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Abstract 

The 2019/20 Australian black summer bushfires were particularly severe in many respects, including its early com-
mencement, large spatial coverage, and large number of burning days, preceded by record dry and hot anomalies. 
Determining whether greenhouse warming has played a role is an important issue. Here, we examine known modes 
of tropical climate variability that contribute to droughts in Australia to provide a gauge. We find that a two-year 
consecutive concurrence of the 2018 and 2019 positive Indian Ocean Dipole and the 2018 and 2019 Central Pacific El 
Niño, with the former affecting Southeast Australia, and the latter influencing eastern and northeastern Australia, may 
explain many characteristics of the fires. Such consecutive events occurred only once in the observations since 1911. 
Using two generations of state-of-the-art climate models under historical and a business-as-usual emission scenario, 
we show that the frequency of such consecutive concurrences increases slightly, but rainfall anomalies during such 
events are stronger in the future climate, and there are drying trends across Australia. The impact of the stronger rain-
fall anomalies during such events under drying trends is likely to be exacerbated by greenhouse warming-induced 
rise in temperatures, making such events in the future even more extreme.
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Introduction
Eastern and southeastern Australia experience bushfires 
almost every year (Cai et  al. 2009a), but the 2019/2020 
season are particularly severe. Referred to as the “Black 
Summer,” the   2019 fires commenced in June 2019 in 
northeastern Australia, and saw a large area of forest 
burnt out of control between September 2019 and March 
2020 in New South Wales, Victoria, Australia Capital 
Territory, and other southeastern Australia regions. By 
early March, the estimated loss included a burnt area of 

180,000 square kilometres, at least 34 people killed, one 
billion animals perished, and 59,000 buildings destroyed. 
The economic cost amounted to billions, exceeding 
that of the Black Saturday bushfires, 7 February 2009 in 
Southeastern Australia, not counting the health impact 
arising from the associated hazardous air quality within 
Australia and in regions downstream as remote as South 
America, affecting millions of people. In addition, more 
than 300 million tonnes of CO2 were emitted, more than 
50% of Australia’s annual emissions, contributing to a 
long-term climatic impact. Whether greenhouse warm-
ing played a role is an issue commonly raised.

Eastern and southeastern Australia climate is influ-
enced by modes of tropical climate variability, which 
include the Indian Ocean Dipole (IOD) (Saji et al. 1999; 
Ashok et al. 2003; Cai et al. 2009a; Ummemhofer et al. 
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2009; Min et  al. 2013) and El Niño events (Nicholls 
et  al. 1996), particularly central Pacific (CP) El Niño 
(Ashok et al. 2007; Wang and Hendon 2007; Taschetto 
and England 2009). A positive IOD (pIOD), with cold 
sea surface temperature (SST) anomalies in the equa-
torial eastern Indian Ocean usually starts to develop 
in austral winter June-July-August (JJA). The associ-
ated anomalously low convective heating in the eastern 
Indian Ocean generates eastern Indian Ocean Rossby 
wave trains with a high sea level pressure centre south 
of Australia, inducing an anomalous dry condition over 
southern and southeastern Australia (Cai et  al. 2011) 
(Fig. 1a). As the pIOD matures into austral spring (Sep-
tember-October-November, SON) the Rossby wave 
trains intensify and shift westward, and the low rainfall 
anomalies persist over much of the southern Australia, 
including a decrease in southwest Western Australia 
(Fig. 1b). In JJA, the impact of a central Pacific El Niño 
occurs over much of eastern and northeastern Australia 

(Fig.  1c) when the western Pacific convection shifts 
eastward. In SON the impact intensifies and is felt in 
a broader northern Australia and southeast Australia 
(Fig.  1d) owing to CP-El Niño’s coherence with the 
pIOD, because El Niño does not have a direct dynami-
cal pathway to influence southern Australia (Cai et  al. 
2011). During either pIOD or CP-El Niño, as rainfall 
decreases, cloud cover reduces, thus surface tempera-
ture increases in the affected regions (Cai et al. 2009a), 
increasing evaporation, which accelerates depletion of 
soil moistures (Cai et al. 2009b).

