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Abstract. Eastern Australia recently experienced an intense drought (Mil-25

lennium Drought, 2003–2009) and record-breaking rainfall and flooding (aus-26

tral summer 2010–2011). There is some limited evidence for a climate change27

contribution to these events, but such analyses are hampered by the paucity28

of information on long-term natural variability. Analyzing a new reconstruc-29

tion of summer (December–January–February) Palmer Drought Severity In-30

dex (the Australia–New Zealand Drought Atlas; ANZDA, 1500–2012 CE),31

we find moisture deficits during the Millennium Drought fall within the range32

of the last 500 years of natural hydroclimate variability. This variability in-33

cludes periods of multi-decadal drought in the 1500s more persistent than34

any event in the historical record. However, the severity of the Millennium35

Drought, which was caused by autumn (March–April–May) precipitation de-36

clines, may be underestimated in the ANZDA because the reconstruction is37

biased towards summer and antecedent spring (September-October-November)38

precipitation. The pluvial in 2011, however, which was characterized by ex-39

treme summer rainfall faithfully captured by the ANZDA, is likely the wettest40

year in the reconstruction for Coastal Queensland. Climate projections (RCP41

8.5 scenario) suggest that eastern Australia will experience long-term dry-42

ing during the 21st century. While the contribution of anthropogenic forc-43

ing to recent extremes remains an open question, these projections indicate44

an amplified risk of multi-year drought anomalies matching or exceeding the45

intensity of the Millennium Drought.46
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1. Introduction

At the turn of the 21st century, two extreme hydroclimate events occurred over eastern47

Australia in rapid succession. The first was an intense, multi-year drought referred to as48

the Big Dry or Millennium Drought [Cai et al., 2014; Ummenhofer et al., 2009; Verdon-49

Kidd and Kiem, 2009]. From the late 1990s through 2009, precipitation deficits (primarily50

during austral autumn) contributed to low runoff and streamflow in the Murray-Darling51

Basin [Kiem and Verdon-Kidd , 2010; Kirby et al., 2014; Potter et al., 2010], caused fires52

across southeastern Australia [Cai et al., 2009a; Heberger , 2011] including the Black Sat-53

urday fires that claimed 173 lives and cost an estimated US$3 billion [Cai et al., 2009a;54

Teague et al., 2010], and led to major economic and agricultural losses [van Dijk et al.,55

2013; Horridge et al., 2005; Kirby et al., 2014]. Two years after the Millennium Drought,56

eastern Australia went on to experience one of the wettest summers on record [Post et al.,57

2014; Cai and van Rensch, 2012], including record high rainfall in December of 2010 [Aus-58

tralian Bureau of Meteorology , 2011] and flooding in southeast Queensland and Brisbane59

in January 2011 that claimed 23 lives and caused US$2.55 billion in damages [van den60

Honert and McAneney , 2011]. The global land precipitation anomaly that year, associ-61

ated with a major La Niña event, was so large that it caused a transient drop in global62

sea levels [Boening et al., 2012; Fasullo et al., 2013] and a record high terrestrial carbon63

sink [Le Quéré et al., 2013; Poulter et al., 2014].64

Extreme droughts and floods are recurring features of the climate in eastern Australia,65

and the historical record is replete with examples. These include the Federation (1895–66

1902) and World War II (1937–1945) droughts [Ummenhofer et al., 2009; Verdon-Kidd67
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and Kiem, 2009], the 1791–1792 Settlement Drought following initial European coloniza-68

tion [Palmer et al., 2015; Russell , 1877], and numerous major floods [van den Honert and69

McAneney , 2011; Pittock et al., 2006]. Hydroclimate in southern and eastern Australia is70

closely connected to three primary patterns of ocean-atmosphere variability that operate71

on interannual to multi-decadal timescales: the El Niño Southern Oscillation [ENSO; Cai72

et al., 2011; Nicholls et al., 1996; Power et al., 1998], the Indian Ocean Dipole [IOD;73

