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Abstract Eastern Australia recently experienced an intense drought (Millennium Drought, 2003–2009)
and record-breaking rainfall and flooding (austral summer 2010–2011). There is some limited evidence for a
climate change contribution to these events, but such analyses are hampered by the paucity of information
on long-term natural variability. Analyzing a new reconstruction of summer (December–January–February)
Palmer Drought Severity Index (the Australia-New Zealand Drought Atlas; ANZDA, 1500–2012 Common Era),
we find moisture deficits during the Millennium Drought fall within the range of the last 500 years of natural
hydroclimate variability. This variability includes periods of multidecadal drought in the 1500s more
persistent than any event in the historical record. However, the severity of the Millennium Drought, which
was caused by autumn (March-April-May) precipitation declines, may be underestimated in the ANZDA
because the reconstruction is biased toward summer and antecedent spring (September-October-November)
precipitation. The pluvial in 2011, however, which was characterized by extreme summer rainfall faithfully
captured by the ANZDA, is likely the wettest year in the reconstruction for Coastal Queensland. Climate
projections (Representative Concentration Pathways (RCP) 8.5 scenario) suggest that eastern Australia will
experience long-term drying during the 21st century. While the contribution of anthropogenic forcing to
recent extremes remains an open question, these projections indicate an amplified risk of multiyear drought
anomalies matching or exceeding the intensity of the Millennium Drought.

1. Introduction

At the turn of the 21st century, two extreme hydroclimate events occurred over eastern Australia in rapid suc-
cession. The first was an intense, multiyear drought referred to as the Big Dry or Millennium Drought [Cai et al.,
2014; Ummenhofer et al., 2009; Verdon-Kidd and Kiem, 2009]. From the late 1990s through 2009, precipitation
deficits (primarily during austral autumn) contributed to low runoff and streamflow in the Murray-Darling
Basin [Kiem and Verdon-Kidd, 2010; Kirby et al., 2014; Potter et al., 2010], caused fires across Southeastern
Australia [Cai et al., 2009a; Heberger, 2011] including the Black Saturday fires that claimed 173 lives and cost an
estimated US$3 billion [Cai et al., 2009a; Teague et al., 2010], and led to major economic and agricultural losses
[van Dijk et al., 2013; Horridge et al., 2005; Kirby et al., 2014]. Two years after the Millennium Drought, eastern
Australia went on to experience one of the wettest observed summers [Post et al., 2014; Cai and van Rensch,
2012], including record high rainfall in December of 2010 [Australian Bureau of Meteorology, 2011] and flood-
ing in southeast Queensland and Brisbane in January 2011 that claimed 23 lives and caused US$2.55 billion
in damages [van den Honert and McAneney, 2011]. The global land precipitation anomaly that year, associated
with a major La Niña event, was so large that it caused a transient drop in global sea levels [Boening et al., 2012;
Fasullo et al., 2013] and a record high terrestrial carbon sink [Le Quéré et al., 2013; Poulter et al., 2014].

Extreme droughts and floods are recurring features of the climate in eastern Australia, and the historical
record is replete with examples. These include the Federation (1895–1902) and World War II (1937–1945)
droughts [Ummenhofer et al., 2009; Verdon-Kidd and Kiem, 2009], the 1791–1792 Settlement Drought
following initial European colonization [Palmer et al., 2015; Russell, 1877], and numerous major floods
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[van den Honert and McAneney, 2011; Pittock et al., 2006]. Hydroclimate in southern and eastern Australia
is closely connected to three primary patterns of ocean-atmosphere variability that operate on interannual
to multidecadal time scales: the El Niño–Southern Oscillation (ENSO) [Cai et al., 2011; Nicholls et al., 1996;
Power et al., 1998], the Indian Ocean Dipole (IOD) [Cai et al., 2011; Ummenhofer et al., 2009, 2011], and the
Interdecadal Pacific Oscillation (IPO) [Kiem and Franks, 2004; Vance et al., 2015]. Precipitation over eastern
Australia is generally suppressed during warm or positive phases of these modes, with each mode exhibit-
ing strong seasonal biases in their teleconnections over eastern Australia. ENSO has the strongest and most
widespread impact in spring (September-October-November; SON) and some modest strength during win-
ter (June-July-August; JJA) [Risbey et al., 2009]. Significant summer-season (December-January-February; DJF)
ENSO teleconnections are localized primarily over Queensland and are weak and mostly nonsignificant dur-
ing the autumn (March-April-May; MAM). The influence of the IOD is strongest from winter through the early
spring (June–October) and is strongly amplified when a positive (negative) IOD event coincides with an El
Niño (La Niña) [Risbey et al., 2009]. The IPO primarily modulates the expression of ENSO variability, especially
over Queensland [Cai et al., 2010; Cai and van Rensch, 2012; Kiem et al., 2003; Kiem and Franks, 2004; Power
et al., 1999], and appears to be most strongly connected with summer precipitation and drought [Palmer et al.,
2015; Vance et al., 2015].

Precipitation deficits during the Millennium and other historical (Federation and World War II) droughts have
been attributed to a range of phenomena. Some have pointed to a consistent absence of rainfall-enhancing
negative IOD events [Ummenhofer et al., 2009, 2011]. Other analyses have suggested a more prominent role for
ENSO in the Millennium Drought [van Dijk et al., 2013; Verdon-Kidd and Kiem, 2009], with additional influences
from the Southern Annular Mode [Verdon-Kidd and Kiem, 2009] and the IPO [van Dijk et al., 2013]. In contrast,
the extreme pluvial in 2011 was forced primarily by a large La Niña event [Cai and van Rensch, 2012; Evans and
Boyer-Souchet, 2012; Lewis and Karoly, 2015], with additional contributions from negative phases of the IPO
[Cai and van Rensch, 2012] and IOD [Verdon-Kidd et al., 2014] and a strong positive departure in the Southern
Annular Mode [Timbal and Fawcett, 2012].

