95% confidence 
level (Student’s t test)

(a)

(b) (c)
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and Dai 2015). To investigate whether the decadal-scale 
covariability between South Atlantic SST and summertime 
surface air temperature over SEA is independent of IPO, 
we further calculate the correlation between SAMV index 
and SEAT index with the IPO signal linearly removed. 
After removing IPO, the correlation coefficient reaches 
0.6, which is still significant at the 95% confidence level, 
this means the decadal-scale covariability is independent 
of IPO.

Cross-correlation analyses are further conducted to 
ascertain the covariability between southwest South Atlan-
tic SST and summertime surface air temperature over 
SEA. Figure  3b gives the correlation map between the 
SEAT index and DJF SST anomalies in the South Atlan-
tic at decadal time scales, this pattern projects strongly 
onto Fig.  2a with significant positive correlation in the 
southwest South Atlantic. In addition, the correlation 
field between the SAMV index and DJF surface air tem-
perature over Australia shown in Fig. 3c also agrees well 
with Fig.  2b, both with significant positive correlation 
over SEA. By comparing Fig.  3b, c with Fig.  2a, b, it is 
found that the decadal-scale coupled mode between South 
Atlantic SST and surface air temperature over SEA identi-
fied by SVD analysis can be closely reproduced by sim-
ple cross-correlations with defined indices, which further 
demonstrates this decadal-scale covariability is dominant 
and robust.

4 � Possible mechanism for the decadal‑scale 
teleconnection

4.1 � Teleconnection wave train bridging the South 
Atlantic and SEA

Based on the statistical analyses, we have revealed dec-
adal-scale covariability between South Atlantic SST and 
surface air temperature over SEA in austral summer. The 
question then is how the relation between the two places 
so far apart is established, given the decadal-scale covari-
ability between South Atlantic SST and surface air temper-
ature over SEA is simultaneous, relatively fast atmospheric 
processes is most likely to act as a bridge for this telecon-
nection. To explore the possible roles of large-scale atmos-
pheric circulation in the SAMV–SEAT decadal-scale tel-
econnection, regression fields of DJF low-level (700  hPa) 
geopotential height with respect to both normalized SAMV 
and SEAT indices over decadal time scales are shown in 
Fig. 4. It is found that regressed geopotential height fields 
in Fig.  4a, b display rather similar wave-like teleconnec-
tion patterns, both with five alternating positive and nega-
tive centers emanating from the mid-latitude South Atlan-
tic to the vicinity of the dateline. The strong resemblance 
between these two patterns suggests atmospheric circula-
tion anomalies associated with this wave-like teleconnec-
tion pattern may act as a bridge to connect South Atlantic 

Fig. 4   Regression maps (shad-
ing) of DJF low-level (700 hPa) 
geopotential height anomalies 
against the normalized a SAMV 
index and b SEAT index on the 
decadal scale during 1900–2010 
(units: gpm, shading with 
intervals of 2 gpm). The stip-
pled areas indicate significant 
regressions above the 95% con-
fidence level (Student’s t test)

(a)

(b)
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SST anomalies and downstream climate variability in 
Australia.

Previous studies have pointed out that SST anomalies 
in the North Atlantic can exert remote influences on cli-
mate in downstream areas through the eastward propagat-
ing Rossby wave train emanating from the North Atlantic 
(Li and Bates 2007; Wu et al. 2009; Cui et al. 2015; Sun 
et  al. 2015c, 2016; Zhou and Wu 2016). It is hypothe-
sized here that SST anomalies in southwest South Atlan-
tic can also excite a decadal-scale teleconnection wave 
train similar to that presented in Fig.  4 in the Southern 
Hemisphere. To reveal the underling dynamics associ-
ated with the teleconnection pattern shown in Fig. 4, the 
3D structure and propagation feature of this pattern will 
be further explored. First, regression maps of DJF geo-
potential height anomalies against the normalized SAMV 
index over decadal time scales in the upper (300  hPa) 
and middle (500  hPa) troposphere are shown in Fig.  5. 
The regression field in the upper troposphere features a 
zonal wavenumber-4 structure stretching from the south-
west South Atlantic to Australia, which has the strong-
est geopotential height anomalies over the South Atlan-
tic (Fig.  5a). This decadal-scale teleconnection pattern 
contains three positive centers located over the southwest 
South Atlantic, West Indian Ocean near 60°E and off the 
eastern coast of Australia, accompanied by two nega-
tive centers located over the southern tip of Africa and 