Cai et al., 2011; Ummenhofer et al., 2009, 2011], and the Interdecadal Pacific Oscillation74

[IPO; Kiem and Franks , 2004; Vance et al., 2015]. Precipitation over eastern Australia75

is generally suppressed during warm or positive phases of these modes, with each mode76

exhibiting strong seasonal biases in their teleconnections over eastern Australia. ENSO77

has the strongest and most widespread impact in spring (September-October-November;78

SON) and some modest strength during winter (June-July-August; JJA) [Risbey et al.,79

2009]. Significant summer-season (December-January-February; DJF) ENSO teleconnec-80

tions are localized primarily over Queensland and are weak and mostly non-significant81

during the autumn (March-April-May; MAM). The influence of the IOD is strongest from82

winter through the early spring (June–October), and is strongly amplified when a positive83

(negative) IOD event coincides with an El Niño (La Niña) [Risbey et al., 2009]. The IPO84

primarily modulates the expression of ENSO variability, especially over Queensland [Cai85

et al., 2010; Cai and van Rensch, 2012; Kiem et al., 2003; Kiem and Franks , 2004; Power86

et al., 1999], and appears to be most strongly connected with summer precipitation and87

drought [Palmer et al., 2015; Vance et al., 2015].88

Precipitation deficits during the Millennium and other historical (Federation and World89

War II) droughts have been attributed to a range of phenomena. Some have pointed90
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to a consistent absence of rainfall-enhancing negative IOD events [Ummenhofer et al.,91

2009, 2011]. Other analyses have suggested a more prominent role for ENSO in the Mil-92

lennium Drought [van Dijk et al., 2013; Verdon-Kidd and Kiem, 2009], with additional93

influences from the Southern Annular Mode [Verdon-Kidd and Kiem, 2009] and the IPO94

[van Dijk et al., 2013]. In contrast, the extreme pluvial in 2011 was forced primarily by a95

large La Niña event [Cai and van Rensch, 2012; Evans and Boyer-Souchet , 2012; Lewis96

and Karoly , 2015], with additional contributions from negative phases of the IPO [Cai97

and van Rensch, 2012] and IOD [Verdon-Kidd et al., 2014] and a strong positive departure98

in the Southern Annular Mode [Timbal and Fawcett , 2012].99

While their genesis was clearly natural, the extreme nature of these events has moti-100

vated investigations into a possible role for anthropogenic climate change. For the Mil-101

lennium Drought, several studies [Cai et al., 2009b; Nicholls , 2004; Ummenhofer et al.,102

2009] concluded that extreme temperatures increased evaporative demand, amplifying103

surface drying beyond what would have occurred from the (natural) sea surface temper-104

ature (SST)-induced rainfall deficits alone. Some have concluded, however, that the high105

temperature anomalies were instead a response to the drought, rather than a contributing106

factor [Lockart et al., 2009]. Other studies suggest that the precipitation deficits them-107

selves during the drought were possibly influenced by long-term, anthropogenically-driven108

drying trends caused by poleward storm track shifts and the intensification and expansion109

of the subtropical dry zone in the Southern Hemisphere [Cai et al., 2014; Post et al., 2014;110

Theobald et al., 2015; Verdon-Kidd et al., 2014]. Analyses of the 2010-2011 summer have111

also found evidence for an anthropogenic effect on the floods and extreme rainfall from112

elevated SSTs [Evans and Boyer-Souchet , 2012; Hendon et al., 2014; Ummenhofer et al.,113
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2015], although some of these results may be model dependent [Lewis and Karoly , 2015].114

The Millennium Drought and 2011 pluvial were extreme, but understanding the anthro-115

pogenic climate change contribution to these events requires a more complete sampling116

of the range of natural climate variations than is available from the short instrumental117

record. This has motivated the development of several paleoclimate reconstructions to118

extend the climate record of eastern Australia further back in time. One of the first to119

specifically address the issue of the Millennium Drought was the streamflow reconstruc-120

tion of Gallant and Gergis [2011] for the River Murray. They concluded that streamflow121

deficits during the Millennium Drought were a 1-in-1500 year event, the driest period122

back to 1783. This conclusion was further supported by the Gergis et al. [2012] precip-123

itation reconstruction for southeastern Australia, where the authors determined, with a124