While their genesis was clearly natural, the extreme nature of these events has motivated investigations into a
possible role for anthropogenic climate change. For the Millennium Drought, several studies [Cai et al., 2009b;
Nicholls, 2004; Ummenhofer et al., 2009] concluded that extreme temperatures increased evaporative demand,
amplifying surface drying beyond what would have occurred from the (natural) sea surface temperature
(SST)-induced rainfall deficits alone. Some have concluded, however, that the high temperature anomalies
were instead a response to the drought, rather than a contributing factor [Lockart et al., 2009]. Other studies
suggest that the precipitation deficits themselves during the drought were possibly influenced by long-term,
anthropogenically driven drying trends caused by poleward storm track shifts and the intensification and
expansion of the subtropical dry zone in the Southern Hemisphere [Cai et al., 2014; Post et al., 2014; Theobald
et al., 2015; Verdon-Kidd et al., 2014]. Analyses of the 2010–2011 summer have also found evidence for an
anthropogenic effect on the floods and extreme rainfall from elevated SSTs [Evans and Boyer-Souchet, 2012;
Hendon et al., 2014; Ummenhofer et al., 2015], although some of these results may be model dependent [Lewis
and Karoly, 2015].

The Millennium Drought and 2011 pluvial were extreme, but understanding the anthropogenic climate
change contribution to these events requires a more complete sampling of the range of natural climate vari-
ations than is available from the short instrumental record. This has motivated the development of several
paleoclimate reconstructions to extend the climate record of eastern Australia further back in time. One of
the first to specifically address the issue of the Millennium Drought was the streamflow reconstruction of
Gallant and Gergis [2011] for the River Murray. They concluded that streamflow deficits during the Millennium
Drought were a 1-in-1500 year event, the driest period back to 1783. This conclusion was further supported
by the Gergis et al. [2012] precipitation reconstruction for Southeastern Australia, where the authors deter-
mined, with a >97% likelihood, that 1998–2008 was the driest decade in the region since initial European
settlement in 1788. Two recent reconstructions, however, point to much larger natural variability in hydro-
climate in centuries prior to the historical period. Ho et al. [2015] developed a rainfall reconstruction for
the Murray-Darling Basin and found multiple instances of decadal length dry and wet periods over the last
two millennia that exceeded any event in the instrumental record. Vance et al. [2015], in a millennial length
IPO reconstruction from the Law Dome ice core, similarly identified periods of persistent drought in eastern
Australia over the past millennium, including exceptional aridity during the 1100s. Notably, reconstructions of
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precipitation over southwestern Australia suggest that some of these periods of prolonged aridity may have
even extended across the entire southern half of the continent [Cullen and Grierson, 2009].

There are thus still considerable uncertainties regarding how the Millennium Drought and 2011 pluvial com-
pare to natural hydroclimate variations over recent centuries, especially in a broader spatiotemporal context.
Here we build on previous work by conducting a new analysis of the Australia-New Zealand Drought Atlas
(ANZDA), an annually and spatially resolved proxy (tree rings and corals) reconstruction of hydroclimate vari-
ability for eastern Australia, Tasmania, and New Zealand [Palmer et al., 2015]. Combined with climate model
projections from Phase 5 of the Coupled Model Intercomparison Project (CMIP5) [Taylor et al., 2012], we inves-
tigate the past context and future trajectory of extreme hydroclimate events in eastern Australia. Specifically,
we focus on two research questions: (1) How do the Millennium Drought and 2011 pluvial (wet spell)
compare to the full range of drought variability over the last 500 years, as represented in the ANZDA? and (2)
How will the probability of similar events shifts with climate change over the 21st century?

2. Materials and Methods
2.1. The Australia-New Zealand Drought Atlas (ANZDA)
The ANZDA [Palmer et al., 2015] is a gridded (0.5∘ spatial resolution), annually resolved reconstruction of aus-
tral summer self-calibrating Palmer Drought Severity Index (PDSI) [Palmer, 1965]. The year is centered on
January so that, for example, values for 2011 represent the average of December 2010, January 2011, and
February 2011. PDSI is a normalized indicator of drought, using a soil moisture bucket model to simulta-
neously track changes in moisture supply (precipitation) and demand (evapotranspiration) from month to
month. PDSI integrates changes in the surface moisture balance over a time scale of approximately 12 months
[Guttman, 1998] and compares well with more sophisticated soil moisture models [e.g., Cook et al., 2015;
Williams et al., 2015]. The DJF PDSI used in our analysis of Australian hydroclimate thus differs from other
drought indicators (e.g., precipitation and streamflow) in terms of (1) the aspect of the hydrologic cycle it
most closely represents (soil moisture) and (2) its inherent seasonality (likely biased toward spring and sum-
mer, while still incorporating climate information from previous seasons). It is expected, therefore, that results
and conclusions drawn from analyses of PDSI may differ from studies targeting other hydroclimatic variables
[e.g., Gallant and Gergis, 2011; Gergis et al., 2012]. Positive values of PDSI indicate wetter than normal condi-
tions (pluvials), while negative values indicate drier than normal conditions (droughts). PDSI is widely used as
a paleoclimate reconstruction target [Cook et al., 2004, 2010; Smerdon et al., 2015] and in observational [e.g.,
van der Schrier et al., 2013] and model-based [e.g., Cook et al., 2014] analyses of drought dynamics.

While different from what may be considered more standard hydroclimate variables (e.g., precipitation
anomalies and streamflow deficits), summer-season PDSI is a valuable drought indicator in many regions,
including eastern Australia. PDSI integrates climate across multiple months and seasons, providing a
longer-term view of moisture deficits and surpluses than can be derived from monthly precipitation anoma-
lies alone, and incorporates information on both moisture supply and demand, representing a more complete
picture of the surface moisture balance. This is especially critical for analyzing climate change impacts on
drought, which are expected to arise from shifts in both precipitation and evaporative demand [e.g., Cook
et al., 2014, 2015; Scheff and Frierson, 2013; Williams et al., 2015]. More specifically for Southeastern Australia,
summer PDSI is an indicator of initial soil moisture conditions for the winter cropping season. The impacts
of insufficient precipitation during the growing season and at the start of the cropping season are exacer-
bated by a preceding dry summer, especially in areas that practice minimal tillage farming and sow before
the autumn breaking rains [Pook et al., 2006]. Fire risks across large areas of arid and semiarid Australia are also
influenced by low soil moisture levels that increase the ability for fuel to burn and can also temporarily increase
litter fall from vegetation, further increasing fuel loads [Bradstock, 2010]. Because of its warm season bias,
summer PDSI can also be a good proxy for extreme rainfall and flooding, especially for summer-dominated
rainfall regions (e.g., northern Australia) where these events can be devastating [Holmes, 2012].