off the southern coast of Australia near 120°E. We can 
see from Fig. 5b the teleconnection pattern in the middle 
troposphere has the same phase as that in the upper trop-
osphere, which indicates this teleconnection pattern has 
an equivalent barotropic structure in the troposphere. For 
convenience, this decadal-scale barotropic teleconnection 
pattern will be referred to as the South Atlantic–Australia 
(SAA) teleconnection pattern. The wave activity flux is 
parallel to the group velocity of the stationary wave, and 
can be used to indicate the propagation of atmospheric 
energy. We analyzed horizontal wave activity flux accom-
panying the 300 hPa SAA teleconnection pattern follow-
ing the definition of Takaya and Nakamura (2001) (blue 
arrows in Fig. 5a). Wave energy is observed to originate 
mainly above the southwest South Atlantic and then 
propagate eastward along the SAA teleconnection pat-
tern, eventually reaching Australia, the accumulation of 
wave activity flux off the eastern coast of Australia thus 
forms the observed positive geopotential height anoma-
lies near Australia.

The propagation feature of the SAA teleconnection pat-
tern imply that it may be generated by eastward propaga-
tion of the stationary Rossby waves stemming from the 
South Atlantic. Previous studies have indicated that diver-
gent wind anomalies caused by ascending motion can gen-
erate a steady Rossby wave response through the westerly 
jet stream waveguide (Sardeshmukh and Hoskins 1988; 

Fig. 5   The same as in Fig. 4a, 
except for a 300 hPa, b 500 hPa. 
Superimposed blue arrows 
in a indicate the horizontal 
component of a wave activ-
ity flux defined by Takaya and 
Nakamura (2001) for station-
ary wave train pattern with 
scaling at the lower right corner 
(units: m2 s−2, omitted below 
0.02 m2 s−2)

(a)

(b)
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Watanabe 2004; Sun et  al. 2016). The anomalous warm-
ing or cooling in the southwest South Atlantic may produce 
positive or negative Rossby wave sources (RWS) in the 
upper troposphere by anomalous ascending or descending 
motion, which can trigger the SAA wave train response in 
downstream areas. To confirm this, we calculated the DJF 
300 hPa RWS following Sardeshmukh and Hoskins (1988), 
the RWS comprises contributions from both advection of 
absolute vorticity by divergent winds and vortex stretch-
ing associated with the divergent winds. As we expected, 
the regression map of RWS against the normalized SAMV 
index on decadal time scales shows positive RWS anoma-
lies over southwest South Atlantic during positive SAMV 
phases (Fig.  6a). The formation of the anomalous RWS 
during positive SAMV phases can then be explained as 

follows, anomalously warm SST in the southwest South 
Atlantic tends to cause anomalous ascending motion and 
corresponding upper level divergence anomalies and then 
the positive RWS is produced in response to the anomalous 
divergent winds. The climatological-mean austral summer 
zonal winds at 300 hPa are also shown in Fig. 6a as con-
tours, the anomalous RWS is observed to be located just 
north of the entrance of westerly jet stream, such colloca-
tion of the anomalous RWS and basic westerly flow can 
deliver the wave energy eastward with the jet stream as 
waveguide. To describe the waveguide created by the mid-
latitude westerly jet, Fig.  6b gives the total wavenumber 
of the stationary Rossby waves based on the DJF 300 hPa 
climatological zonal flow. As shown in Fig. 6b, the calcu-
lated stationary wavenumber varies from 3 to 5 between 30 