>97% likelihood, that 1998–2008 was the driest decade in the region since initial Eu-125

ropean settlement in 1788. Two recent reconstructions, however, point to much larger126

natural variability in hydroclimate in centuries prior to the historical period. Ho et al.127

[2015] developed a rainfall reconstruction for the Murray-Darling Basin and found mul-128

tiple instances of decadal length dry and wet periods over the last two millennia that129

exceeded any event in the instrumental record. Vance et al. [2015], in a millennial length130

IPO reconstruction from the Law Dome ice core, similarly identified periods of persis-131

tent drought in eastern Australia over the past millennium, including exceptional aridity132

during the 1100s. Notably, reconstructions of precipitation over southwestern Australia133

suggest that some of these periods of prolonged aridity may have even extended across134

the entire southern half of the continent [Cullen and Grierson, 2009].135

There are thus still considerable uncertainties regarding how the Millennium Drought136
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and 2011 pluvial compare to natural hydroclimate variations over recent centuries, espe-137

cially in a broader spatiotemporal context. Here, we build on previous work by conducting138

a new analysis of the Australia-New Zealand Drought Atlas (ANZDA), an annually and139

spatially resolved proxy (tree-rings and corals) reconstruction of hydroclimate variability140

for eastern Australia, Tasmania, and New Zealand [Palmer et al., 2015]. Combined with141

climate model projections from Phase 5 of the Coupled Model Intercomparison Project142

[CMIP5; Taylor et al., 2012], we investigate the past context and future trajectory of143

extreme hydroclimate events in eastern Australia. Specifically, we focus on two research144

questions: 1) How do the Millennium Drought and 2011 pluvial compare to the full range145

of drought variability over the last 500 years, as represented in the ANZDA? and 2) How146

will the probability of similar events shift with climate change over the 21st century?147

2. Materials and Methods

2.1. The Australia-New Zealand Drought Atlas (ANZDA)

The ANZDA [Palmer et al., 2015] is a gridded (0.5o spatial resolution), annually resolved148

reconstruction of austral summer self-calibrating Palmer Drought Severity Index [PDSI;149

Palmer , 1965]. The year is centered on January so that, for example, values for 2011150

represent the average of December 2010, January 2011, and February 2011. PDSI is a151

normalized indicator of drought, using a soil moisture bucket model to simultaneously152

track changes in moisture supply (precipitation) and demand (evapotranspiration) from153

month to month. PDSI integrates changes in the surface moisture balance over a timescale154

of approximately 12 months [Guttman, 1998] and compares well with more sophisticated155

soil moisture models [e.g., Cook et al., 2015; Williams et al., 2015]. The DJF PDSI used156

in our analysis of Australian hydroclimate thus differs from other drought indicators (e.g.,157
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precipitation, streamflow) in terms of 1) the aspect of the hydrologic cycle it most closely158

represents (soil moisture) and 2) its inherent seasonality (likely biased towards spring159

and summer, while still incorporating climate information from previous seasons). It is160

expected, therefore, that results and conclusions drawn from analyses of PDSI may differ161

from studies targeting other hydroclimatic variables [e.g., Gallant and Gergis , 2011; Ger-162

gis et al., 2012]. Positive values of PDSI indicate wetter than normal conditions (pluvials),163

while negative values indicate drier than normal conditions (droughts). PDSI is widely164

used as a paleoclimate reconstruction target [Cook et al., 2004, 2010; Smerdon et al., 2015]165

and in observational [e.g., van der Schrier et al., 2013] and model-based [e.g., Cook et al.,166

2014] analyses of drought dynamics.167

While different from what may be considered more standard hydroclimate variables168

