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corresponding return periods. The risk due to 

human activity is similar for both characteristics 

during 1955–1983 and is less than zero. However 

as discussed above, 1955–83 summer heat wave 

frequencies and intensities are not distinguishable 

from the control (i.e., cannot be separated from no 

human inf luence). 

A striking result is that during 1955–2012 and 

1984–2012, the risk of the summer of 2012/13 hav-

ing such a high heat wave frequency anomaly in-

creases faster than heat wave intensity. During the 

latter period, the risk of experiencing a summer 

heat wave number (intensity) greater than that of 

2012/13 increases by almost three-fold (two-fold) 

compared to a world with no anthropogenic forc-

ing. This corresponds to a reduction in return pe-

riods to ~33 and 3 years, respectively, compared to 

1955–2012. It is also an interesting and important 

result that even though the 2012/13 summer heat 

wave intensity was much less “extreme” than heat 

wave frequency (see corresponding return periods 

in Table 10.1), human activity has clearly increased 

the risk of both characteristics occurring. Thus, 

there is a calculable human inf luence on the hot 

Australian summer of 2012/13.

Conclusions. Using a 21-member ensemble of the 

CESM model, we analyzed changes in the risk of the 

hot Australian 2012/13 summer with respect to heat 

wave frequency and intensity. Our study found that 

the risk of both simulated heat wave characteristics 

has increased due to human activity. The risk of 

summer heat wave frequency increases faster than 

heat wave intensity. When isolating 1984–2012, the 

2012/13 heat wave frequency increased three-fold 

due to human activity, while heat wave intensity 

increased two-fold, compared to a climate with no 

anthropogenic forcings.

This infers a reduction in return periods when 

comparing 1955–2012 to 1984–2012—from 58 years 

to 33 years for frequency and from 4 years to 3 years 

for intensity. Lastly, even though heat wave intensity 

of 2012/13 was not the most severe Australia expe-

rienced, there is still a calculable influence on this 

heat wave characteristic on a seasonal scale. Overall, 

our study shows that the risk of the hot 2012/13 

Australian summer with respect to simulated heat 

wave frequency and intensity increased due to hu-

man influences on climate.

11. UNDERSTANDING AUSTRALIA�S HOTTEST SEPTEMBER 

ON RECORD
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Introduction. September 2013 was Australia’s warmest 

September since records began in 1910, with anoma-

lous heat across most of the country (Fig. 11.1a). Maxi-

mum temperatures, averaged nationally, were 3.32°C 

above the 1961–90 average—the highest anomaly for 

any month on record and almost a full degree ahead 

of the previous September record set in 1980 (Bureau 

of Meteorology 2013b). September marked the peak 

of a record warm period for Australia, which com-

menced in mid-2012. The most unusual heat began 

from the last week of August 2013 and continued into 

the first half of September. Temperatures moderated 

from 10 September before extreme heat returned to 

northern and eastern Australia in the final week of 

the month. Lewis and Karoly (“The role of anthro-

pogenic forcing in the record 2013 Australia-wide 

annual and spring temperatures” in this report) 

determine that the attributable risk of such extreme 

heat in September has increased five-fold due to 

anthropogenic climate change. Here we take a dif-

ferent attribution approach and use multiple linear 

regression and experiments with a seasonal forecast 

system to explain and understand the magnitude of 

the September 2013 temperatures.

Record high September maximum temperatures over Australia arose from a combination of a strongly anomalous 

atmospheric circulation pattern, background warming, and dry and warm antecedent land-surface conditions.
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FIG. 11.1. Patterns of September 2013 maximum temperature anomaly (°C) from (a) observations, and the 
contribution of individual predictors from a multiple linear regression using (b) southern annular mode, (c) 
global mean temperature, (d) 2013 August upper layer soil moisture, (e) Indian Ocean dipole index, and (f) 
Niño3.4 SSTs, where each regression map has been multiplied by the size of the predictor in September 2013. 
The lower row shows (g) the total reconstructed anomaly (sum of panels b�f), (h) the residual, the difference 
between the observed and reconstructed anomalies, (i) the reconstructed anomaly minus the 95% prediction 
interval (j) the reconstructed anomaly plus the 95% prediction interval, and (k) difference between (a) and (j). 
The bar chart (l) displays the observed Australian-average maximum temperature anomaly and the contribu-
tion by each of the predictors, the total predicted anomaly, the residual and the predicted anomaly accounting 
for the 95% prediction interval. Anomalies are relative to the 1982�2011 base period.

