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Understanding, predicting and anticipating extreme high 
temperature and low rainfall in the warm seasons is cru-
cially important in Australia because of the risks and 

impacts on human health, agriculture, wildfires, utilities, infra-
structure and water management1. In particular, the impact of the 
reduced productivity of dairy and meat under extreme hot and 
dry conditions can be felt beyond Australia as Australia is one of 
the world’s major exporters of these products2. The warm phase of  
the El Niño–Southern Oscillation (ENSO)3, the positive phase of the 
Indian Ocean Dipole (IOD)4 and the negative index polarity of the 
Southern Annular Mode (SAM)5 are important drivers of extreme 
hot and dry conditions over various regions of Australia, mainly in 
spring but to some extent in summer as well6–8. Here we highlight 
that a weaker than normal springtime stratospheric polar vortex 
over Antarctica is a key driver and an important source of predict-
ability of extreme hot and dry climate conditions over subtropical 
eastern Australia during its warm seasons. Anomalous weakening 
of the Southern Hemisphere polar stratospheric vortex in spring is 
shown to subsequently promote the negative polarity of the SAM, 
which then promotes Australian high daytime temperature and low 
rainfall extremes and associated dangerous atmospheric conditions 
for wildfire from mid-spring to early summer.

The stratospheric polar vortex, which occurs in both hemi-
spheres, is characterized by maximum westerly winds in the 
upper stratosphere–lower mesosphere that circle the hemisphere. 
It is strongest in the winter half of the year and disappears during 
summer, making its seasonal progression from the mid-latitudes 
towards the pole from early winter to spring9–11. This seasonal march 
also involves a downward progression of the maximum westerlies 
from the upper stratosphere in winter to the lower troposphere in 
spring which is caused by vigorous interactions with planetary-scale 
waves travelling upward from the troposphere that act to decelerate 

the westerly vortex. The polar vortex in the Northern Hemisphere 
(NH) is mainly perturbed during boreal winter to early spring11,12, 
and the Southern Hemisphere (SH) vortex is perturbed during 
austral winter to spring13,14. Variability of the stratospheric polar 
vortex produced by variability of upward-propagating planetary-
scale waves can couple downward to the troposphere and promote 
low-frequency variations in tropospheric circulation and tempera-
ture, thus serving as a source of extended-range predictability of 
surface weather and climate15–18. For example, downward coupling 
from the stratosphere to the troposphere in association with sud-
den stratospheric warmings in the NH, which commonly occurs in 
boreal winter and early spring, often results in sustained impacts 
on surface climate via promoting the negative polarity of the North 
Atlantic Oscillation/Northern Annular Mode15,19,20.

Although generally not as spectacular as sudden stratospheric 
warming events in the NH, stratospheric polar vortex variations 
episodically occur in the SH in austral spring to early summer21,22. 
Anomalous SH stratospheric polar vortex weakening or intensi-
fication during spring, which can be viewed as an earlier or later 
shift in the seasonal evolution of the vortex, respectively17,23, can 
lead to sustained occurrence of the negative or positive polarity of 
the tropospheric SAM (in this study, SAM denotes tropospheric 
SAM unless otherwise stated), respectively, during spring–sum-
mer15,17,18,24,25. The SAM is well recognized to drive variations in 
surface climate throughout the SH, including changes in precipita-
tion and surface temperatures6,26–28, via the concomitant latitudinal  
shifts in the extratropical storm track and edge of the Hadley  
circulation29,30. Impacts of the SAM on Australian climate are par-
ticularly pronounced, causing changes in extreme maximum and 
minimum temperatures and rainfall across much of the south-
ern and eastern parts of the continent, especially during spring  
and summer6,7,27,31.
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identifying the years of sH polar vortex weakening
This study builds on Lim et al.18, who objectively identified years 
when the SH stratospheric polar vortex significantly weakened and 
broke down earlier than normal during spring, with the resultant 
weakened westerly winds propagating downward from the strato-
sphere to the surface during spring to early summer (Fig. 1a,b, 
Methods and Supplementary Fig. 1). The opposite can also happen, 
with a late breakdown of the vortex driving anomalously strong 
westerly winds. Lim et al. demonstrated a strong connection of this 
stratosphere–troposphere (S–T) coupling to the subsequent varia-
tion of the SAM during October–January (Fig. 1c), which drives the 
variation of surface climate throughout the SH18.