(e.g., precipitation anomalies, streamflow deficits), summer-season PDSI is a valuable169

drought indicator in many regions, including eastern Australia. PDSI integrates climate170

across multiple months and seasons, providing a longer-term view of moisture deficits and171

surpluses than can be derived from monthly precipitation anomalies alone, and incorpo-172

rates information on both moisture supply and demand, representing a more complete173

picture of the surface moisture balance. This is especially critical for analyzing climate174

change impacts on drought, which are expected to arise from shifts in both precipitation175

and evaporative demand [e.g., Cook et al., 2014, 2015; Scheff and Frierson, 2013; Williams176

et al., 2015]. More specifically for southeastern Australia, summer PDSI is an indicator177

of initial soil moisture conditions for the winter cropping season. The impacts of insuffi-178

cient precipitation during the growing season and at the start of the cropping season are179

exacerbated by a preceding dry summer, especially in areas that practice minimal tillage180
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farming and sow before the autumn breaking rains [Pook et al., 2006]. Fire risks across181

large areas of arid and semi-arid Australia are also influenced by low soil moisture levels182

that increase the ability for fuel to burn and can also temporarily increase litter fall from183

vegetation, further increasing fuel loads [Bradstock , 2010]. Because of its warm season184

bias, summer PDSI can also be a good proxy for extreme rainfall and flooding, especially185

for summer-dominated rainfall regions (e.g., northern Australia) where these events can186

be devastating [Holmes , 2012].187

The ANZDA reconstruction (1500–2012) is based on a network of 176 drought-sensitive188

tree-ring chronologies and one coral luminescence proxy series. PDSI values in the ANZDA189

from 1500–1975 are derived from the proxy network, and merged with the underlying in-190

strumental dataset [van der Schrier et al., 2013] from 1976–2012. The leading principal191

component in the ANZDA explains > 50% of the underlying variance and is strongly cor-192

related with the IPO [Palmer et al., 2015]. The reconstruction validates well over eastern193

Australia and identifies droughts that are independently corroborated in other reconstruc-194

tions and historical documents. Full details, including complete calibration and validation195

information, can be found in Palmer et al. [2015].196

2.2. CMIP5 Simulations

To investigate climate change impacts on drought, we use PDSI calculated from CMIP5197

model projections of the 21st century [available from http://www.ldeo.columbia.edu/198

~jsmerdon/2014_clidyn_cooketal_supplement.html; Cook et al., 2014]. These projec-199

tions cover the time interval 1901–2099, using the historical (1850–2005) and RCP 8.5200

(2006–2099; business-as-usual, high greenhouse gas emissions) forcing scenarios. This en-201

semble includes projections from 15 models, several with multiple ensemble members, for202
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a total of 34 individual simulations. These model PDSI calculations use the physically203

based Penman-Monteith formulation for potential evapotranspiration (PET) [Smerdon204

et al., 2015], incorporating model trends in temperature, humidity, and net radiation205

(the PDSI target field [van der Schrier et al., 2013] for the ANZDA reconstruction also206

used Penman-Monteith). Because the Penman-Monteith formulation is a more physically207

based approximation of PET, it avoids the limitations of more simple PET methods (e.g.,208

Thornthwaite) that overestimate temperature and PET-forced drought trends [e.g. Hoer-209

ling et al., 2012]. We analyze DJF average PDSI from these projections for consistency210

with the ANZDA. Further details on these drought projections and PDSI calculations211

can be found in Cook et al. [2014], including global PDSI projections for each individual212

model.213

2.3. Analyses

Prior to any analysis, PDSI data from the CMIP5 simulations and ANZDA at each grid214

point were recentered to a mean of zero over the 20th century (1901–2000). This en-215

sures the same baseline average conditions for comparing drought variability across the216

reconstruction and model simulations. To identify regions for time series analysis, we first217

conducted a Principal Component Analysis (PCA) on the continental Australia portion of218

the ANZDA, retaining and rotating the first 3 modes using varimax rotation. The result-219

ing three rotated modes account for 68.5% of the underlying variance with three primary220

centers of action (Figure 1). The first is over southeast Australia and the Murray-Darling221