Models to understand the record Australian tempera-

tures. A multiple linear regression model using least 

squares and assuming normally distributed ran-

dom errors was built from observed predictors that 

have historically been used to explain Australia’s 

seasonal climate (e.g., Hendon et al. 2014). These 

include ENSO, the Indian Ocean dipole (IOD), and 

the southern annular mode (SAM). Other predictors 

were global mean temperature, as an indication of 

the large-scale warming of the climate system, and 

Australian upper-layer soil moisture from the pre-

ceding month, which may be a source of persistence 

(e.g., Lorenz et al. 2010). All regression calculations 

were developed using predictors over 1982–2011 using 

monthly anomalies from the 1982–2011 base period. 

See the Supplementary Material for details on the 

predictors and datasets used.

Forecast sensitivity experiments were also per-

formed with the 30-member Predictive Ocean At-

mosphere Model for Australia (POAMA) seasonal 

forecast system (Hudson et al. 2013; see Supplemen-

tary Material) to investigate the importance of initial 

conditions in the ocean, land, and atmosphere for 

predicting the September record heat. Table 11.1 lists 

the various sensitivity experiments, all of which were 

initialized on 21 August 2013, i.e., 10 days prior to the 

month of interest. Sensitivity experiments consisted 

of scrambling the atmosphere, land, and ocean initial 

conditions by sampling the initial conditions for 21 

August from the previous 30 years. 

Statistically reconstructing September 2013. In calibra-

tion, the regression model explains approximately 

half of the variance in Australian maximum tempera-
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Table 11.1. Coupled model seasonal forecast experiments described in the text and their 
initial conditions for atmosphere (ATM), land surface (LAND), and ocean (OCEAN). 
See the Supplementary Material for more details on the experimental design. Color 
shading indicates whether initial conditions for the 30 members are as observed (blue) or 
scrambled (red).

Operational 
seasonal forecast 
experiment

Scrambled ATM 
experiment

Scrambled ATM 
and LAND 
experiment

Scrambled  
OCEAN 
experiment

ATM initial condi-
tions

Observed for 
21 August 2013

Selected from 21 
August 1981�2010

Selected from 21 
August 1981�2010

Observed for 21 
August 2013 

LAND initial con-
ditions

Observed for 
21 August 2013

Observed for 21 
August 2013

Selected from 21 
August 1981�2010

Observed for 21 
August 2013 

OCEAN initial 
conditions

Observed for 
21 August 2013

Observed for 21 
August 2013

Observed for 21 
August 2013

Selected from 21 
August 1981�2010 

tures during 1982–2011 (Supplementary Fig. S11.1; 

correlation with observed = 0.73). The contribution 

from each of the predictors for September 2013 is 

shown in Figs. 11.1b–f. The SAM, which was the 

most important predictor of this hot event, contrib-

uted 20%, reflecting the second-most negative SAM 

in the 1982–2013 record (standardized anomaly of 

-1.5). A negative SAM typically results in higher-

than-normal maximum temperatures across much of 

extratropical Australia in the spring season (Hendon 

et al. 2007). Note that although the SAM has been 

trending towards its positive phase in austral sum-

mer, there is no significant trend in the September 

SAM time series. Global mean temperature was 

the second most important predictor, accounting 

for 15% of the observed anomaly (using the linear 

trend as the predictor instead gives a similar result). 

Both the SAM and global temperature contributions 

produce similar spatial patterns to the observed. 

Antecedent soil moisture anomalies had a moderate 

positive contribution in the interior of the continent, 

though their contribution to the Australian average 

anomaly was minor. The IOD and ENSO appear to 

have played little role in the event. SST anomalies in 

the Indo-Pacific were indicative of a weak La Niña 

state (slightly cooler than normal in the eastern 

Pacific and warmer than normal in the west), which 

usually drives cooler temperatures over Australia. 

A negative IOD, which was in its decaying state in 

September, appears to have mitigated some of the 

warming in the southwest, contributing to slightly 

cool anomalies observed there. 

