
S58 SEPTEMBER 2013|

the PDFs shown in Fig. 18.2d were plotted. These 
PDFs are formed from 637 samples representing La 
Niña Rx5day values and 1523 samples representing 
El Niño and neutral Rx5day values. These PDFs are 
significantly different. FAR values show an increase in 
the likelihood of Rx5day values above a 150% thresh-
old of 58% (with a standard deviation of ±15% across 
the 1000 estimates) in La Niña seasons compared 
with El Niño and neutral seasons combined. This 
FAR value is robust to the choice of threshold used.

Conclusions. We examined SE Australia extreme rain-
fall and its teleconnection with ENSO in observations 
and a selection of CMIP5 models. In observations, 
the magnitude of anomalously cool SSTs in the 
Niño-3.4 region has a far greater effect on Rx5day in 
SE Australia compared to the magnitude of anoma-
lously warm SSTs. Five CMIP5 models were selected 
as the focus for our study as they possess aspects of 
ENSO variability and an asymmetric ENSO-extreme 

rainfall relationship. Using these models, we found 
little evidence of significant change in the ENSO-
extreme rainfall relationship between 1861–90 and 
1976–2005. The PDFs of Rx5day values in La Niña 
seasons also show nonsignificant differences between 
the same periods. There is little robust change in the 
risk of extreme rainfall events between 1861–90 and 
1976–2005. Interannual variability related to ENSO 
has played a greater role than any long-term trend on 
the magnitude of extreme rainfall events in southeast 
Australia over the period 1861–2005. In summary, 
we detect limited evidence of a change in the rela-
tionship between ENSO and SE Australia extreme 
rainfall, or of a change in extreme rainfall itself, that 
may be attributed to anthropogenic climate change. 
Similar analysis of the austral summer mean rainfall 
anomalies in 2010–11 and 2011–12 also show some 
influence from La Niña with no apparent influence 
from anthropogenic climate change in the observed 
rainfall anomalies.

19. AN ATTRIBUTION STUDY OF THE HEAVY RAINFALL 
OVER EASTERN AUSTRALIA IN MARCH 2012

Nikolaos Christidis, Peter A. Stott, David J. Karoly, and Andrew Ciavarella

Introduction. Heavy rains at the end of summer 
2012 across eastern Australia (Bureau of Meteorology 
2012) led to swollen rivers and widespread flooding 
that swamped agricultural land, caused loss of life, 
and forced tens of thousands of people to evacuate 
their homes. The event came only a year after the 
catastrophic f loods in Queensland, when the larg-
est part of the north-eastern state was declared a 
disaster zone. In the aftermath of two major floods 
in consecutive years, the question arises whether 
the odds of heavy rain in eastern Australia are set to 
increase under the synergy between internal climate 
variability and externally forced climate change. Here 
we investigate the possible contributions of the ENSO 
and the long-term effect of human influences on the 
climate to the heavy rainfall in March 2012 over east-
ern Australia (10°S–45°S, 140°E–160°E). The anthro-
pogenic contribution is estimated with a new state-of-
the-art system for Attribution of extreme weather and 
Climate Events (ACE; Christidis et al. 2013), built on 
HadGEM3-A, the latest atmospheric model from the 
Hadley Centre. We concentrate on March, as the main 
flooding occurred in the beginning of that month and 
the total rainfall in the region was exceptionally high 

in comparison with the summer months (Fig. 19.1a). 
In fact, March 2012 ranks as the third wettest after 
2011 and 1956 in the Global Historical Climatology 
Network (GHCN) dataset used to provide rainfall 
observations for this study (Peterson and Vose 1997). 
Although the heavy rainfall event examined here is 
not unprecedented, the adverse impacts associated 
with two consecutive wet years in the region make it 
an interesting case to study.

The inf luence of ENSO. A correlation between the 
phase of ENSO and rainfall in Australia has long been 
identified (McBride and Nicholls 1983). La Niña epi-
sodes, characterized by warm SST anomalies over the 
West Pacific are associated with wetter-than-normal 
conditions over eastern Australia. While La Niña 
conditions prevailed at the end of 2011 and beginning 
of 2012, they had considerably weakened by March, 
and ENSO changed phase in April. Figure 19.1b il-
lustrates the relationship between March precipitation 
in the region and the Southern Oscillation Index 
(SOI) from summer to early autumn. An increase in 
rainfall with the SOI is evident, and the slope of the 
least-square fit is found to be significantly different 
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from zero. While the La Niña episode early in the 
year is likely to increase the chances of a wet March, 
the extremely high rainfall amount (marked with a 
red cross in Fig. 19.1b) is unlikely to be attributable 
solely to ENSO.