Here we select the nine years when the Antarctic polar vortex 
was most significantly weaker than normal in spring during the 
period of 1979–2016, as judged by the amplitude of the S–T cou-
pled mode index18 equal to or greater than 0.8 standard deviation 
(σ) (Fig. 1a and Methods). The nine years 1979, 1988, 2000, 2002, 

2004, 2005, 2012, 2013 and 2016 have been identified as significant 
vortex weakening years, most of which are also marked by signifi-
cantly earlier final breakdown dates of the SH stratospheric polar 
vortex (Supplementary Fig. 1). We then examine the subsequent 
variation of October–January mean Australian daily maximum 
temperature (Tmax), daily minimum temperature (Tmin), rainfall and 
wildfire potential as measured by the McArthur Forest Fire Danger 
Index (FFDI)32. We also monitor variations in the SAM, mean sea-
level pressure (MSLP), geopotential height and vertical velocity at 
the 500 hPa level (GPH500 and ω500, respectively) and total cloud 
cover. We compare the means of these variables in the 9 signifi-
cant vortex weakening years to the control group of the other 29 yr 
when the S–T coupled mode index had weak positive or negative 
amplitudes (that is, when the S–T coupled mode index <0.8σ). We 
include the years of SH stratospheric vortex strengthening in the 
control group because their impact on Australian climate is not 
much different from the normal conditions (Methods). To focus on 
the impact of the SH polar vortex variation that is independent of 
ENSO, we removed the influence of ENSO from the variables exam-
ined here using linear regression (Methods). We also detrended all 
data for the period 1979–2016 to concentrate on the impacts of 
year-to-year variations of the polar vortex.

impact of vortex weakening on Australian seasonal climate
The composite difference of Tmax, Tmin and rainfall anomalies aver-
aged over October–January for the significant nine polar vortex 
weakening years (vortex weakening years) compared with the con-
trol group of all the other years (vortex non-weakening years) is dis-
played in Fig. 2. During the vortex weakening years, the strongest 
positive Tmax anomalies occurred over subtropical eastern Australia—
Queensland, New South Wales and northeastern South Australia 
(130–156° E, 10–30° S; see Supplementary Fig. 2 for the locations of 
Australian states and territory)—where the 4-month mean anomaly 
is significantly higher, reaching up to 2 °C. Coincident rainfall reduc-
tion is found over most of eastern Australia but especially over cen-
tral Queensland. The significant increases of Tmax and decreases of 
rainfall during the vortex weakening years are statistically robust at 
the 5% level, assessed by a permutation resampling test33 (two-sided) 
using 4,000 random resamples (Methods). However, Tmin appears to 
be relatively less sensitive to polar vortex weakening; therefore, we 
exclude Tmin in the subsequent analysis and discussion.

Occurrences of extreme seasonal mean Tmax and rainfall are 
especially affected by significant vortex weakening. We compute the 
ratio of the probability of occurrence of extreme events during the 
vortex weakening years to that during the vortex non-weakening 
years using two definitions of an extreme event. In the first case, 
we examine the occurrence of a top-quintile hottest year (that is, 
top 20%, which equates to the 7 hottest events in the 38-yr record) 
and a bottom-quintile driest year using the October–January mean 
Tmax and rainfall, respectively (Fig. 3a,b). Consistent with the mean 
anomalies during the vortex weakening years, the probability of a 
year being in the top quintile for Tmax and bottom quintile for rainfall 
increases up to four to eight times for large regions of Queensland 
and northern New South Wales. The blue-shaded region in Fig. 3a 
(labelled as x/0, where x represents the probability of occurrence 
of an extreme event during the vortex weakening years) indicates 
that Tmax being in the top quintile only ever occurred during vortex 
weakening years in the study period of 1979–2016.