The reconstructed Australian September 2013 

maximum temperature anomalies are shown in Fig. 

11.1g (which is simply the sum of the anomalies from 

the individual predictors in panels b–f). The recon-

struction captures the observed pattern of a warm 

interior and relatively cooler southwest, though at a 

weaker magnitude than observed (quantified as the 

residual in Fig. 11.1h). When averaged over Australia, 

the mean reconstruction reproduces 40% of the ob-

served anomaly (Fig. 11.1l). The Australian-average 

anomaly for 2013 also falls outside the 95% prediction 

interval (which accounts for the uncertainty in the 

strength of the historical relationships) of the recon-

struction (see Supplementary Fig. S11.1). However, 5% 

of the years are expected to lie outside this interval, 

and this appears to be, roughly, what occurred for 

1982–2013. The inability to reconstruct the full mag-

nitude of the September 2013 warmth could be due 

to nonlinear processes not accounted for, or it could 

indicate that a key predictor, not previously identified 

to be important for September Australian maximum 

temperatures, is missing. One such possibility is the 

MJO, which was strong at the beginning and end 

of the month (based on the diagnostics of Wheeler 

and Hendon 2004) and has recently been shown to 

impact weekly and seasonal Australian temperature 

in certain phases (Marshall et al. 2013). Preliminary 

analysis suggests that the MJO contributed to the 

warm anomaly in the first and last week of September. 

Analysis of the SST anomaly for 2013 indicates that 

there was not much similarity with the pattern histor-

ically associated with high maximum temperatures 

over Australia, other than over the western Pacific 

where the SST warming trend is strong (compare left 

panels of Supplementary Figs. S11.2 and S11.3). How-

ever, the observed mean sea level pressure (MSLP) 
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anomaly in September 2013 matches well the pattern 

that is associated with high maximum temperatures 

over Australia (compare right panels). This pattern 

has a region of anomalously low pressure immediately 

to the southwest of the continent and zonally sym-

metric high pressure farther to the south indicative 

of a negative SAM. However, while we account for the 

SAM in our regression model, the strong low pressure 

to the southwest remains in the pattern of MSLP re-

gressed onto the residual maximum temperature time 

series (Supplementary Fig. S11.4). The inference is that 

the occurrence of this strong low pressure anomaly, 

unrelated to the occurrence of negative SAM or SST 

forcing, played a prominent role in the record hot 

September 2013. We further explore the importance 

of this inference using sensitivity experiments with 

the POAMA coupled model forecast system.

Dynamical predictions of the record September 2013 

Australian temperature. The ensemble mean POAMA 

forecast for September 2013, initialized on 21 Au-

gust using observed atmosphere, land, and ocean 

initial states (Hudson et 

al. 2013), produced warm 

anomalies across most of 

the continent (Fig. 11.2a). 

Though the ensemble mean 

anomaly is weaker than ob-

served, the histogram of the 

2013 Australian maximum 

temperature forecasts is sys-

tematically shifted towards 

warmer temperatures com-

pared to the hindcast data 

(Supplementary Fig. S11.5), 

with, e.g., the likelihood of 

exceeding a 1.5 standard 

deviation warm anomaly 

increasing by a factor of six 

in 2013. 

Rerunning the forecasts 

using atmospheric initial 

conditions randomly picked 

from the previous 30 years 

for 21 August, which ef-

fectively removes any pre-

dictability coming from the 

atmospheric initial state, 

reduces the ensemble mean 

temperature anomaly by 

up to 50% over the interior 

(Fig. 11.2c). Scrambling the 

atmosphere and land initial 

conditions (Fig. 11.2e) fur-

ther reduces the temperature 

anomaly by an even larger 

amount, with stippling in-

dicating significant differ-

ences to the original forecast 

across most of the continent. 