In this paper, we show that the anomalous climate 
condition underpinning the 2019/20 Australia fires is 
a set of consecutive concurrent pIOD and CP-El Niño 
events that favour a large spatial scale of dry conditions 
for bushfires and their early commencement. We then 
assess the frequency of such consecutive occurrences 
and their response to greenhouse condition using cli-
mate models.

Fig. 1  Impacts on Australia rainfall anomalies from the Indian Ocean Dipole and CP El Niño. a, b Pattern of regression coefficient of rainfall 
anomalies (mm per month) associated with the DMI over JJA and SON, respectively. c, d The same as a and b but for pattern of regression 
coefficient associated with C-index. Dotted area indicates corresponding correlation coefficients significant at the 95% confidence level based on a 
Student t-test. Data are quadratically detrended before analysis
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Data and indices of the IOD and CP‑El Niño
We use rainfall data from the Australia Landscape 
Water Balance (Australian Water Resource Assess-
ment Landscape, or AWRA-L) Model, which is a 0.05° 
(approximately 5 km) gridded daily water balance model 
developed by CSIRO and the Australian Bureau of 
Meteorology for Water Resource assessment purposes 
(see Hafeez et  al. 2015; Viney et  al. 2015; and Van Dijk 
et  al.2010 for the model description). The outputs are 
already widely used by state and commonwealth water 
and agriculture agencies for water resource assessment 
and planning, agriculture and natural resource manage-
ment, flood applications and groundwater modelling 
applications across Australia.

To elucidate influences from the IOD, we use the dipole 
mode index (DMI; Saji et  al. 1999) which describes dif-
ference in SST between the tropical western (50°E-70°E, 
10°S-10°N) and eastern Indian Ocean (90°E-110°E, 
10°S-0°); for impacts from CP-ENSO, we use index con-
structed from an empirical orthogonal function (EOF) 
analysis on quadratically detrended monthly SST anoma-
lies (Takahashi et al. 2011) over the tropical Pacific region 
(140°E-80°W, 15°S-15°N). This is based on monthly SST 
data from Hadley Centre Sea Ice and Sea Surface Tem-
perature dataset version 1.1. (HadISST v1.1) (Rayner et al. 
2003) from 1911 onward, to match the Australia rainfall 
data length. The EOF analysis gives two dominant modes, 
the first one with a spatial pattern featuring warming in 
the eastern, and the second mode with warming in the 
central Pacific, each with a principal component (PC) 
time series scaled to unity. The C-index is described as 
(PC1 + PC2)/

√

2 , which represents SST variability over 
the anomaly centre in the central Pacific Ocean. The 
greater the C-index, the warmer the SST anomalies in 
the CP region. The other ENSO regime, i.e., EP ENSO 
regime, is described by an E-index, (PC1-PC2)/

√

2 , which 
represents SST variability over the anomaly centre in the 
eastern Pacific Ocean. In this study, we focus on impacts 
from CP-ENSO regime.

To evaluate projected changes in frequency of 2-year 
consecutive concurrence of pIOD and CP-El Niño, and 
the associated rainfall anomalies over Australia, we 
examine a total of 17 CMIP5 coupled general circulation 
models forced with historical anthropogenic and natu-
ral forcings before 2005 and future greenhouse warming 
under the RCP8.5 emission scenario (Taylor et al. 2012) 
thereafter to 2099. The 17 models are selected based on 
their ability to simulate a reasonable ENSO diversity, 
i.e., distinguishable CP-ENSO and EP-ENSO regimes 
(Cai et al. 2018; Wang et al. 2020). Rainfall, surface tem-
perature and SST are utilised. We also used data from 23 
CMIP6 models based on the same selection criterion. 
The CMIP6 models are forced by historical forcing up to 

2014 and thereafter the shared socioeconomic pathway 
5–8.5 emission scenario, which is approximately equiva-
lent to RCP8.5 (Eyring et al. 2016). See Table 1 for more 
information of the selected models from CMIP5 and 
CMIP6.