SST warming to the north of Australia. Australian rain-
fall is also influenced by the SSTs to the north of the 
country, and it is found that warm anomalies during 
spring are associated with heavy summer rainfall 
across eastern Australia (Nicholls 1984; Evans and 
Boyer-Souchet 2012). Figure 19.1c depicts the relation-
ship between summer-to-early-autumn rainfall and 
the spring SSTs around northern Australia (0°–22°S, 
94°E–174°E) taken from the HadISST dataset (Rayner 
et al. 2003). Both external forcings and variability may 
contribute to warm SSTs. In order to minimize the 
effect of variability due to ENSO (Catto et al. 2012) 
we examine only years with SOI between 7 and 12 
(marked by the vertical dotted lines in Fig. 19.1b), 
i.e., similar conditions to the event we consider here. 
We find a significant increase in rainfall with SST, 
which could explain wetter conditions in December–
March 2012 given the warm ocean temperature. The 
observations suggest an increase in the SSTs north of 

Australia by 0.1 K decade-1 over 
the last 50 years, consistent 
with the multidecadal anthro-
pogenic global ocean warming 
(Glecker et al. 2012; Pierce et al. 
2006). While the SST warming 
is indicative of more wet sum-
mers over eastern Australia, 
which could also be exacer-
bated by La Niña conditions, it 
is important to assess whether 
the occurrence of extreme 
rainfall also becomes more 
frequent. So far, we have only 
assumed that long-term ex-
ternally forced climate change 
might have contributed to the 
heavy rainfall in 2012 through 
the warming of the ocean. We 
next attempt to investigate the 
overall contribution of human 
influences in more detail and 
examine how they may have 
changed the odds of above 
average and extreme rainfall 
in March 2012.

Anthropogenic influence. The new Hadley Centre ACE 
system has already been employed to study several 
high-impact extreme events in recent years (Christidis 
and Stott 2012; Christidis et al. 2013; Lott et al. 2013). 
We carried out a new experiment that comprises 
ensembles of 600 simulations with HadGEM3-A over 
the period September 2011–August 2012. We have one 
ensemble that represents the actual climate where the 
effect of all external forcings is accounted for and two 
ensembles that provide two possible representations 
of a hypothetical “natural” climate without the effect 
of human influences. In simulations of the natural 
climate, an estimate of the anthropogenic change 
in the SSTs has been subtracted from the prescribed 
observations and the sea ice has been adjusted 
accordingly. The estimate of the change in the SST 
comes from two Earth System models, HadGEM2-ES 
(Jones et al. 2011) and CanESM2 (Gillett et al. 2012), 
hence, we have two different representations of the 
natural climate without human influences. Details on 
the ACE experimental setup are given in Christidis et 
al. (2013). We assessed the model skill in reproducing 
high rainfall during March over eastern Australia 
on the basis of reliability diagrams, as in previous 
work. Using GHCN observations and a five-member 

Fig. 19.1. GHCN observations of rainfall anomalies relative to 1961–1990 over 
eastern Australia. (a) 1900–2012 Mar rainfall time series; (b) the relationship 
between Mar rainfall and the Dec–Mar mean value of the Southern Oscil-
lation Index (from http://www.bom.gov.au/climate/current/soi2.shtml); (c) 
the relationship between Dec–Mar rainfall and spring north Australian SST 
anomalies (from HadISST) for years with 7< SOI <12 (marked by the verti-
cal dotted lines in panel b). The year 2012 is highlighted in red. The p-values 
(panels b and c) refer to testing of the hypothesis that the least square fit 
(plotted in black) has a zero trend.



S60 SEPTEMBER 2013|

ensemble of multidecadal 
simulations of the actual 
climate, we find that the 
forecast  probabi l it y  i s 
consistent with the observed 
frequency of heavy rainfall 
in the reference region, 
which suggests the model 
can represent well drivers 
of high rainfall events and 
is therefore a reliable tool 
for our analysis.

Figure 19.2 illustrates the 
regional rainfall distribu-
tions for March 2012 with 
and without anthropogenic 
effects as well as the change 
in the odds of above aver-
age, heavy, and extreme 
precipitation (defined in 
the figure caption) due to 
human inf luences. Note 
that the observed rainfall 
in March 2012 was three 
standard deviations above 
the climatological average, 
i.e., well above the extreme 
threshold. Our results (Figs. 
19.2a and 19.2c) indicate a 
small but statistically significant (as inferred from a 
Kolmogorov-Smirnov test) shift in the rainfall dis-
tribution towards wetter conditions under the effect 
of anthropogenic forcings. For the calculation of the 
change in the odds, the probabilities of exceeding a 
threshold are computed using the generalized Pareto 
distribution if the threshold lies at the tails, and a 
Monte Carlo bootstrap procedure is employed to esti-
mate the sampling uncertainty (Christidis et al. 2013). 
Figures 19.2b and 19.2d show that the uncertainty in 
our estimate of the change in the odds increases as the 
threshold becomes more extreme, which implies that 
larger samples would be required to estimate small 
probabilities with greater precision. Our analysis 
provides evidence for increasing odds of above aver-
age rainfall relative to the natural climate. Therefore, 
although there is no evident trend in rainfall observa-
tions (Fig. 19.1a), once we constrain the SSTs and thus 
minimize the effect of natural variability, we begin 
to see an emerging signal of wetter months under 
the influence of anthropogenic forcings, as also in-
dicated in Fig. 19.1c. The odds of heavy and extreme 
precipitation also seem to increase, as the largest part 

of the corresponding distributions in Figs. 19.2b and 
19.2d lies over positive values, but the uncertainty 
in these cases is much larger. The results for these 
higher thresholds are also more sensitive to the SSTs 
prescribed in the simulations of the natural climate 
with the CanESM2 version providing a much stron-
ger indication of an increase in heavy and extreme 
rainfall. It should be noted that the anthropogenic 
warming in north Australian SSTs computed with 
CanESM2 is 0.54 K higher than the HadGEM2-ES 
estimate, indicative of a greater separation between 
the rainfall distributions with and without the effect 
of human influences.