This result suggests that 

the initial land state was a 

dominant factor in these 

FIG. 11.2. September 2013 30-member ensemble mean (left) maximum 
temperature (°C) and (right) MSLP (hPa) anomalies from the POAMA 
experiments initialised on 21 August for the prediction with (a,b) 2013 at-
mosphere, land, and ocean initial conditions; (c,d) atmospheric initial condi-
tions scrambled; (e,f) atmospheric and land initial conditions scrambled; and 
(g,h) ocean initial conditions scrambled. Stippling in the left panels indicates 
areas where the temperature differences between the experiment and the 
operational 2013 POAMA forecasts are statistically significant at the 90% 
confidence level, based on the 30-member ensemble forecasts used in a 
two-tailed Student's t-test. The predicted Australian average temperature 
anomaly and 95% prediction interval based on the ensemble members is given 
in brackets in the left panels.
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dynamical predictions and that SST boundary forc-

ing contributed little to the promotion of the record 

maximum temperatures over Australia. The latter 

suggestion is confirmed by rerunning the forecasts 

using observed atmosphere and land initial condi-

tions but scrambled initial ocean states (Fig. 11.2g). In 

fact, a larger magnitude of predicted warm anomalies 

is found, suggesting that the ocean had a mitigating 

impact on temperatures during this extreme event. 

This is consistent with the weak cooling contribution 

from tropical SST modes highlighted in the regres-

sion analysis. 

Note that the low pressure anomaly to the south of 

Australia is evident in all POAMA experiments (Figs. 

11.2b,d,f,h), but with much reduced magnitude com-

pared to observed. The magnitude weakens further 

when the atmospheric and land initial conditions are 

scrambled, substantiating the earlier inference of the 

importance of this mostly unpredictable pressure pat-

tern in the resulting extreme temperatures

Conclusions. Analysis using both multiple linear 

regression based on historical observational data 

and sensitivity experiments with a dynamical sea-

sonal prediction system indicates that the record hot 

September conditions over Australia arose from the 

apparently random occurrence of strongly negative 

SAM together with an anomalously deep low pres-

sure cell situated to the southwest of the continent, 

the background warming trend, and antecedent dry 

and warm land surface conditions. SSTs appear to 

have played little role in promoting the record warm 

anomaly and, based on the evidence presented, actu-

ally acted to mitigate the warming over Australia. The 

results from the regression model indicate up to 15% 

of the record temperature anomaly can be explained 

by the global temperature changes over the 1982–2013 

period analyzed. This warming trend is expressed 

in the seasonal forecast experiments through the 

trend in ocean and land initial conditions, the latter 

of which appeared to be the dominant contributor 

to the September 2013 predicted anomaly over Aus-

tralia. The sensitivity to the initial land conditions 

in the POAMA forecasts is thus consistent with the 

inference from the regression model concerning the 

substantial role of the upward trend in global temper-

atures. To the extent that global temperature changes 

have been attributed to anthropogenic climate change 

(Bindoff et al. 2014), a multi-step attribution process 

suggests that anthropogenic climate change played 

an important role in the record Australian maximum 

temperatures in September 2013.

12. CLIMATE CHANGE TURNS AUSTRALIA'S 2013 BIG DRY 
INTO A YEAR OF RECORD-BREAKING HEAT 

 
ANDREW D. KING, DAVID J. KAROLY, MARKUS G. DONAT, AND LISA V. ALEXANDER

Introduction. During 2013, Australia experienced its 

hottest year on record (23°C on average, 0.17°C above 

the previous 2005 record) as well as a series of extreme 

heat wave events (see also “The role of anthropogenic 

forcing in the record 2013 Australia-wide annual and 

spring temperatures”, “Multimodel assessment of 

extreme annual-mean warm anomalies during 2013 

over regions of Australia and the western tropical 

Pacific”, and “Increased risk of the hot Australian 

summer of 2012/13 due to anthropogenic activity as 

measured by heat wave frequency and intensity” in 

this report). Besides being the hottest year in a record 

dating back to 1910, a drought set in across much of 

the east of the country leading the federal government 

to announce an AUD320 million (~USD 300 million) 

drought assistance package for affected farmers. 

The severe lack of water in the region came after the 

exceptionally wet 2010–12 period, which brought dev-

astating floods to Queensland and New South Wales 

in particular. Across almost the entirety of Australia, 

maximum temperatures were warmer than average 

in 2013 (Fig. 12.1a), and for much of the continent, it 

was also considerably drier than average (Fig. 12.1b). 

The area of greatest rainfall deficit, covering inland 

eastern Australia, coincided with the region where 

the heat anomalies were strongest. Focusing on the 

The record heat of 2013 across inland eastern Australia was caused by a combination of anthropogenic warming 

and extreme drought.