The ANZDA reconstruction (1500–2012) is based on a network of 176 drought-sensitive tree-ring chronolo-
gies and one coral luminescence proxy series. PDSI values in the ANZDA from 1500 to 1975 are derived
from the proxy network and merged with the underlying instrumental data set [van der Schrier et al., 2013]
from 1976 to 2012. The leading principal component in the ANZDA explains >50% of the underlying vari-
ance and is strongly correlated with the IPO [Palmer et al., 2015]. The reconstruction validates well over
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eastern Australia and identifies droughts that are independently corroborated in other reconstructions and
historical documents. Full details, including complete calibration and validation information, can be found in
Palmer et al. [2015].

2.2. CMIP5 Simulations
To investigate climate change impacts on drought, we use PDSI calculated from CMIP5 model projec-
tions of the 21st century (available from http://www.ldeo.columbia.edu/∼jsmerdon/2014_clidyn_cooketal_
supplement.html, Cook et al. [2014]). These projections cover the time interval 1901–2099, using the historical
(1850–2005) and RCP 8.5 (2006–2099; business-as-usual, high greenhouse gas emissions) forcing scenarios.
This ensemble includes projections from 15 models, several with multiple ensemble-members, for a total of
34 individual simulations. These model PDSI calculations use the physically based Penman-Monteith formula-
tion for potential evapotranspiration (PET) [Smerdon et al., 2015], incorporating model trends in temperature,
humidity, and net radiation (the PDSI target field [van der Schrier et al., 2013] for the ANZDA reconstruction
also used Penman-Monteith). Because the Penman-Monteith formulation is a more physically based approx-
imation of PET, it avoids the limitations of more simple PET methods (e.g., Thornthwaite) that overestimate
temperature and PET-forced drought trends [e.g., Hoerling et al., 2012]. We analyze DJF average PDSI from
these projections for consistency with the ANZDA. Further details on these drought projections and PDSI
calculations can be found in Cook et al. [2014], including global PDSI projections for each individual model.

2.3. Analyses
Prior to any analysis, PDSI data from the CMIP5 simulations and ANZDA at each grid point were recentered
to a mean of zero over the 20th century (1901–2000). This ensures the same baseline average conditions for
comparing drought variability across the reconstruction and model simulations. To identify regions for time
series analysis, we first conducted a principal component analysis (PCA) on the continental Australia portion
of the ANZDA, retaining and rotating the first three modes using varimax rotation. The resulting three rotated
modes account for 68.5% of the underlying variance with three primary centers of action (Figure 1). The first
is over southeast Australia and the Murray-Darling Basin (“Southeastern Australia”; 138–154∘E, 28∘–39.5∘S).
The second mode is focused to the west of the Great Dividing Range in Queensland (“Western Queens-
land”; 138∘–145∘E, 18∘–28∘S). The third and final principal component projects most strongly along the coast
of northeastern Australia (“Coastal Queensland”; 145∘–154∘E, 18∘–28∘S). Using the PCA analysis for guid-
ance, we then spatially averaged PDSI over these regions from the ANZDA and CMIP5 model simulations to
generate time series for analysis. Uncertainties in our reconstructed regional drought series are calculated
as the 90th percentile prediction intervals, estimated from a linear regression between the tree ring and
instrumental PDSI from 1902 to 1929 (the independent validation interval used in the ANZDA reconstruc-
tion). To quantify drought risk, we empirically fit kernel densities (cumulative distribution functions) to these
regional average PDSI distributions in the ANZDA and CMIP5 simulations. Comparisons between the fully
reconstructed (1500–1975) and instrumental (1902–2012) PDSI showed no significant differences (p> 0.05)
in either median PDSI (Wilcoxon rank-sum test) or dispersion (Ansari-Bradley test). To provide context for
recent extreme hydroclimate events, we highlight, from the ANZDA record, previous extreme drought and
pluvial years.

To compare and evaluate our results within the context of seasonal precipitation variability, we conducted
two sets of comparisons between PDSI and precipitation. First, we calculated Spearman’s rank correlations
(1902–1929) between the PDSI (tree ring reconstructed and instrumental) and single and cumulative season
precipitation from the CRU 3.21 climate grids [Harris et al., 2014]. These are the same precipitation data used
in the construction of the instrumental PDSI [van der Schrier et al., 2013] targeted in the ANZDA reconstruc-
tion. Second, we compare our reconstructed PDSI time series from Southeastern Australia to the historical
precipitation reconstruction of Ashcroft et al. [2014]. This regional precipitation data set consists of seasonal,
standardized precipitation anomalies for 1860–2012, constructed from homogenized historical precipita-
tion records distributed across a region (136∘–154∘E and 26∘–40∘S) approximately equivalent to our defined
Southeastern Australia region. For the Ashcroft et al. [2014] comparison, we calculate Spearman’s rank corre-
lations between seasonal precipitation and reconstructed PDSI for three intervals (1860–1901, 1902–1929,
and 1930–1975) and compare anomalies during the major multiyear historical drought events (Federation,
World War II, and Millennium). As with the PDSI from the ANZDA and CMIP5 simulations, we recentered these
seasonal precipitation anomalies to a zero 20th century mean prior to any analyses.

COOK ET AL. EXTREME HYDROCLIMATE IN EASTERN AUSTRALIA 12,823

http://www.ldeo.columbia.edu/~jsmerdon/2014_clidyn_cooketal_ supplement.html
http://www.ldeo.columbia.edu/~jsmerdon/2014_clidyn_cooketal_ supplement.html


Journal of Geophysical Research: Atmospheres 10.1002/2016JD024892

Figure 1. Loadings for the first three varimax rotated principal components for the eastern Australia portion of the ANZDA. Percentages in the titles indicate the
proportion of variance explained by each mode. Dashed boxes indicate our main regions of study over which we generate the regional average PDSI time series
from the ANZDA. These correspond to the major centers of loading of the three principal components: Southeastern Australia (PC1; 138∘ –154∘E, 28∘ –39.5∘S),
Western Queensland (PC2; 138∘ –145∘E, 18∘ –28∘S), and Coastal Queensland (PC3; 145∘ –154∘E, 18∘ –28∘S).