Fig. 6   a Regression pattern 
(shading) of DJF 300-hPa 
Rossby wave source (RWS) 
against the normalized SAMV 
index on the decadal scale 
during period 1900–2010 (units: 
s−2, shading with intervals of 
2 × 10−12 s−2), and DJF 300-hPa 
climatological-mean zonal 
winds (units: m s−1, contours 
with intervals of 4 m s−1). b 
Total wavenumber KS for 
stationary Rossby wave based 
on DJF climatological-mean 
300-hPa zonal winds. The KS is 
derived from 

√
(� − Uyy)∕U

following Hoskins and 
Ambrizzi (1993), where U and � 
are, respectively, the zonal 
winds and meridional gradient 
of planetary vorticity. The white 
areas in b denote regions with 
imaginary wavenumbers

(a)

(b)

Fig. 7   Linear barotropic model 
responses (shading) of 300-hPa 
geopotential height (units: gpm, 
shading intervals are 1 gpm) 
to idealized vorticity forcing 
over southwest South Atlantic 
with center at 37.5°S, 35°W, 
which is in accordance with 
the calculated RWS shown in 
Fig. 6a. The geopotential height 
anomalies were obtained by 
multiplying the streamfunction 
by the Coriolis parameter
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and 60°S, which is in agreement with the observed zonal 
wavenumber-4 structure of the SAA teleconnection pattern. 
Therefore, the mechanism for the observed SAA telecon-
nection pattern may be attributed to the stationary Rossby 
wave train response to the anomalous RWS caused by 
SAMV.

To check whether the anomalous RWS forcing over the 
South Atlantic can induce the observed SAA teleconnec-
tion pattern, an idealized RWS over the South Atlantic 
similar to that shown in Fig.  6a is used to force a linear 
barotropic model with climatological DJF 300 hPa stream 
function as background field. The steady response of the 
geopotential height field to this anomalous RWS is depicted 
in Fig.  7, which features a clear wave train pattern origi-
nating from the South Atlantic to Australia with alternate 
positive and negative centers. This five-center wave train 
response comprises three positive centers and two negative 
centers in between, broadly consistent with the distribution 
of the SAA teleconnection pattern, signifying that Rossby 
wave dynamics captures the essential mechanism responsi-
ble for the SAA teleconnection pattern.

Wave rays are trajectories that are locally tangential to 
the group velocity of the wave, and can be obtained by time 
integration along the wave path. Since the pioneering work 

by Hoskins and Karoly (1981), Rossby wave ray tracing has 
become an effective technique for tracing the propagation 
pathway of wave energy and obtaining the spatial pattern 
of the wave train. Wave rays of stationary Rossby waves in 
non-uniform basic flow are also calculated to characterize 
the pathway of the SAMV’s downstream impact following 
the method described by Li et  al. (2015) and Zhao et  al. 
(2015). Figure 8a, b depicts wave rays originating from the 
source region over the southwest South Atlantic with the 
climatological DJF 300  hPa winds as basic flow, the ini-
tial wavenumbers for the wave rays are chosen to be 2–3. 
For the case of initial wavenumber 2, Fig. 8a demonstrates 
two apparently distinct branches of wave rays are excited 
from the source region over the South Atlantic: one branch 
propagates poleward while the other takes an equatorward 
track. Both branches of wave rays are characterized by clear 
eastward propagation from the southwest South Atlantic to 
Australia. The wave branch that propagates poleward passes 
through the centers of the observed SAA wave train under 
the waveguiding effect of westerly jet stream. In addition, 
the zonal wavelength of the poleward branch decreases as 
the wave propagates eastward and is dominated by zonal 
wavenumbers 3–5 for most ray pathways, which is in agree-
ment with the spatial scale of the observed SAA wave train. 