Basin (‘Southeastern Australia’; 138o-154oE, 28o-39.5oS). The second mode is focused222

to the west of the Great Dividing Range in Queensland (‘Western Queensland’; 138o-223

145oE, 18o-28oS). The third and final principal component projects most strongly along224
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the coast of northeastern Australia (‘Coastal Queensland’; 145o-154oE, 18o-28oS). Using225

the PCA analysis for guidance, we then spatially averaged PDSI over these regions from226

the ANZDA and CMIP5 model simulations to generate time series for analysis. Uncer-227

tainties in our reconstructed regional drought series are calculated as the 90th percentile228

prediction intervals, estimated from a linear regression between the tree-ring and instru-229

mental PDSI from 1902–1929 (the independent validation interval used in the ANZDA230

reconstruction). To quantify drought risk, we empirically fit kernel densities (cumulative231

distribution functions) to these regional average PDSI distributions in the ANZDA and232

CMIP5 simulations. Comparisons between the fully reconstructed (1500–1975) and in-233

strumental (1902–2012) PDSI showed no significant differences (p > 0.05) in either median234

PDSI (Wilcoxon rank-sum test) or dispersion (Ansari-Bradley test). To provide context235

for recent extreme hydroclimate events, we highlight, from the ANZDA record, previous236

extreme drought and pluvial years.237

To compare and evaluate our results within the context of seasonal precipitation vari-238

ability, we conducted two sets of comparisons between PDSI and precipitation. First, we239

calculated Spearman’s rank correlations (1902–1929) between the PDSI (tree-ring recon-240

structed and instrumental) and single and cumulative season precipitation from the CRU241

3.21 climate grids [Harris et al., 2014]. These are the same precipitation data used in242

the construction of the instrumental PDSI [van der Schrier et al., 2013] targeted in the243

ANZDA reconstruction. Second, we compare our reconstructed PDSI time series from244

Southeastern Australia to the historical precipitation reconstruction of Ashcroft et al.245

[2014]. This regional precipitation dataset consists of seasonal, standardized precipitation246

anomalies for 1860–2012, constructed from homogenized historical precipitation records247
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distributed across a region (136o–154oE and 26o–40oS) approximately equivalent to our248

defined Southeastern Australia region. For the Ashcroft et al. [2014] comparison, we calcu-249

late Spearman’s rank correlations between seasonal precipitation and reconstructed PDSI250

for three intervals (1860–1901, 1902–1929, 1930–1975) and compare anomalies during the251

major multi-year historical drought events (Federation, World War II, Millennium). As252

with the PDSI from the ANZDA and CMIP5 simulations, we recentered these seasonal253

precipitation anomalies to a zero 20th century mean prior to any analyses.254

Aside from analyzing single-year droughts and pluvials in the reconstruction and CMIP5255

simulations, we also target analogues for the Millennium Drought. We define our Mil-256

lennium Drought analogues as 7-year running mean PDSI (in either the reconstruction257

or model ensemble) with a magnitude equal to or drier than the 7-year mean for the258

Millennium Drought (2003–2009). We acknowledge that this ignores situations where two259

dry 7-year analogues may overlap, or occur as part of the same persistent drought event.260

However, we use this as the most straightforward method for determining how the Millen-261

nium Drought compares to equivalent periods in the ANZDA, and how the risk of similar262

events may change under increased greenhouse gas forcing.263

3. Results

3.1. The Millennium Drought and 2011 Pluvial

PDSI is primarily an indicator of soil moisture variability, integrated over multiple seasons.264

It is expected, then, that PDSI may record drought differently compared to variables that265

track other parts of the hydrologic cycle, such as precipitation or streamflow. Most stud-266

ies based on precipitation deficits [e.g., Ummenhofer et al., 2009] define the Millennium267