As extreme high temperature and low rainfall are favourable con-
ditions for wildfires32, the probability of occurrence of dangerous 
fire-weather conditions being in the top quintile (as indicated by the 
FFDI; Methods) also significantly increases four to eight times dur-
ing the vortex weakening years over almost all of Queensland, north-
ern New South Wales and northeastern South Australia (Fig. 3c).  
The far west region of Western Australia is also vulnerable to 
increased wildfire danger during the vortex weakening years.
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Fig. 1 | The s–T coupled mode and its relationship with the sAM.  
a,b, The S–T coupled mode index (a) and its eigenvector (b), which 
represent the interannual variability of the SH stratospheric polar vortex 
and its downward coupling18. The positive phase of the S–T coupled mode 
represents weakening of the SH spring polar vortex. In b, the S–T coupled 
mode eigenvector (colour shading) is overlaid by the climatological zonal-
mean zonal wind (U wind) averaged over 55–65° S (contours). Negative 
contours indicating easterlies are dashed, and the zero contour is thickened. 
The contour interval is 10 m s−1. c, Correlation between the S–T coupled 
mode index and monthly SAM (CPC AAO)18. The horizontal dashed line 
indicates the correlation statistically significant at the 5% level, assessed by 
a two-tailed Student t test with 38 samples.

NATurE GEosciENcE | www.nature.com/naturegeoscience

http://www.nature.com/naturegeoscience


ArticlesNATurE GEOSciENcE

We also look at the occurrence of individual months during 
October–January for having Tmax and rainfall in the top and bottom 
deciles (10%), respectively (Fig. 3d,e). Similar to Fig. 3a,b, there is a 

greater than four times increase in the probability of occurrence of 
monthly mean Tmax being in the top decile and monthly mean rain-
fall being in the bottom decile over southern Queensland during the 
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Fig. 2 | Anomalous Australian climate conditions during the nine polar vortex weakening years. a–c, Composite difference of October–January mean daily 
maximum temperature (Tmax) (a), daily minimum temperature (Tmin) (b) and rainfall (c) during the 9 significant stratospheric polar vortex weakening years 
compared to the 29 vortex non-weakening years. The contour interval is 0.3 °C for Tmax and Tmin and 0.2 mm d−1 for rainfall. Stippling indicates statistically 
significant difference at the 5% level, assessed by a permutation test (two-sided) with 4,000 times of random resampling without replacement. Influence 
of ENSO and the linear trends over the period 1979–2016 were removed from the data before the composite calculation.
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vortex weakening years. Consequently, the chance for a month dur-
ing October to January having dangerous fire-weather conditions 
substantially increases over southern Queensland and northeastern 
South Australia during the vortex weakening years (Fig. 3f). These 
increases in the frequency of extreme hot and dry events and asso-
ciated wildfire danger in October–January following the weakening 
and early breakdown of the stratospheric polar vortex in spring are 
statistically significant at the 2.5% level, assessed by a one-sided per-
mutation test (Methods).

We have repeated these calculations without first removing the 
trend and the linear relationship with ENSO. We find that the prob-
ability of occurrence of October to January mean extreme high Tmax, 
low rainfall and high fire-weather risks still increases by up to a fac-
tor of four in the same areas of eastern Australia during the vortex 
weakening years (Supplementary Fig. 3). The probability of extreme 
monthly Tmax and related fire danger also still increases by greater 
than four times during the vortex weakening years while the prob-
ability of the extreme low monthly rainfall increases by two to three 
times. These results highlight the role of stratospheric polar vortex 
weakening for driving extreme hot, dry and fire-prone atmospheric 
conditions in subtropical eastern Australia during spring–summer.