Aside from analyzing single-year droughts and pluvials in the reconstruction and CMIP5 simulations, we also
target analogues for the Millennium Drought. We define our Millennium Drought analogues as 7-year running
mean PDSI (in either the reconstruction or model ensemble) with a magnitude equal to or drier than the 7-year
mean for the Millennium Drought (2003–2009). We acknowledge that this ignores situations where two dry
7-year analogues may overlap or occur as part of the same persistent drought event. However, we use this
as the most straightforward method for determining how the Millennium Drought compares to equivalent
periods in the ANZDA, and how the risk of similar events may change under increased greenhouse gas forcing.

3. Results
3.1. The Millennium Drought and 2011 Pluvial
PDSI is primarily an indicator of soil moisture variability, integrated over multiple seasons. It is expected, then,
that PDSI may record drought differently compared to variables that track other parts of the hydrologic cycle,
such as precipitation or streamflow. Most studies based on precipitation deficits [e.g., Ummenhofer et al., 2009]
define the Millennium Drought from the mid-1990s to 2008 or 2009. In the ANZDA, average PDSI over all
three of our study regions in 2002 is −0.16, only slightly below normal. The following year is the first major
and widespread year of drought in the data set, with three-region average PDSI = −2.13. Given this, we there-
fore define the Millennium Drought from 2003 to 2009, acknowledging that analyses of other hydroclimatic
variables may lead to different results and interpretations.

Drought conditions were most intense and widespread in the ANZDA in the first year (2003) of the Mil-
lennium Drought (Figure 2), covering most of eastern Australia from Tasmania to the Cape York Peninsula.
By 2008 and 2009, conditions had either ameliorated or recovered across most of the continent except for
some intensification in the south. The year 2011 was exceptionally wet over nearly all of eastern Australia
(Figure 2), with grid cell values of PDSI in excess of +5 in all three regions. During 2011, values of area
averaged PDSI were positive enough that all three regions qualified as “very wet” by the standard PDSI scal-
ing definitions (http://drought.unl.edu/Planning/Monitoring/ComparisonofIndicesIntro/PDSI.aspx) (Western
Queensland PDSI = +4.32, Coastal Queensland PDSI = +5.24, and Southeastern Australia PDSI = +3.82).

3.2. Precipitation Seasonality in the ANZDA
Instrumental and reconstructed summer-season PDSI are mostly positively and significantly (one-sided test,
p ≤ 0.05) correlated with instrumental precipitation (Figure 3). The strongest single-season precipitation
correlations are summer and antecedent spring, with weaker but mostly still significant correlations with
antecedent winter and autumn. Both instrumental and reconstructed PDSI show small negative correlations
with preceding single-season autumn precipitation for Southeastern Australia. The presence of the negative
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Figure 2. Austral summer (December-January-February; DJF) PDSI from the ANZDA during the Millennium Drought (2003–2009) and 2011 pluvial in eastern
Australia. Dashed boxes outline our three primary regions of analysis identified in Figure 1.

correlation in the instrumental PDSI comparison indicates this is not an artifact of the reconstruction process
and thus may reflect some biases or noise over this relatively short period (28 years) in the instrumental record.
The cumulative seasonal correlation plots clearly show the important secondary influence of these previous
seasons on the summer PDSI. In nearly all cases, instrumental PDSI correlations with cumulative precipitation
from multiple seasons (e.g., SON+DJF) are stronger than any single season, with the largest increase in corre-
lation occurring when SON is combined with DJF. Seasonal correlation patterns for the reconstructed PDSI are
similar (and≥ +0.6 for Coastal Queensland and Southeastern Australia), although the winter and autumn sig-
nals in the reconstructed PDSI are weaker in both the single and cumulative season cases. This likely reflects
some additional biases in the underlying proxies toward spring and summer (beyond those embedded in the
PDSI calculation), or potential non-PDSI related variability in the proxies themselves.

The reconstructed PDSI is also positively and significantly correlated with the Ashcroft et al. [2014] historical
precipitation reconstruction over Southeastern Australia (Figure 4). Correlations with cumulative season pre-
cipitation are similar, or even slightly higher, during the ANZDA verification interval (1902–1929) compared
to the later calibration period (1930–1975), though they are substantially lower during the late 19th century
(1860–1901). Proxy availability in the reconstruction, however, is nearly uniform over the entire period, sug-
gesting the decreased correlation strength may instead reflect changes in the earliest precipitation records
used in the historical precipitation reconstruction. Indeed, the network of stations in the Ashcroft et al. [2014]
reconstruction for the late 19th century increases from less than 20 in 1860 to over 40 in 1900 [Gergis and
Ashcroft, 2013, Figure 3]. Regardless, correlations with the ANZDA are mostly significant in all seasons for
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Figure 3. Correlations (Spearman’s rank) between single and cumulative season CRU precipitation and instrumental (top row) and reconstructed (bottom row)
regional average summer (December-January-February; DJF) PDSI from the ANZDA. Seasonal subscripts indicate correlations with concurrent (0) or preceding
(−1) seasons. Dashed black lines represent the threshold for significance (p ≤ 0.05, one-sided test for positive correlation).

all intervals, with the strongest relationship between summer PDSI and cumulative spring and summer pre-
cipitation, a result consistent with the previous CRU precipitation analysis. Combined with the instrumental
analysis, these results demonstrate the ability of the reconstructed PDSI to capture a substantial fraction of
the cumulative season precipitation variability in all three regions.