Fig. 8   Stationary Rossby wave 
trajectories (curves) and the 
evolution of zonal wavenumber 
(color) along the wave pathways 
with initial zonal wavenumber 
of a k = 2 and b k = 3. Blue 
crosses in a, b denote source 
regions in southwest South 
Atlantic according to the RWS 
analyses shown in Fig. 6a. The 
climatological DJF 300-hPa 
basic flow (gray vectors) is 
employed as the background 
field for the Rossby wave. 
Scaling (m s−1) for basic flow 
in indicated at the lower right 
corner

(a)

(b)
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For the wavenumber-3 scenario in Fig. 8b, most wave rays 
are trapped over the southern tip of the African continent, 
and only a few of them can extend eastward to the Aus-
tralia. Therefore, the wavenumber-2 scenario dominates the 
eastward transport of wave energy from the source region 
over the South Atlantic to Australia. These results of the 
wave ray tracing analysis help to further explain the path-
way and spatial scale of the observed SAA wave train.

After elucidating the excitation of the SAA wave train 
in barotropic model, we further employed an intermedi-
ate complexity LBM to investigate the response of atmos-
phere to diabatic heating associated with the SAMV-
related SST warming, the model is linearized about the 
3D climatological basic state in austral summer. An ide-
alized diabatic heating pattern is determined with refer-
ence to the SVD1 pattern of SST shown in Fig. 2a. The 
heating is located at the southwest South Atlantic with 
center at the point 40°S, 30°W. It has an elliptical cosine-
squared horizontal distribution in latitude and longitude 

and a gamma profile in the vertical direction, with peak 
value at the boundary layer and decreasing with height. 
Figure  9a depicts the horizontal distribution of the dia-
batic heating at the 0.95 sigma level, which has maxi-
mum heating rate of approximately 3  K/day. The verti-
cal profile of heating rate at the center point 40°S, 30°W 
is presented in Fig.  9b, this idealized gamma vertical 
profile is suitable for mimicking the thermal forcing of 
mid-latitude SST anomalies and has been widely uti-
lized in previous studies (Peng and Whitaker 1999; Wu 
et  al. 2009; Cui et  al. 2015). The 300-hPa atmospheric 
response to this idealized diabatic heating in LBM is dis-
played as geopotential height anomalies in Fig.  9c, the 
results indicate SST warming in southwest South Atlan-
tic can induce a teleconnection wave train stemming 
from the South Atlantic, this wave train propagate east-
ward from the South Atlantic to Australia along the west-
erly jet. The simulated wave train projects well onto the 
observed SAA wave train with three positive geopoten-
tial height anomalies over the South Atlantic, west Indian 
Ocean, and off the eastern coast of Australia near 160°E, 

Fig. 9   a Horizontal distribution 
of the idealized diabatic heating 
at the sigma level of 0.95 used 
in the linear baroclinic model 
(LBM) experiment (units: K/
day, contour intervals are 0.5 K/
day). b Vertical profile of heat 
source (units: K/day) at the 
center point 40°S, 30°W. c 
Response of 300-hPa geopoten-
tial height to the specified dia-
batic heating forcing centered at 
40°S, 30°W in the LBM (units: 
gpm, contour intervals are 2 
gpm)

(a) (b)

(c)
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and two negative centers located over the southern tip of 
Africa and off the southern coast of Australia at longi-
tude 110°E. We can see the geopotential height anoma-
lies near the Australia in LBM is farther to the south 
compared with the observation, however this bias does 
not appear in the AGCM experiments, which will be dis-
cussed in Sect.  5. Different from AGCM, complex non-
linear interactions cannot be described by LBM, which 
may be the cause of this southward shift of geopotential 
height anomalies near Australia.

The above forcing experiments with SAMV-related 
vorticity forcing in barotropic model and diabatic heating 
forcing in LBM consistently demonstrate the fundamen-
tal roles of the southwest South Atlantic SST anomalies 
in the generation of the observed decadal-scale SAA tel-
econnection wave train.