Rare consecutive occurrence of pIOD and CP‑El 
Niño events
During the five austral winters since 2015, the JJA 
C-index show five consecutive years of seasonal posi-
tive surpassing a 0.5 standard deviation (s.d.) value with 
three winters superimposed by a positive IOD index 
exceeding 0.5  s.d. (Fig.  2a). Such consecutive events 
have a cumulative depleting impact on soil moisture 
(Cai et al. 2009a, b). Throughout the 110 years of evo-
lution, there was only another such five consecutive 
years of C-index, which took place during 1991–1995 
with two superimposing pIOD events including the 
extreme 1994 event. Further, time series of SON 
IOD index and CP-ENSO index shows that although 

Table 1.  17 CMIP5 models and  23 CMIP6 models 
that  produce reasonable nonlinearity (half 
of the observed) between PC1 and PC2

Here we use α to indicate the strength of the nonlinear relationship as in 
PC2(t) = α PC1(t)2. (see Data session; see also Cai et al. 2018). The observed α 
based on multi-products as in Cai et al. (2018) is -0.31. The more negative in α, 
the higher nonlinearity in the ENSO system

CMIP5 α CMIP6 α

FIO-ESM − 0.5155 CAMS-CSM1-0 − 0.2902

GISS-E2-R − 0.1995 FGOALS-f3-L − 0.5547

bcc-csm1-1-m − 0.2518 FGOALS-g3 − 0.3096

CCSM4 − 0.3245 CMCC-CM2-SR5 − 0.4055

CESM1-BGC − 0.1776 CNRM-CM6-1 − 0.1662

CESM1-CAM5 − 0.3953 CNRM-ESM2-1 − 0.1687

CMCC-CESM − 0.2502 EC-Earth3 − 0.2662

CMCC-CM − 0.1872 EC-Earth3-Veg − 0.2665

CMCC-CMS − 0.3155 FIO-ESM-2–0 − 0.3751

CNRM-CM5 − 0.1738 MIROC6 − 0.3198

FGOALS-s2 − 0.2142 MIROC-ES2L − 0.3466

GFDL-CM3 − 0.2931 HadGEM3-GC31-LL − 0.1785

GFDL-ESM2M − 0.3882 MPI-ESM1-2-h − 0.2660

GISS-E2-H − 0.1789 MPI-ESM1-2-LR − 0.2338

IPSL-CM5B-LR − 0.2594 MRI-ESM2-0 − 0.3387

MIROC5 − 0.3605 GISS-E2-1-G − 0.3644

MRI-CGCM3 − 0.1583 CESM2 − 0.3216

CESM2-WACCM − 0.2436

NorESM2-LM − 0.2505

NorESM2-MM − 0.2077

GFDL-ESM4 − 0.1931

CIESM − 0.1886

MCM-UA-1-0 − 0.2888
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single-year concurrent pIOD and CP-El Niño events 
occur relatively often (for example, in terms of SON 
indices: 1923, 1925, 1937, 1941, 1946, 1963, 1965, 
1977, 1987, 1991, 1994, 2002, 2006, 2012, 2015, 2018, 
2019), on average about one in 5 years, there is only one 
such 2-year consecutive concurrence, that is, during 
2018/2019, throughout the entire time series (Fig. 2b). 
This suggests an overall dry period across eastern 
and southeastern Australia over the past five years 
and particularly last two years (Fig.  2c, d). Note that, 

the following results do not change if different SON 
C-index threshold values, e.g., greater than 1.0 s.d., are 
used to define consecutive events.

The rarity of the sequence in the JJA and SON time 
series provides a relevant context for understanding the 
unique characteristics of the 2019/20 fire season, which 
transcends the large spatial scale. The consecutive CP El 
Niño events provide a conducive environment for the 
2019 fire seasons to commence in northeastern Aus-
tralia in JJA, a dry season, made worse by the negative 