Differences in the magnitude of the precipitation and PDSI anomalies are apparent across the three major
multiyear historical era droughts (Figure 5). Autumn precipitation deficits were the main driver of the Millen-
nium Drought [e.g., Timbal and Fawcett, 2013] with secondary contributions from more modest deficits in the
winter and spring. This is confirmed in the Ashcroft et al. [2014] reconstruction, which shows autumn precipi-
tation deficits during the Millennium Drought were the largest single-season precipitation anomalies across
these three events. Summer season PDSI in the ANZDA, however, was slightly drier during the World War II
drought compared to the Millennium Drought, which can likely be explained in terms of the precipitation sea-
sonality in the ANZDA. As noted, the sensitivity of the summer season PDSI to autumn precipitation is weaker
than for the other three seasons, which suggests that the ANZDA may underestimate the magnitude of the

Figure 4. Correlations (Spearman’s rank) between the Southeastern Australia reconstructed ANZDA summer (December-January-February; DJF) PDSI and the
single and cumulative season historical precipitation from the Ashcroft et al. [2014] reconstruction. Seasonal subscripts indicate correlations with concurrent (0)
or preceding (−1) seasons. Dashed black lines represent the threshold for significance (p ≤ 0.05, one-sided test for positive correlation).
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Figure 5. Seasonal precipitation [Ashcroft et al., 2014] and ANZDA summer (December-January-February; DJF) PDSI
anomalies for the three major multiyear historical droughts in Southeastern Australia: the Federation Drought, World
War II Drought, and Millennium Drought. PDSI anomalies are based on the standard PDSI scaling, while units for
precipitation are standardized anomalies. Subscripts indicate composites of concurrent (0) or antecedent (−1) seasonal
anomalies in the multiyear average (relative to the summer).

Millennium Drought. The World War II drought, however, was forced by the single largest SON precipitation
deficit across the three events, a season that is strongly correlated with summer season PDSI and an event
that the ANZDA is well suited to capture. This again highlights the seasonal biases in the ANZDA summer PDSI
and indicates the need for caution when interpreting and drawing conclusions about hydroclimate events
expressed across different drought indicators and variables.

3.3. Hydroclimate Variability Over the Last 500 Years
The last 500 years of hydroclimate variability are shown for our three regions combined (Figure 6) and individ-
ually (Figure 7). Over the ANZDA verification interval (1902–1929), the instrumental and reconstructed PDSI

Figure 6. Regional average summer (December-January-February; DJF) (top) PDSI and (bottom) fractional drought area
(PDSI < 0) from the ANZDA, calculated for our three eastern Australia regions combined: Western Queensland, Coastal
Queensland, and Southeastern Australia. Uncertainties in the reconstruction are shown in blue-grey shading, estimated
as the 90th percentile prediction intervals from a linear regression between the tree ring and instrumental PDSI time
series over 1902–1929 (the independent reconstruction verification interval). Solid red lines are regional average PDSI
and drought area calculated from the instrumental PDSI. Dashed brown lines are the multiyear mean PDSI and drought
area associated with the Millennium Drought (2003–2009). Dashed blue lines are the same but for the 2011 pluvial.
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Figure 7. Regional average summer (December-January-February; DJF) PDSI for our three eastern Australia regions:
Western Queensland, Coastal Queensland, and Southeastern Australia. Uncertainties in the reconstruction are shown in
blue-grey shading, estimated as the 90th percentile prediction intervals from a linear regression between the tree ring
and instrumental PDSI time series over 1902–1929 (the independent reconstruction verification interval). Solid red lines
are regional average PDSI and drought area calculated from the instrumental PDSI. Dashed brown lines are the
multiyear mean PDSI and drought area associated with the Millennium Drought (2003–2009). Dashed blue lines are the
same but for the 2011 pluvial.

correlate significantly (Spearman’s rank correlations): 𝜌 = 0.587 in Western Queensland, 𝜌 = 0.707 in Coastal
Queensland, 𝜌 = 0.510 in Southeastern Australia, and 𝜌 = 0.641 for all three regions combined. This level of
skill is comparable to the southeast Australia precipitation reconstruction of Gergis et al. [2012] (verification
period correlations between 0.41 and 0.70; their Tables 4 and 5) and the streamflow reconstruction of Gallant
and Gergis [2011] (verification period correlations between 0.46 and 0.70; their Table 4). The interannual vari-
ability in drought area (PDSI< 0; Figure 6, bottom) is high, a pattern exemplified by the recent extreme events
that are the focus of this study. The multiyear average drought area for the Millennium Drought (2003–2009;
red dashed line) covered 81.4% of eastern Australia, with 2003 appearing as the driest year of this drought in
terms of PDSI anomaly (−2.13) and among the top ten most widespread (98.5% drought area) drought years
since at least 1500 Common Era (C.E.). Similarly, exceptional wetness was widespread across eastern Australia
in 2011 (blue dashed line), with only 1.3% of the area in drought during this time. The regional ANZDA time
series (Figure 7) clearly identify major historical droughts that occurred outside the reconstruction calibration
interval (1930–1975), including the well-documented Federation Drought (1895–1902) and the Settlement
Drought of 1791–1792. Other periods of enhanced aridity in the ANZDA are corroborated by other recon-
structions [Ho et al., 2015], including the early 1500s, late 1700s, and 1820s to 1840s. From a summer PDSI
perspective, 2011 (dashed blue line, Figures 6 and 7) stands out as exceptionally wet. Multiyear mean PDSI
during the Millennium Drought (dashed brown line, Figures 6 and 7), however, appears to fall well within the
range of variability (and uncertainties) in the reconstruction.

COOK ET AL. EXTREME HYDROCLIMATE IN EASTERN AUSTRALIA 12,828



Journal of Geophysical Research: Atmospheres 10.1002/2016JD024892

Figure 8. Reconstructed summer (December-January-February; DJF) PDSI from selected extreme single drought years in
the ANZDA. 1519 was the driest year in Coastal Queensland (top five driest in Western Queensland and Southeastern
Australia), 1565 was the driest in Western Queensland, and 1833 was the driest year in Southeastern Australia (top five
driest in Coastal Queensland). The drought in 1792 occurred soon after the initial European colonization of the
continent. This extreme year ranked among the top five driest years in Southeastern Australia and Coastal Queensland.

Nominally, the driest year of the Millennium Drought in each region was 2003, and the driest single years in
the record were 1519 (Coastal Queensland), 1565 (Western Queensland), and 1833 (Southeastern Australia)
(Figure 8). The Settlement Drought (1792) was also notable and appears as a significant event in the ANZDA,
ranking in the top five driest for Southeastern Australia and Coastal Queensland. This drought had major
impacts in New South Wales, causing a partial failure of the wheat harvest and threatening the water supply
in Sydney [Russell, 1877], and occurred in conjunction with a large El Niño [Li et al., 2013] that also caused
significant drought in South Asia [Grove, 1998] during the same year (note, though, some overlap in the proxies
used in the ANZDA and the Li et al. [2013] ENSO reconstruction).