Drought from the mid-1990s to 2008 or 2009. In the ANZDA, average PDSI over all three268
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of our study regions in 2002 is −0.16, only slightly below normal. The following year is269

the first major and widespread year of drought in the dataset, with three-region average270

PDSI=−2.13. Given this, we therefore define the Millennium Drought from 2003–2009,271

acknowledging that analyses of other hydroclimatic variables may lead to different results272

and interpretations.273

Drought conditions were most intense and widespread in the ANZDA in the first year274

(2003) of the Millennium Drought (Figure 2), covering most of eastern Australia from Tas-275

mania to the Cape York Peninsula. By 2008 and 2009, conditions had either ameliorated276

or recovered across most of the continent except for some intensification in the south. The277

year 2011 was exceptionally wet over nearly all of eastern Australia (Figure 2), with grid278

cell values of PDSI in excess of +5 in all three regions. During 2011, values of area av-279

erage PDSI were positive enough that all three regions qualified as “very wet” by the280

standard PDSI scaling definitions (http://drought.unl.edu/Planning/Monitoring/281

ComparisonofIndicesIntro/PDSI.aspx) (Western Queensland PDSI= +4.32, Coastal282

Queensland PDSI= +5.24, Southeastern Australia PDSI= +3.82).283

3.2. Precipitation Seasonality in the ANZDA

Instrumental and reconstructed summer-season PDSI are mostly positively and signifi-284

cantly (one-sided test, p ≤ 0.05) correlated with instrumental precipitation (Figure 3).285

The strongest single-season precipitation correlations are summer and antecedent spring,286

with weaker but mostly still significant correlations with antecedent winter and autumn.287

Both instrumental and reconstructed PDSI show small negative correlations with preced-288

ing single season autumn precipitation for Southeastern Australia. The presence of the289

negative correlation in the instrumental PDSI comparison indicates this is not an arti-290
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fact of the reconstruction process, and thus may reflect some biases or noise over this291

relatively short period (28 years) in the instrumental record. The cumulative seasonal292

correlation plots clearly show the important secondary influence of these previous seasons293

on the summer PDSI. In nearly all cases, instrumental PDSI correlations with cumulative294

precipitation from multiple seasons (e.g., SON+DJF) are stronger than any single-season,295

with the largest increase in correlation occurring when SON is combined with DJF. Sea-296

sonal correlation patterns for the reconstructed PDSI are similar (and ≥ +0.6 for Coastal297

Queensland and Southeastern Australia), although the winter and autumn signals in the298

reconstructed PDSI are weaker in both the single and cumulative season cases. This likely299

reflects some additional biases in the underlying proxies towards spring and summer (be-300

yond those embedded in the PDSI calculation), or potential non-PDSI related variability301

in the proxies themselves.302

The reconstructed PDSI is also positively and significantly correlated with the Ashcroft303

et al. [2014] historical precipitation reconstruction over Southeastern Australia (Figure 4).304

Correlations with cumulative season precipitation are similar, or even slightly higher, dur-305

ing the ANZDA verification interval (1902–1929) compared to the later calibration period306

(1930–1975), though they are substantially lower during the late 19th century (1860–1901).307

Proxy availability in the reconstruction, however, is nearly uniform over the entire period,308

suggesting the decreased correlation strength may instead reflect changes in the earli-309

est precipitation records used in the historical precipitation reconstruction. Indeed, the310

network of stations in the Ashcroft et al. [2014] reconstruction for the late 19th century311

increases from less than 20 in 1860 to over 40 in 1900 [Figure 3, Gergis and Ashcroft ,312

2013]. Regardless, correlations with the ANZDA are mostly significant in all seasons for313
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all intervals, with the strongest relationship between summer PDSI and cumulative spring314

and summer precipitation, a result consistent with the previous CRU precipitation anal-315

ysis. Combined with the instrumental analysis, these results demonstrate the ability of316

the reconstructed PDSI to capture a substantial fraction of the cumulative season precip-317

itation variability in all three regions.318

Differences in the magnitude of the precipitation and PDSI anomalies are apparent319

across the three major multi-year historical era droughts (Figure 5). Autumn precipita-320

tion deficits were the main driver of the Millennium Drought [e.g., Timbal and Fawcett ,321