Fig. 2  The consecutive concurrences of CP El Niño and pIOD event and the recent severe drought over Australia. a A comparison between the JJA 
C-index (bars) and the JJA DMI (blue curve) from 1911 to 2019. The pink bars highlight CP El Niño years defined as when the C-index is greater than 
0.5 s.d.; and a positive IOD event indicated by blue filled circle is defined as when the DMI is greater than 0.5 s.d. The correlation coefficient and p 
value are shown on the title. b The same as a but for the SON season. c Mean monthly rainfall anomalies over the recent five years, i.e., from 2015 
to 2019. d, The same as c over the recent two years, i.e., from 2018 to 2019. Data are quadratically detrended before analysis. Dotted areas indicate 
regions where the anomalies are greater than a 2.0 s.d. value of the 5 year and 2 year running time series at each grid-points in c and d, respectively
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rainfall anomalies due to the 2018 CP-El Niño and the 
soil moisture-depleting period, or early in SON in east-
ern Australia. Over southeastern Australia, cumulative 
effect from the consecutive 2018 and 2019 pIOD events 
likewise provides a favourable condition for bushfires to 
occur in early austral summer, a dry season when bush-
fires normally take place. Rainfall and temperature sta-
tion data from the Australian Bureau of Meteorology 
show that in many parts of the eastern and southeast-
ern Australia, not only record dry in terms of two-year 
cumulative rainfall anomalies (for example, greater than 
2.s.d., stippled area in Fig.  2d), but record warm condi-
tions were observed, which exacerbated the effect of the 
extreme dry condition. Together, these anomalies create 
a “perfect” condition for the devastating fires, spatially 
expansive from north to south of the country, long-last-
ing from winter to summer, and with an extreme ferocity 
that is rarely seen.

Apart from the high temperatures, which are contrib-
uted by long-term warming trends, does greenhouse 
warming contribute to the generation of the 2-year con-
secutive concurrent pIOD and CP-El Niño events? Below 
we examine climate models participating in the Coupled 
Model Inter-comparison Project Phase 5 (CMIP5) and 
Phase 6 (CMIP6) to address the issue.

Impact from greenhouse warming
We examine models participating in CMIP5 forced by 
historical and RCP8.5 emission scenario to 2099 (Tay-
lor et al. 2012). The C-index for each model are obtained 
from EOF analysis on quadratically detrended monthly 
SST anomalies over the 200  years (1900–2099). We use 
17 out of 34 CMIP5 that are better able to simulate non-
linear dynamical process and hence CP-ENSO as in Cai 
et al. (2018). Previous studies have found that there is no 
inter-model consensus on change in the IOD SST vari-
ability (Cai et al. 2013; Zheng et al. 2013; Hui and Zheng 
2018), but an increase in CP-ENSO variability with a 
reasonable inter-model agreement (Cai et  al. 2018). We 
compare the frequency of concurrences of a pIOD with 
CP-El Niño by comparing two 100-year periods that is, 
1900–1999 (Control) and 2000–2099 (Future) focusing 
on events identified with SON indices.

As in the observed (Fig.  2b), there is a moderate cor-
relation between the IOD and CP-ENSO as seen from 
Fig.  3a, b in both the Control and Future climate, con-
sistent with previous examination (Cai et  al. 2010). The 
total number of consecutive concurrent pair of pIODs 
and CP-El Niños is 52 over the 1700 years of virtual cli-
mate, that is, one pair in 33  years, more frequent than 
the observed in the model aggregation. The frequency 

increases to 64 per 1700  years, or one pair in 27  years. 
However, there is no inter-model consensus, with only 9 
out of 17 models producing an increase. This result sug-
gests that greenhouse warming may not have influenced 
the dynamical trigger of the consecutive concurrences of 
pIOD and CP-El Niño events in 2019/20. We also exam-
ined 23 CMIP6 models based on the same model selec-
tion criterion as for CMIP5 (see Table  1). Results are 
similar (Fig. 3c, d) to those of CMIP5 but suggest a higher 
climate sensitivity in CMIP6 (Zelinka et al. 2020).