The 7-year mean PDSI for the Millennium Drought (2003–2009) does not rank as exceptionally dry in any
region when compared to all other possible 7-year running mean PDSI values in the ANZDA. As noted pre-
viously, this is likely due, at least in part, to the fact that the Millennium Drought was primarily driven by
precipitation deficits during the autumn, the season with the weakest signal in the ANZDA. In all three regions,
the driest 7-year running mean PDSI occurred during the 16th century (Figure 9). This includes two extremely
dry 7-year periods in the early 1500s that were part of a persistent, multidecadal drought event in all three
regions. To quantify this event, we use a simple criteria (described in Coats et al. [2013, 2015]) where multiyear
drought events are defined as starting with two consecutive dry years (PDSI< 0) and ending with two consec-
utive wet years (PDSI≥ 0) (“two-start two-end”; 2S2E). By this metric, the early 1500s drought is the longest in
all three regions: 1500–1522 (23 years) in Western Queensland, 1500–1527 (28 years) in Coastal Queensland,
and 1500–1522 (23 years) in Southeastern Australia.

Compared to the ANZDA reconstructed PDSI (1500–1975), 2011 is the wettest single year for all three
regions. When comparing across the instrumental PDSI data set (1902–2012), however, 1974 is nominally
the wettest in both Western Queensland and Southeastern Australia, while 2011 remains the wettest in
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Figure 9. Reconstructed (pre-1975) and instrumental (post-1975) summer (December-January-February; DJF) PDSI for
the Millennium Drought (2003–2009) and the driest 7-year running mean PDSI periods in each region: Southeastern
Australia (1508–1514), Coastal Queensland (1514–1520), and Western Queensland (1560–1566). Note the reduced
range on the colorbar compared to Figure 8.

Coastal Queensland. Other major wet years in the ANZDA (Figure 10) include 1572 and 1573, both major La
Niña events in the reconstruction of Li et al. [2013], ranking among the top six wettest years in all three regions.
Despite differences in ranking for 1974 between the instrumental and reconstructed PDSI, reconstructed PDSI
for 1974 and 1976 are both still exceptionally wet in Western Queensland and Southeastern Australia, ranking
among the top five wettest years for both regions. These relatively wet conditions in the 1970s coincided with
multiyear flooding of Lake Eyre [Allan, 1985] and may have contributed, at least in part, to the overallocation
of water resources in subsequent decades [Quiggin, 2001; Wei et al., 2011; Young and McColl, 2003].

For most of these events in the ANZDA it is difficult to assign exact ranks with statistical confidence because
of the significant overlap in the error estimates (i.e., shaded blue regions, Figures 6 and 7). In light of this, rank-
ings of most dry and wet years in the ANZDA are best interpreted more generally, rather than in terms of their
exact position relative to other years. However, the most extreme wet years in the instrumental and recon-
structed PDSI (1974 in Western Queensland and Southeastern Australia, and 2011 in Coastal Queensland) do
stand apart, even when accounting for uncertainty in the reconstruction. We calculate for how many years
instrumental PDSI values for 1974 in Western Queensland and Southeastern Australia and 2011 in Coastal
Queensland fall outside the upper prediction interval for the reconstruction (1500–1975). This represents,
effectively, a one-tailed test (p ≤ 0.05) of the null hypothesis that these years are not the wettest in the record.
PDSI in 1974 falls outside the confidence interval in 432 of 476 reconstructed years (90.8% of years) for South-
eastern Australia and 457 of 476 reconstructed years (96.0% of years) in Western Queensland, making it likely
that 1974 was the wettest event in these regions. For Coastal Queensland, 2011 stands out as even more
extreme. PDSI values for 2011 in this region fall outside the upper prediction interval in 464 of the 476 recon-
structed years (> 97% of years). This translates to only 12 years in the entire reconstruction that may have
been wetter than 2011 in Coastal Queensland, given the uncertainties in the reconstruction. From this, we
conclude that 2011 was likely the wettest summer in Coastal Queensland back to 1500 C.E.
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Figure 10. Reconstructed (pre-1975) and instrumental (post-1975) summer (December-January-February; DJF) PDSI for
extreme wet years in the ANZDA: 1572 (top 5 wettest in Southeastern Australia and Western Queensland), 1573 (top 10
in all three regions), 1974 (top 5 in Western Queensland and Southeastern Australia), and 1976 (top 10 in all three
regions).

3.4. CMIP5 PDSI Projections
For 1902–1975, we compared the cumulative probability distributions of instrumental PDSI, reconstructed
PDSI, and PDSI calculated from the multimodel CMIP5 ensemble (Figure 11, left column). For all compar-
isons (observed versus reconstructed PDSI, observed versus CMIP5 PDSI, reconstructed versus CMIP5 PDSI),
we found no significant differences in the underlying distributions (two-sided Kolmogorov-Smirnov test,
p> 0.05) indicating, at least in aggregate, that the CMIP5 ensemble adequately captures the observed and
reconstructed hydroclimate variability over this interval. We also compared the frequency (Figure 11, middle
column) of major drought (PDSI≤ −1) and pluvial years (PDSI≥ +1) for each individual model simulation (box
and whisker plots) and the instrumental (red dots) and reconstructed (green dots) PDSI. Both observed and
reconstructed drought and pluvial frequencies fall within the range of the CMIP5 ensemble, with largest dif-
ferences in Western Queensland where the models and reconstructed PDSI diverge most strongly from the
observations. It is difficult to know, however, whether these disagreements arise from biases related to the
fewer number of years in the observed and reconstructed PDSI relative to the large CMIP5 ensemble. Finally,
we compare the frequencies of droughts of different length between the models and reconstruction using the
2S2E criterion discussed previously (Figure 11, right column). To best sample the longest drought events, here
we calculate the distributions for the full ANZDA (1500–2012) and from the CMIP5 ensemble for 1901–2012
(i.e., before the major greenhouse gas forced signal in these simulations emerges). Overall, the models gen-
erally simulate fewer long-term droughts than the ANZDA reconstruction, especially in Western Queensland
and Southeastern Australia.