4.2 � Temperature diagnostic analysis over Australia 
based on the thermodynamic equation

We have revealed the Rossby wave dynamics of the dec-
adal-scale SAA teleconnection pattern, which plays an 

important role in transmitting the influence of South Atlan-
tic SST onto the downstream areas. During positive SAMV 
phases, the SAA wave train exhibits a significant baro-
tropic ridge off the eastern coast of the Australia, allow-
ing the SAMV to exert a remote influence on surface air 
temperature over SEA through the anomalous anticyclone. 
According to the thermodynamic equation, surface air tem-
perature variability is regulated by several factors, includ-
ing sustained atmospheric circulation anomalies, precipita-
tion and radiation anomalies as well as anomalous vertical 
motion of the atmosphere. In order to clarify the dominant 
thermodynamic processes through which the anticyclone 
modulates surface air temperature over Australia, diag-
nostic analyses based on the atmospheric thermodynamic 
equation is provided as follows.

Figure 10a, b present the composite difference maps of 
low-level (1000–850 hPa averaged) winds between oppos-
ing SAMV phases, which are characterized by an anoma-
lous anticyclone located off the eastern coast of the Aus-
tralian continent. Under the impact of this anomalous 
anticyclone, the northern part of the eastern Australia 
is subject to anomalous northeasterly winds, while the 

(a) (b)

(c) (d)

Fig. 10   Composite difference maps of DJF a low-level (vertical aver-
age from 1000 to 850  hPa) zonal advection (shading, units: K  s−1) 
and winds (vectors, units: m  s−1), b low-level meridional advection 
(shading, units: K s−1) and winds (vectors, units: m s−1), c 500-hPa 
adiabatic heating (shading, units: K  s−1) and winds (vectors, units: 
m  s−1), d precipitation (shading, units: mm/month) between high 
SAMV index years and low SAMV index years during period 1900–

2010. The high (low) SAMV index years are identified if the SAMV 
index is greater (less) than one positive (negative) standard deviation 
of the index. The stippled shadings indicate significant areas above 
the 95% confidence level (Student’s t test). Vectors significant at the 
95% confidence level are colored in green. Scaling for winds is indi-
cated at upper right corner
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southern region of eastern Australia is influenced by north-
westerly wind anomalies. To quantify the relative contribu-
tion of each thermodynamic process associated with this 
anticyclone to the warming of surface air temperature over 
SEA during positive SAMV phases, composite analyses of 
terms on right-hand side of the thermodynamic equation 
between high SAMV index years and low SAMV index 
years are thus presented in Fig. 10. The composite differ-
ence of low-level zonal advection shown in Fig.  10a pre-
sents anomalous cold advection off the southern coast of 
the Australia, thus the zonal advection cannot explain the 
increased surface air temperature over SEA. For the com-
posite difference map of low-level meridional advection 
term, significant warm advection anomaly is observed to 
be over SEA, which can be used to explain the increased 
surface air temperature over SEA during positive SAMV 
phases. These anomalous warm advection is associated 
with northwesterly winds prevailing over SEA, which can 
bring warmer air from the tropics to SEA. The third term 
on right hand side of the thermodynamic equation repre-
sents adiabatic compression or expansion associated with 
the vertical motion of the atmosphere. Composite dif-
ference map of the adiabatic heating term at 500  hPa is 
depicted in Fig. 10c, prominent adiabatic warming anomaly 
appears over areas covered by the anomalous anticyclone, 
this is because anticyclone is commonly accompanied with 
downward motion of air. The diabatic process can also play 
an important role in controlling surface air temperature. For 
example, precipitation anomalies can strongly modulate air 
temperature by modifying cloud cover and surface evapora-
tion, the relationship between rainfall and air temperature 
over Australia has been noted in previous studies (Hendon 
et al. 2007; Power et al. 1998). Due to the lack of long-term 
reliable diabatic heating data, and in view of the important 
role of precipitation in diabatic processes, composite differ-
ence of rainfall is employed to provide clues to difference 
in diabatic processes between opposing SAMV phases. 
We can see from Fig.  10d that composite difference map 
for summertime rainfall only shows small positive rain-
fall anomaly in north-central Australia, and no significant 
rainfall difference between contrasting SAMV phases is 
observed in SEA.