2013] with secondary contributions from more modest deficits in the winter and spring.322

This is confirmed in the Ashcroft et al. [2014] reconstruction, which shows autumn precip-323

itation deficits during the Millennium Drought were the largest single-season precipitation324

anomalies across these three events. Summer season PDSI in the ANZDA, however, was325

slightly drier during the WWII drought compared to the Millennium Drought, which can326

likely be explained in terms of the precipitation seasonality in the ANZDA. As noted, the327

sensitivity of the summer season PDSI to autumn precipitation is weaker than for the328

other three seasons, which suggests that the ANZDA may underestimate the magnitude329

of the Millennium Drought. The WWII drought, however, was forced by the single largest330

SON precipitation deficit across the three events, a season that is strongly correlated with331

summer season PDSI and an event that the ANZDA is well suited to capture. This again332

highlights the seasonal biases in the ANZDA summer PDSI, and indicates the need for333

caution when interpreting and drawing conclusions about hydroclimate events expressed334

across different drought indicators and variables.335
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3.3. Hydroclimate Variability Over the Last 500 Years

The last 500 years of hydroclimate variability are shown for our three regions combined336

(Figure 6) and individually (Figure 7). Over the ANZDA verification interval (1902–1929),337

the instrumental and reconstructed PDSI correlate significantly (Spearman’s rank corre-338

lations): ρ = 0.587 in Western Queensland, ρ = 0.707 in Coastal Queensland, ρ = 0.510 in339

Southeastern Australia, and ρ = 0.641 for all three regions combined. This level of skill is340

comparable to the precipitation reconstruction of Gergis et al. [2012] (verification period341

correlations between 0.41 to 0.70; their Tables 4 and 5) and the streamflow reconstruc-342

tion of Gallant and Gergis [2011] (verification period correlations between 0.46 to 0.70;343

their Table 4). The interannual variability in drought area (PDSI < 0; Figure 6, bottom344

panel) is high, a pattern exemplified by the recent extreme events that are the focus of this345

study. The multi-year average drought area for the Millennium Drought (2003–2009; red346

dashed line) covered 81.4% of eastern Australia, with 2003 appearing as the driest year of347

this drought in terms of PDSI anomaly (−2.13) and among the top ten most widespread348

(98.5% drought area) drought years since at least 1500 CE. Similarly, exceptional wetness349

was widespread across eastern Australia in 2011 (blue dashed line), with only 1.3% of350

the area in drought during this time. The regional ANZDA time series (Figure 7) clearly351

identify major historical droughts that occurred outside the reconstruction calibration in-352

terval (1930–1975), including the well-documented Federation Drought (1895–1902) and353

the Settlement Drought of 1791–1792. Other periods of enhanced aridity in the ANZDA354

are corroborated by other reconstructions [Ho et al., 2015], including the early 1500s,355

late 1700s, and 1820s to 1840s. From a summer PDSI perspective, 2011 (dashed blue356

line, Figures 6 and 7) stands out as exceptionally wet. Multi-year mean PDSI during the357
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Millennium Drought (dashed brown line, Figures 6 and 7), however, appears to fall well358

within the range of variability (and uncertainties) in the reconstruction.359

Nominally, the driest year of the Millennium Drought in each region was 2003, and the360

driest single years in the record were 1519 (Coastal Queensland), 1565 (Western Queens-361

land), and 1833 (Southeastern Australia) (Figure 8). The Settlement Drought (1792) was362

also notable and appears as a significant event in the ANZDA, ranking in the top five dri-363

est for Southeastern Australia and Coastal Queensland. This drought had major impacts364

in New South Wales, causing a partial failure of the wheat harvest and threatening the365

water supply in Sydney [Russell , 1877], and occurred in conjunction with a large El Niño366