For the latter half of the 21st century (2050–2099, RCP 8.5 scenario), the general model consensus over eastern
Australia is for a shift toward more negative mean PDSI values, indicative of drier average conditions relative
to the 20th century (Figure 12). Cross-model consistency is generally larger for Southeastern Australia, with
only a subset of models (CanESM2, CCSM4, CNRM-CM5, MIROC5, and NorESM1-M) suggesting a tendency for

COOK ET AL. EXTREME HYDROCLIMATE IN EASTERN AUSTRALIA 12,831



Journal of Geophysical Research: Atmospheres 10.1002/2016JD024892

Figure 11. (left column) Empirical 20th century (1902–1975) cumulative distribution functions from the ANZDA (tree
ring reconstructed and instrumental) and CMIP5 ensemble. For the ANZDA, n = 74 (one realization of the historical
record in the observations); for CMIP5, n = 3400 (34 different ensemble-member simulations from 1902 to 1974). Using
a two-sided Kolmogorov-Smirnov test, we conclude there is no significant difference (p ≥ 0.05) in the underlying
distributions between either ANZDA series and the CMIP5 ensemble for this interval. (middle column) Number of major
drought (PDSI≤ −1) and pluvial (PDSI≥ +1) years in the ANZDA (tree ring reconstructed and instrumental; green and
red dots, respectively) and CMIP5 ensemble (boxplot; 34 different ensemble-member simulations) for the same time
interval. (right column) Distributions of drought lengths (years) from the ANZDA (1500–2012) and CMIP5 ensemble
(1901–2012), determined using the 2S2E criteria.

Figure 12. Late 21st century (2050–2099, RCP 8.5 scenario) mean summer (December-January-February; DJF) PDSI for our three regions, calculated from 34
simulations of 15 models in the CMIP5 archive. Each model is represented by a color, and individual bars within a color represent different ensemble-member
simulations of the same model (a consequence of different initial conditions). These PDSI projections incorporate model trends in both precipitation and
potential evapotranspiration over the 21st century.
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Figure 13. Time series of the ensemble summer (December-January-February; DJF) PDSI (historical+RCP 8.5,
1901–2099) for our three regions, from the same models in Figure 12. The solid blue line is the ensemble average PDSI
only incorporating model trends in precipitation, with the associated ensemble spread (cross model interquartile range)
shown by the blue dashed lines. The solid red line is the ensemble average PDSI calculated using trends in both
precipitation and potential evapotranspiration, with the associated ensemble spread (cross model interquartile range) in
the gray shading.

wetting in any region. Among the models in our full ensemble, only three (MIROC-ESM-Chem, MIROC-ESM,
and GISS-E2-R) were considered “poor” performers in a recent validation study of the CMIP5 models for
Australia [Moise et al., 2015].

To identify the relative contributions of different processes (precipitation or PET) to this drying trend,
we calculated alternate versions of the PDSI in which trends in either precipitation or PET over the 21st
century were removed. Precipitation-induced declines in PDSI (Figure 13, blue lines) are small in Coastal
Queensland (2050–2099, mean PDSI =−0.28) and near zero in Southeastern Australia (PDSI =−0.07) and
Western Queensland (PDSI = +0.01). Including the effects of changing PET (forced by trends in tempera-
ture, humidity, and net radiation) leads to more consistent and substantial drying in all regions (Figure 13,
red lines), with the largest amplification in Coastal Queensland (PDSI = −1.00) and Southeastern Australia
(PDSI = −1.18). Increases in PET are due primarily to warming-induced increases in the vapor pressure deficit,
with secondary contributions from overall increases in surface energy availability. These mechanisms are
described in more detail in Cook et al. [2014] and other studies [e.g., Scheff and Frierson, 2013].
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Figure 14. Cumulative kernel density functions for summer (December-January-February; DJF) PDSI, calculated from the ANZDA (1500–2012) and the CMIP5
multimodel ensemble (1901–2000, 2020–2049, and 2050–2099). Vertical lines indicate PDSI values in the ANZDA for 2011 (blue) and the record driest year for
each region (brown).

We compared PDSI distributions from the ANZDA (1500–2012) against three intervals from our multimodel
ensemble: 1901–2000, 2020–2049, and 2050–2099 (Figure 14). The model distributions incorporate model
trends in both precipitation and PET. The progressive drying in the model ensemble from the 20th century to
the end of the 21st century is clearly apparent, and, with this drying, the risk of annual PDSI values equal to
or drier than the worst drought years in the ANZDA increases substantially. This corresponds to a future risk
in different regions of 5% (1565, Western Queensland and 1519, Coastal Queensland) and 7% (1833, South-
eastern Australia), well above the baseline estimates (< 1% risk) in the ANZDA. Somewhat paradoxically, the
probability of extreme wet years of equal or greater magnitude to 2011 also increases under a scenario of pro-
gressive 21st century drying. The likelihood of an extreme event equivalent to or wetter than 2011 increases
to 2% (Western Queensland), 0.5% (Coastal Queensland), and 0.6% (Southeastern Australia). While small in
absolute terms, the increased risk is relatively large given the exceptionally low likelihood in the ANZDA. An
increase in extreme wet years may seem counterintuitive given the mean drying in the PDSI distributions, but
this result is generally consistent with the expected response of extreme precipitation and floods to warming
[e.g., Easterling et al., 2000; Trenberth, 2011; Trenberth et al., 2015]. This was evident in the 2010–2011 summer,
when exceptionally warm SSTs around northern Australia fueled enhanced onshore moisture transport

Figure 15. Cumulative kernel density functions for summer (December-January-February; DJF) PDSI calculated on 7-year running mean PDSI. Vertical lines
indicate PDSI values for 2003–2009 (Millennium Drought) and the driest 7-year running mean PDSI in each region.
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[Evans and Boyer-Souchet, 2012; Ummenhofer et al., 2015]. Even with these increases in likelihood of wet
extremes, however, pluvial years analogous to 2011 are likely to remain exceptionally rare.

We conduct a similar analysis in the CMIP5 ensemble for analogues of the Millennium Drought and the driest
7-year running mean in the ANZDA (Figure 15). As with the single year events (Figure 14), the risk of 7-year
mean PDSI values equal to or drier than the Millennium Drought increases markedly. For Coastal Queensland
and Southeastern Australia, where the Millennium Drought was most strongly expressed, the risk of a similar
run of 7-year running mean PDSI values increases from ≤10% in the ANZDA to 39% (Coastal Queensland) or
49% (Southeastern Australia) during 2050–2099. Similarly, the risk of 7-year running mean PDSI equal to or
drier than the driest 7-year periods increases to >15% in Western Queensland and Coastal Queensland and
>25% in Southeastern Australia. This indicates that the likelihood of eastern Australia experiencing a 7-year
period of summer drought similar to the Millennium Drought increases substantially by the end of the 21st
century, under a scenario of continued high levels of greenhouse gas emissions.