Conclusions. The La Niña episode in early 2012 is 
unlikely to entirely explain why March 2012 was the 
third wettest in the observational record in eastern 
Australia. Warm north Australian SSTs, however, are 
expected to result in wetter conditions and given the 
continuing warming trend of the ocean, increased 
rainfall over the eastern part of the country could 
become more common. Using the ACE methodology 
we find that the overall long-term effect of human 

Fig. 19.2. Normalized distributions of the rainfall over eastern Australia in Mar 
2012 (panels a and c) constructed with the ACE ensembles with (red histograms) 
and without (blue histograms) the effect of human influences. Simulations of 
the natural climate use estimates of the change in the SST and sea ice due to 
anthropogenic forcings from HadGEM2-ES and CanESM2 (blue histograms in 
panels a and c respectively). The normalized distributions of the change in the 
odds of above average, heavy, and extreme rainfall in the region in Mar 2012 due 
to anthropogenic forcings are shown in panels (b) and (d) for the two versions 
of the natural climate. The thresholds for average, heavy, and extreme rainfall 
correspond to the 1960–2010 climatological mean and the rainfall levels of one 
and two standard deviations above the mean. The best estimate of the change 
in the odds, approximated by the median of the distribution, is also noted in 
panels (b) and (d).
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influences on the climate increases the chances of 
above-average rainfall by 5%–15% (best estimate), 
although the impact on extreme precipitation is much 
more uncertain. Even when all climatic forcings are 
accounted for, the observed rainfall in March 2012 

lies in the far tail of the expected rainfall distribu-
tion from the ACE ensembles. Therefore, despite the 
potential contribution of all factors examined here, 
the extreme magnitude of the event appears to arise 
mainly from unforced internal climatic variations.

20. THE ROLE OF CLIMATE CHANGE IN THE TWO-DAY 
EXTREME RAINFALL IN GOLDEN BAY, NEW ZEALAND, 

DECEMBER 2011
Sam M. Dean, Suzanne Rosier, Trevor Carey-Smith, and Peter A. Stott

Introduction. In December 2011, a torrent of water fell 
from the sky in Golden Bay and Nelson, overwhelm-
ing local streams and inundating the landscape with 
mud and debris. Barren scars of earth littered the 
hillsides of the region, a testimony to the power of 
the event (see Supplementary figures). The culprit 
was a low-pressure weather system that transported 
moist air directly from the subtropics to New Zealand 
(Fig. 20.1a and Supplemen-
tary animation). When this 
“atmospheric river” col-
lided with the coastal hills 
of Golden Bay and Nelson, 
the rainfall amounts were 
staggering—in the town-
ship of Takaka 453 mm 
was recorded in just 24 
hours and 674 mm in 48 
hours. This greatly exceeds 
any previous record at this 
site, and from the available 
observations, it has been 
estimated that the 48-hour 
total is a one in 500-year 
event. The event was also 
the largest 48-hour accu-
mulation ever recorded 
in an urban area in New 
Zealand.

Strikingly, the rain fell 
predominantly on coastal 
hills within 2 km–5 km of 
the coast (all <500 m eleva-
tion), such that none of the 
major rivers with head-
waters in the mountains 
reached extreme flood lev-

els. Such high rainfall in coastal areas is damaging, 
predominantly because of higher population density. 
The event was unusual due to its rare combination of 
high humidity in the lower atmosphere accompanied 
by only moderate winds (Doyle and Harvey 2012). 
A stationary high east of New Zealand also played 
a key role in slowing the progress of the deep low.  

Fig. 20.1. Observations of the Dec 2011 Golden Bay and Nelson extreme rainfall 
event. (a) Vertical integral of the specific humidity (kg m-2) for 14 Dec 2011 from 
the ERA-Interim reanalysis. The location of the Takaka rain gauge is indicated 
by the red cross, while the dashed lines indicate the box over which the large-
scale fields were averaged. (b) Vertical integral of the specific humidity (kg m-2) 
from ERA-Interim averaged for the box in (a) plotted against all daily rainfall 
amounts (09:00 to 09:00 NZST) measured at Takaka that exceeded 130 mm for 
the period 1979–2012. Colors indicate the orientation of the vertical integral of 
the moisture flux. Note that the Dec 2011 event lies in the top right of the figure.