Based on the above diagnostic analyses, we found the 
warming of surface air temperature over SEA during posi-
tive SAMV phases is mainly caused by the anomalous 
meridional warm advection anomalies associated with 
the anomalous anticyclone near Australia. Therefore, the 
full physical image for the decadal-scale teleconnection 
between South Atlantic SST and summertime surface air 
temperature over SEA can be summarized as follows. Posi-
tive SST anomalies in southwest South Atlantic can trigger 
the SAA teleconnection wave train, this wave train is char-
acterized by an anomalous anticyclone over Australia, this 

anticyclone can advect warm air from the tropics to SEA, 
and thus lead to the warming of surface air temperature 
there.

5 � Decadal‑scale teleconnection in SST‑forced 
AGCM simulations

In preceding section, we have elucidated the Rossby wave 
dynamics for the generation of the decadal-scale SAA 
teleconnection pattern with simplified linear models and 
revealed the thermodynamics of how the SAA wave train 
can impact surface air temperature over SEA based on 
temperature diagnostics. To confirm the teleconnection 
mechanism, we still need to examine the decadal-scale tel-
econnection between South Atlantic SST and summertime 
surface air temperature over SEA in more comprehensive 
AGCM experiments, which can include both the above 
dynamic and thermodynamic processes. Thus, a set of 
AMIP-style ensemble experiments carried out on the IFS 
AGCM with specified SST and sea–ice from HadISST2.1 
is employed here to verify the decadal-scale teleconnection. 
Unlike individual model simulation that contains internal 
variability of the atmosphere, ensemble mean of a set of 
AGCM runs can be utilized to eliminate internal variability 
and highlight the SST-forced response of the atmosphere.

So the existence of the decadal-scale teleconnection as 
well as the decadal-scale SAA teleconnection wave train 
will be examined in the ten-member ensemble mean of the 
AMIP-style experiments. For consistency with the design 
of the AGCM experiments, the summertime SAMV index 
here will be based on dataset HadISST2.1, while the SEAT 
index is defined using DJF surface air temperature in the 
AMIP-style ensemble. The correlation map between the 
SEAT index and DJF South Atlantic SST anomalies at 
decadal time scales in Fig.  11a features significant posi-
tive correlations in the southwest South Atlantic. This 
means that, on decadal time scales, increased surface air 
temperature over SEA is related to the warming of south-
west South Atlantic. Likewise, Fig. 11b demonstrates that 
the SAMV index is also positively correlated with DJF 
surface air temperature over SEA at decadal time scales 
in model simulations. Moreover, Fig. 11c further presents 
the SAMV-related DJF 300-hPa geopotential height pattern 
in the AMIP-style ensemble, this pattern features a promi-
nent five-center wave train bridging the South Atlantic and 
Australia, the wave train simulated by AGCM projects 
well onto the observed SAA teleconnection wave train in 
reanalysis dataset. Therefore, results from AGCM simula-
tions further support the hypothesis that SST anomalies in 
the southwest South Atlantic can force simultaneous sur-
face air temperature decadal variability over SEA in austral 
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summer, with the decadal-scale SAA teleconnection wave 
train acting as a bridge.