4. Discussion and Conclusions

Attribution of climate extremes is a rapidly advancing field of research, especially for hydroclimate events such
as floods and droughts [Trenberth et al., 2015]. But one major limitation is the relatively short duration of the
instrumental record, which can make it difficult to confidently characterize the full range of natural climate
variability. Here we use the ANZDA and projections from the CMIP5 archive to investigate how two recent
extreme hydroclimate events in Australia [e.g., Cai et al., 2009b; Evans and Boyer-Souchet, 2012; Hendon et al.,
2014; Nicholls, 2004; Ummenhofer et al., 2009, 2015] compare to the last 500 years of natural variability and
how their likelihood may shift with increased greenhouse gas forcing.

Neither the single most extreme year of the Millennium Drought (2003) nor the 7-year mean PDSI from 2003
to 2009 appears as unusually severe relative to the last 500 years of natural variability in the ANZDA. Recurrent
periods of extreme and persistent drought are apparent in the ANZDA prior to the observational record, con-
sistent with other largely independent reconstructions of hydroclimate for the region [Ho et al., 2015; Vance
et al., 2015]. Of note, the ANZDA shows a rather exceptional period of multidecadal drought across eastern
Australia in the early 1500s, the most persistent multiyear drought event of the last 500 years. As noted,
however, the error estimates in the reconstruction time series are too large to quantitatively and definitively
assign ranks for most events. An exception is the extreme pluvial during 2011 over Coastal Queensland, which
stands (in terms of summer season PDSI) as nominally the single wettest year in the observational record
and reconstruction. This year is a full +1.4 PDSI units wetter than the second wettest year in the reconstruc-
tion (1572), and only 12 of the 476 reconstructed years have upper confidence limits exceeding 2011. Viewed
probabilistically, this equates to 2011 exceeding 97% of the reconstructed values after taking into account
their estimated uncertainties. In light of this result, we conclude that 2011 was likely the wettest summer of
the last 500 years in Coastal Queensland, though other years were likely wetter in other parts of Queensland
and Southeastern Australia. Comparing against an ensemble of climate projections for the 21st century, aver-
age conditions in eastern Australia are expected to become drier in the latter half of the 21st century, with
amplified risk of both dry and wet extremes of similar intensity to the Millennium Drought and 2011 pluvial.

Our findings and conclusions regarding these recent events are very likely sensitive to the seasonal precipita-
tion biases in the underlying ANZDA reconstruction. As demonstrated, the summer season PDSI in the ANZDA
is most sensitive to summer and antecedent spring precipitation. The ANZDA therefore likely underestimates
the severity of the Millennium Drought, which was forced by autumn precipitation deficits that are only
weakly and insignificantly expressed in this drought reconstruction. Indeed, independent reconstructions
of streamflow [e.g., Gallant and Gergis, 2011] and precipitation [e.g., Gergis et al., 2012] for southeastern
Australia confirm the exceptional nature of the Millennium Drought. Conversely, the ANZDA is well suited for
evaluation of the 2011 pluvial event, which was forced by extreme summer precipitation.

The PDSI projections in the CMIP5 models have their own set of uncertainties, foremost of which are the
structural uncertainties in the models themselves. To address this, we have presented results from each
individual model and ensemble member (Figure 12) and used the full multimodel ensemble in our ker-
nel density functions and drought risk analysis. Other studies have criticized PDSI as an overly simplistic
drought metric that may overestimate drying trends in response to climate change [e.g., Hoerling et al., 2012;
Burke, 2011]. One often-highlighted weakness is the absence of an atmospheric carbon dioxide effect on
plant physiology in the standard PDSI calculation, which would be expected to dampen PET-induced drying
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[e.g., Roderick et al., 2015]. We consider, however, that PDSI is still a useful and reasonable metric for connecting
drought information in the paleoclimate record with model projections. This is supported by the similarities
in the 20th century ANZDA and CMIP5 reconstructions (Figure 11), and the general good agreement and
comparable trends between PDSI and more complex models of soil moisture for both past and future time
intervals found in other studies [Cook et al., 2015; Smerdon et al., 2015; Williams et al., 2015]. Further, there
is emerging evidence that the moisture-saving benefits of enhanced carbon dioxide concentrations may be
overstated [Frank et al., 2015; Ukkola et al., 2016], especially in land surface and vegetation models [De Kauwe
et al., 2013; Kolby Smith et al., 2015]. Finally, we note that the importance of warming and PET as the dominant
drying mechanisms in the CMIP5 projections is consistent with recent arguments made for anthropogenic
amplification of the Millennium Drought [Cai et al., 2009b; Nicholls, 2004; Ummenhofer et al., 2009].

The Millennium Drought was a prolonged disaster in eastern Australia, with significant agricultural and eco-
nomic impacts [van Dijk et al., 2013; Heberger, 2011]. Beyond the extreme autumn precipitation deficits,
however, the impacts and perception of this drought may have been amplified by other factors. Saft et al.
[2015], for example, noted that streamflow deficits during the drought were more severe than would have
been predicted from precipitation anomalies alone, likely a consequence of climatic and landscape factors.
Perceptions may have been further influenced because this drought occurred after an extended period of
above-average moisture availability in the decades following the World War II drought. The subsequent period
of rapid expansion of agriculture and water resource exploitation in the region may have set unrealistic expec-
tations for moisture availability [Musgrave, 2008]. This was followed by a late 20th century declining trend in
autumn rainfall associated with the weather systems most responsible for moisture supply at the start of the
winter growing season in southeast Australia [Pook et al., 2009], leading directly into the Millennium Drought.
Regardless, the ANZDA suggests that summer-season soil moisture deficits similar to what occurred during
the Millennium Drought are not uncommon. These results, therefore, provide strong motivation for policies
that will increase resilience given the high likelihood of similar events occurring over the next century from
both natural variations and anthropogenic forcing.
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