How the sH polar vortex is linked to Australian climate
Weakening of the Antarctic polar vortex during spring promotes 
the negative polarity of the SAM (Fig. 1c), whose anomalous hemi-
spheric pressure pattern is characterized by zonally symmetric 
low-pressure anomalies in the mid-latitudes and high-pressure 
anomalies in the high latitudes5,18. Figure 4 shows that the SAM 
tends to be persistently negative during October–January when the 
polar vortex weakens and breaks down early. This persistence is an 
important characteristic of the negative polarity of the SAM driven 
by the stratospheric vortex weakening, which appears to amplify the 
impact of the SAM on extreme climate conditions over Australia. 
The negative polarity of the SAM that is not coupled to the strato-
spheric polar vortex weakening is less persistent through the warm 
season (Supplementary Fig. 4) and appears to have less impact  
on extreme climate conditions (Supplementary Fig. 5) than the  
negative SAM that is coupled to the stratospheric polar vortex 
weakening (Fig. 3).

The negative polarity of the SAM is associated with lower-than-
normal surface pressure over Australia and stronger-than-normal 
surface westerlies to the south of Australia6. The pattern of surface 
pressure and wind differences during October–January in vortex 

weakening years is consistent with this typical negative polarity 
SAM pattern (Fig. 5a). However, the difference in surface winds 
between the vortex weakening years and non-weakening years is 
not statistically significant over subtropical eastern Australia.

In contrast to the lower-than-normal surface pressure, mid-
tropospheric geopotential height over Australia is significantly 
more positive during vortex weakening years (Fig. 5b), and there 
is increased downward motion, indicated by positive anomalies 
of ω500 (Fig. 5c). Total cloud cover is also substantially reduced 
over eastern Australia during the vortex weakening years (Fig. 5d). 
The increased downward motion and reduced cloud cover over 
Australia reflect an equatorward shift of the edge of the downward 
branch of the SH Hadley cell in the austral warm seasons, which 
has previously been shown to be a dynamical response to the 
negative polarity of the SAM29,30,34. The locations of reduced cloud 
cover and enhanced subsidence are coincident with the regions of 
enhanced Tmax and reduced rainfall over eastern Australia (see also 
Supplementary Figs. 6–10). Together, these anomalies support the 
notion that positive temperature anomalies in the eastern part of 
Australia are primarily promoted by anomalous adiabatic warming 
due to enhanced subsidence and increased insolation associated 
with reduced cloud cover35. Reduced rainfall also contributes to 
higher temperature as less soil moisture is available for evaporative 
cooling. The significant increases of mid-tropospheric geopotential 
height and downward motion imply that the negative surface pres-
sure anomalies over Australia associated with the negative polarity 
of the SAM during the vortex weakening years are likely to be ther-
mally driven with a shallow vertical structure. Warm and dry north-
westerlies associated with the low-pressure centre south of Australia 
could bring hot and dry air to the east and contribute to the extreme 
hot and dry climate in eastern Australia, as observed in 2005 and 
2016 (Supplementary Fig. 11).

Prospect for skilful prediction of sH extreme climate
We have highlighted the connection of anomalous weakening of the 
SH stratospheric polar vortex with significantly enhanced occur-
rences of extreme hot and dry conditions over eastern Australia 
during the warm seasons. Persistent negative polarity of the SAM 
is promoted by the stratospheric polar vortex weakening, which 
induces anomalous sinking of air and a clearer sky over eastern 
Australia and appears to serve as a pathway for the stratospheric 
polar vortex signal to affect subtropical eastern Australian climate 
conditions. Previous studies have demonstrated predictability of 
the SAM during spring and summer arising from its connection 
to ENSO36–38, but the current results suggest that SAM variability 
induced by stratospheric variations during October to January is 
independent of ENSO and has greater impact on subtropical east-
ern Australian climate than does ENSO. Lim et al.18 reported that 
S–T coupling during the spring months is often preconditioned 
by anomalies in upward-propagating planetary wave activity and a 
meridional shift of the vortex as high as the stratopause and as early 
as June. Thus, we might anticipate increased chances of occurrence 
of extreme hot and dry conditions in late spring to early summer 
at least a season in advance when the Antarctic stratospheric polar 
vortex shows an anomalous signal as early as winter17,18.