6 � Summary and discussion

In this study, we found warm SST anomalies in southwest 
South Atlantic can induce the warming of summertime 
surface air temperature over SEA on decadal time scales. 
The South Atlantic–Australia (SAA) teleconnection pattern 
associated with the SAMV is suggested to act as an atmos-
pheric bridge for this decadal-scale teleconnection. The 
SAA teleconnection pattern exhibits prominent eastward 
propagation originating from the South Atlantic, which is 
demonstrated to be Rossby wave response to the SAMV 
forcing. The wave dynamics for the SAA wave train is elu-
cidated using a linear barotropic model forced with anoma-
lous SAMV-related RWS over the southwest South Atlan-
tic and LBM forced with diabatic heating associated with 
the SAMV. In addition, the observed pathway and spatial 
scale of the SAA wave train are further explained by wave 
ray tracing analysis in non-uniform basic flow. Wave rays 
originating from the South Atlantic propagate eastward all 
the way to the Australia along the westerly jet, the zonal 

scale of the wave along the ray pathways is dominated by 
a zonal wavenumber of 3–5, which is consistent with the 
spatial scale of the observed SAA wave train. Then we 
further investigated thermodynamic processes, through 
which the SAA wave train can impact surface air tempera-
ture over SEA based on temperature diagnostics. The SAA 
wave train driven by positive (negative) SAMV supports an 
equivalent barotropic anticyclone (cyclone) over the east-
ern coast of the Australia, the anomalous low-level meridi-
onal temperature advection associated with the anticyclone/
cyclone plays a dominant role in modulating surface air 
temperature over SEA. Finally, we found the SST-forced 
AGCM ensemble experiments, which include both the 
above dynamic and thermodynamic processes can realisti-
cally reproduce the teleconnection between South Atlantic 
SST and surface air temperature over SEA. Meanwhile, the 
SAA wave train connecting the South Atlantic and Aus-
tralia are also shown to be related to SAMV-related SST 
forcing in the IFS AGCM model. Therefore, both observa-
tions and numerical simulations support the argument that 
SAMV-related SST is responsible for decadal change of 
summertime surface air temperature over SEA.

The decadal variability of SST in the South Atlantic was 
shown to lag the South Atlantic Meridional Overturning 

Fig. 11   a Correlation map 
(shading) between DJF SEAT 
index and concurrent SST 
anomalies in South Atlantic at 
the decadal scale in Atmos-
pheric Model Inter-comparison 
Project (AMIP)-style ensemble 
simulations during period 
1900–2010. b The same as in 
a, but for the SAMV index and 
DJF surface air temperature 
over Australia. c Correlation 
pattern (shading) between the 
SAMV index and DJF 300-hPa 
geopotential height anomalies 
in the Southern Hemisphere at 
the decadal scale. Stippled areas 
indicate significant correlations 
exceeding the 95% confidence 
level (Student’s t test)

(a) (b)

(c)
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Circulation (SAMOC) by about 15–20  years (Lopez 
et  al. 2016b). In addition, expendable bathythermograph 
(XBT) transects between Cape Town and South America 
have been able to provide time series of the SAMOC for 
the first time since 2002 (Dong et  al. 2009; Garzoli et  al. 
2013). When we accumulate sufficiently long time series of 
the SAMOC in the future, we may be able to predict the 
decadal-scale SST variation in the South Atlantic about 
20 years in advance. And in view of the decadal-scale tel-
econnection between South Atlantic SST and summertime 
surface air temperature over SEA revealed in this study, the 
SAMOC can be used to provide predictability for decadal 
variability of summertime surface air temperature over 
SEA.

Because SEA are suffering from the impacts of more 
and more frequent heat wave events under global warm-
ing, heat extremes over Australia has received considerable 
attention from the climate research community (Alexan-
der et al. 2006; Perkins et al. 2012). The mean-state tem-
perature provides background for extreme events, and has 
a close relationship with the frequency of extremes (Purich 
et al. 2014). In this study, we have demonstrated that SST 
in South Atlantic can have a remote impact on the decadal 
change of seasonal mean surface air temperature over SEA 
in austral summer through the SAA wave train. A natural 
question is whether the variability of the South Atlantic can 
have a modulating effect on the heat wave events over SEA 
on decadal timescales by influencing mean-state surface air 
temperature. Thus, further analysis is needed to explore the 
possible impacts of South Atlantic on heat wave events over 
Australia in both historical observations and state-of-the-
art coupled ocean–atmosphere general circulation models.
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