Are the impacts on rainfall changing? To this end, we 
compare composites of raw rainfall anomalies. For each 
pair of concurrent events, we construct average of the JJA 
and SON rainfall anomalies over the four seasons of the 
two consecutive years. Multi-model averages of all pairs 
in terms of raw rainfall for the Control and Future climate 
show that there is greater drying in the Future climate 
across Australia (Fig. 4a, b). Composites of quadratically 
detrended rainfall anomalies generate a similar result but 
less intense (figure not shown). Thus, difference between 
Fig.  4a, b, or between Fig.  5a, b, largest in the western 
half of Australia, and smaller in the eastern half, is con-
tributed by both greenhouse warming-induced drying 
trends (Figs.  4c, 5c), and by stronger anomalies during 
such events, particularly in CMIP6 (Fig. 5b). The forcing 
factors for the drying trends include a positive Southern 
Annular Mode (Shi et al. 2008; Wang and Cai 2013; Cai 
et al. 2010) that affects Southwestern West Australia and 
southern Australia, a faster warming in the tropical west-
ern Indian Ocean than the east, or a pIOD-like change 
that generates a reduction in the JJA and SON mean rain-
fall through a similar process whereby a pIOD exerts its 
influence on the southern and southeastern Australia 
(Shi et  al. 2008), and an El Niño-like warming pattern 
in the equatorial Pacific affecting eastern Australia (Shi 
et  al. 2008). Furthermore, the impact of the intensified 
drying will be exacerbated by the background warming of 
2–4 °C across much of the Australian continent (Figs. 4d, 
5d), which increases potential evaporation, and depletes 
soil moisture. Thus, greenhouse warming-induced dry-
ing trends and the intensified future rainfall anomalies 
is likely to make future two-year consecutive pIOD and 
CP-El Nino events more extreme in terms of rainfall defi-
cit, and the projected rise in temperatures (Figs. 4d and 
5d) will exacerbate the impacts. 

Conclusions
During the 2019/20, Australia experienced a catastrophic 
bushfire unlike any previous years, with the expansive 
spatial scale from Brisbane to Tasmania, lasting over 
6 months with an early commencement amid severe dry 
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and hot anomalies. We find that the two-year consecu-
tive 2018 and 2019 pIOD events in conjunction with the 
consecutive 2018 and 2019 CP-El Niños, together with 
the warm condition conspired to provide a background 

condition that contributed to the extreme properties in 
terms of commencement time, long duration, and inten-
sity. However, there is no strong modelling evidence to 
suggest that greenhouse warming contributed to the 

Fig. 3  Relationship between SON C-index and SON DMI. Show are based on outputs from 17 CMIP5 models for a the 1900–1999 and b the 
2000–2099 periods and 23 CMIP6 models for c the 1900–1999 and d the 2000–2099 periods. See Table 1 for models that are selected for the 
analysis. Correlation, slope and p value are indicated in each panel. Red dots indicate events that are similar to 2018–2019 when consecutive 
concurrent pIOD (DMI is greater than 0.5 s.d.) and CP El Niño (C-index is greater than 0.5 s.d.) events occur for two years; dark grey dots indicate 
other concurrent pIOD and CP El Niño years. The total number of consecutive concurrences is indicated in red text. The associated frequency is also 
shown in each panel
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triggering of the two-year consecutive pIOD and CP-El 
Niño occurrence, with both CMIMP5 and CMIP6 show-
ing only a small increase in future occurrences. However, 
detrended rainfall anomalies tend to be stronger in the 
future, and there is a drying trend in the mean condition. 

Thus, the impact of future 2-year consecutive concur-
rences of CP-El Niños with pIODs similar to what we 
experienced in 2019/20 is likely to be more severe as the 
associated larger rainfall anomalies and dry trends are 
exacerbated by the rise in temperatures.

Fig. 4  Possible influences from mean state change under greenhouse warming based on CMIP5. a Composites of JJASON mean rainfall anomalies 
(mm per month) for events that are similar to 2018–2019 sequences in the Control climate, i.e., 1900–1999. b The same as a, but for the Future 
climate, i.e., 2000–2099. Dotted areas indicate where the difference between a and b is significant at the 95% confidence level based on a Student 
t-test. c Projected changes in Australia JJASON rainfall between 2000–2099 and 1900–1999. d The same as c, but in surface temperature (°C). Results 
are based on 17 CMIP5 models that produce reasonable ENSO diversity (Cai et al. 2018). Dotted area in c and d indicate where the difference 
between two period is significant above the 95% confidence level based on a Student t-test
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Abbreviations
IOD: Indian Ocean Dipole; pIOD: Positive Indian Ocean Dipole; CP: Central 
Pacific; CMIP5: Coupled Model Inter-comparison Project Phase 5; CMIP6: Cou-
pled Model Inter-comparison Project Phase 6; JJA: June, July and August; SON: 
September, October, and November; PC: Principal component; EOF: Empirical 
orthogonal function; DMI: Dipole mode index; s.d.: Standard deviation.
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