Previous work24 has reported that the springtime Antarctic polar 
vortex variability and associated tropospheric SAM variation can be 
skilfully predicted in a dynamical seasonal climate forecast system 
when initialized at the beginning of August. This capability implies 
the potential for long-lead predictive skill for the occurrence of not 
only Australian extreme climate but also extreme climate in other 
regions of the SH that are affected by the SAM variation, including 
Antarctic sea ice18,28,39 in the spring and summer seasons. This pre-
dictability arising from variations of the polar stratosphere would be 
in addition to predictability arising from ENSO, which is tradition-
ally viewed as the main source of long-lead predictability for global  
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climate. Future research efforts will focus on exploring predictabil-
ity of extreme climate conditions provided by polar stratospheric 
variations using the Australian Bureau of Meteorology’s new sub-
seasonal to seasonal climate forecast system, ACCESS-S140, which 
well resolves the stratosphere but runs with prescribed climatologi-
cal ozone. Ozone in the lower stratospheric polar vortex inversely 
varies with the strength of the vortex, and because ozone efficiently 
absorbs incoming ultraviolet radiation, ozone variations can act to 
anomalously warm or cool the vortex, thereby acting to extend the 
impact of the vortex variation to surface climate during summer28,41,42. 
Implementation of prognostic ozone may be a key area for develop-
ment of improved climate prediction systems, especially in light of the 
expected recovery of the Antarctic ozone hole in coming decades43.
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Methods
Datasets. We used MSLP, GPH500, ω500 and total cloud cover from the ERA-
Interim (ECMWF re-analysis-Interim) reanalysis44. Monthly mean fields are 
available on 1.5° horizontal grids. Variations of Australian temperatures and 
rainfall are explored using the gridded analyses from the Australian Water 
Availability Project (AWAP)45, which are available on a 5 km grid beginning in 
1900 for rainfall and 1910 for temperatures. The AWAP analyses are from an 
optimum interpolation of the available station observations across Australia. Daily 
maximum and minimum temperatures and rainfall are available, for which we 
computed monthly means. For compatibility with the available ERA-Interim data, 
we restricted our analyses to the period 1979–2017.

Climate indices. The S–T coupled mode pattern and index were obtained 
following Lim et al.18 by applying height–time domain empirical orthogonal 
function (EOF) analysis to anomalies (seasonal cycle removed) of monthly mean 
zonal-mean zonal winds averaged over 55–65° S. The input data to the EOF were 
ordered from April to March each year for pressure-level data extending from 1,000 
to 1 hPa. The returned first EOF eigenvector is a function of height (pressure level) 
and month of the year (April–March) (Fig. 1b). The first principal component time 
series (the S–T coupled mode index; Fig. 1a) consists of one value each year. The 
S–T coupled mode explains 42% of the total variance of the Antarctic circumpolar 
flow in the height–calendar month domain. For this calculation, we used the ERA-
Interim reanalysis for the period April 1979–March 2017. The robustness of the 
S–T coupled mode is also confirmed by its reproducibility using the Japanese 55-
year Reanalysis (JRA-55) data46 (Supplementary Fig. 12).

We used 0.8σ of the S–T coupled mode index as a threshold to select significant 
vortex weakening years. We chose 0.8σ to include as many cases as possible that had 
a clear vortex weakening signal through the SH polar stratosphere to troposphere. 
The significant vortex weakening years were compared with all the other years (the 
index < 0.8σ), which included the years of insignificant vortex weakening events as 
well as those of neutral and vortex strengthening events. The comparison was done 
between significant vortex weakening events and all the other events because the 
impact of SH stratospheric vortex strengthening on Australian climate was much 
weaker than that of the vortex weakening and was not significantly different from 
the normal conditions at the 10% level, assessed by a permutation test (two-sided) 
with 4,000 times of resampling (Supplementary Fig. 13).

We monitored the tropospheric SAM using the monthly mean index values 
from the Climate Prediction Center (CPC) Antarctic Oscillation (AAO) index. 
This index is based on the leading EOF of monthly mean 700 hPa geopotential 
heights poleward of 20° S (ref. 5) using the National Centers for Environmental 
Prediction (NCEP)/National Center for Atmospheric Research (NCAR)  
reanalysis data47.

The McArthur FFDI is commonly used in Australia for climatological analysis 
of dangerous atmospheric conditions associated with wildfires. Daily values of 
FFDI are available from 1950 onward32. The FFDI data are based on the AWAP 
gridded analysis of daily maximum temperatures, vapour pressure at 15:00 lt (used 
together with temperature to calculate relative humidity near the time of maximum 
temperature) and daily accumulated precipitation totals for the 24-h period to 9:00 
lt each day. The FFDI data are also based on wind speed at 6:00 ut representing 
mid-afternoon conditions over the longitude range spanned by Australia, which is 
from the NCEP/NCAR reanalysis47 with bias correction applied to provide a better 
match to the wind speeds used for issuing forecasts of the FFDI by the Bureau 
of Meteorology. The set of weather and fuel moisture conditions that the FFDI 
represents are important risk factors for wildfire occurrence, as is the focus of this 
study, while noting additional factors that can influence fire occurrence such as a 
range of ignition sources (for example, lightning and human-caused sources) and 
fuel conditions (for example, fuel load and structure). Thus, the high impact of the 
vortex weakening on dangerous weather conditions for wildfires (as represented 
by the FFDI) may not necessarily lead to higher frequency of wildfire, which needs 
further investigation.

Removal of the influence of ENSO and long-term trends from the data. 
Dominant modes of sea surface temperature (SST) variability of the tropical 
Indo-Pacific, such as ENSO and the IOD, and a long-term linear trend are also 
important drivers of Australian climate variability and trend, respectively7,8,48. Lim 
et al.18 reported that there was no significant correlation detected between ENSO 
indices and the S–T coupled mode index and no significant linear trend in the S–T 
coupled mode index over 1979–2016. Nonetheless, to detect the role of the polar 

vortex weakening on the Australian climate in a clean manner, we removed the 
influence of ENSO and the linear trends over 1979–2016 from the SAM index and 
all the variables analysed in the study: Australian Tmax, Tmin, rainfall and FFDI and 
MSLP, GPH500, ω500 and total cloud cover fields. For this calculation, we used 
a multiple linear regression model with three predictors—the Niño3 and El Niño 
Modoki indices49, which monitor the eastern Pacific and central Pacific ENSO, 
respectively, and time—to capture the trend. As the IOD strongly covaries with 
Niño3 SSTs in the austral spring season50, and generally decays during November 
in association with the onset of the Australian summer monsoon4, we did not 
include the IOD as an additional predictor. The SST indices were derived using the 
merged SST dataset of ref. 51 for 1979–1981 and the Optimum Interpolation (OI) 
v2 SST dataset of ref. 52 for 1982–2017.

Statistical significance tests. In Figs. 2, 3 and 5, statistical significance was 
assessed using a resampling approach (permutation test) by randomly sampling 
without replacement 9 yr from the full record of 38 yr. Resampling was done 4,000 
times. For the test on the difference between the two means (that is, the 9 vortex 
weakening years and the 29 vortex non-weakening years), the null hypothesis was 
that the difference is zero, and it was rejected if the observed difference was outside 
of the 95% and 90% confidence intervals for Figs. 2 and 5, respectively (by a two-
tailed test). For the test on the ratio of the probability of occurrence of extreme 
events between the two groups, the null hypothesis was that the ratio is 1. The ratio 
of the probability of extreme events in the randomly picked 9 yr to the probability 
of those in the remaining 29 yr was formed 4,000 times and sorted. The null 
hypothesis was rejected if the ratio was greater than the top 2.5% threshold (that is, 
the high tail of the 95% confidence interval; a one-sided test).
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