[Li et al., 2013] that also caused significant drought in South Asia [Grove, 1998] during367

the same year (note, though, some overlap in the proxies used in the ANZDA and the Li368

et al. [2013] ENSO reconstruction).369

The 7-year average PDSI for the Millennium Drought (2003–2009) does not rank as370

exceptionally dry in any region when compared to all other possible 7-year running mean371

PDSI values in the ANZDA. As noted previously, this is likely due, at least in part, to the372

fact that the Millennium Drought was primarily driven by precipitation deficits during373

the autumn, the season with the weakest signal in the ANZDA. In all three regions, the374

driest 7-year running mean PDSI occurred during the 16th century (Figure 9). This in-375

cludes two extremely dry 7-year periods in the early 1500s that were part of a persistent,376

multi-decadal drought event in all three regions. To quantify this event, we use a simple377

criteria [described in Coats et al., 2013, 2015] where multi-year drought events are defined378

as starting with two consecutive dry years (PDSI< 0) and ending with two consecutive wet379

years (PDSI≥ 0) (“two-start two-end”; 2S2E). By this metric, the early 1500s drought is380
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the longest in all three regions: 1500–1522 (23 years) in Western Queensland, 1500–1527381

(28 years) in Coastal Queensland, and 1500–1522 (23 years) in Southeastern Australia.382

Compared to the ANZDA reconstructed PDSI (1500–1975), 2011 is the wettest sin-383

gle year for all three regions. When comparing across the instrumental PDSI dataset384

(1902–2012), however, 1974 is nominally the wettest in both Western Queensland and385

Southeastern Australia, while 2011 remains the wettest in Coastal Queensland. Other386

major wet years in the ANZDA (Figure 10) include 1572 and 1573, both major La Niña387

events in the reconstruction of Li et al. [2013], ranking among the top six wettest years388

in all three regions. Despite differences in ranking for 1974 between the instrumental389

and reconstructed PDSI, reconstructed PDSI for 1974 and 1976 are both still exception-390

ally wet in Western Queensland and Southeastern Australia, ranking among the top five391

wettest years for both regions. These relatively wet conditions in the 1970s coincided with392

multi-year flooding of Lake Eyre [Allan, 1985] and may have contributed, at least in part,393

to the over-allocation of water resources in subsequent decades [Quiggin, 2001; Wei et al.,394

2011; Young and McColl , 2003].395

For most of these events in the ANZDA, it is difficult to assign exact ranks with sta-396

tistical confidence because of the significant overlap in the error estimates (i.e., shaded397

blue regions, Figures 6 and 7). In light of this, rankings of most dry and wet years in the398

ANZDA are best interpreted more generally, rather than in terms of their exact position399

relative to other years. However, the most extreme wet years in the instrumental and400

reconstructed PDSI (1974 in Western Queensland and Southeastern Australia, 2011 in401

Coastal Queensland) do stand apart, even when accounting for uncertainty in the recon-402

struction. We calculate for how many years instrumental PDSI values for 1974 in Western403
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Queensland and Southeastern Australia and 2011 in Coastal Queensland fall outside the404

upper prediction interval for the reconstruction (1500–1975). This represents, effectively,405

a one-tailed test (p ≤ 0.05) of the null hypothesis that these years are NOT the wettest406

in the record. PDSI in 1974 falls outside the confidence interval in 432 of 476 recon-407

structed years (90.8% of years) for Southeastern Australia and 457 of 476 reconstructed408

years (96.0% of years) in Western Queensland, making it likely that 1974 was the wettest409

event in these regions. For Coastal Queensland, 2011 stands out as even more extreme.410

PDSI values for 2011 in this region fall outside the upper prediction interval in 464 of411

the 476 reconstructed years (> 97% of years). This translates to only 12 years in the412

entire reconstruction that may have been wetter than 2011 in Coastal Queensland, given413

the uncertainties in the reconstruction. From this, we conclude that 2011 was likely the414

wettest summer in Coastal Queensland back to 1500 CE.415

3.4. CMIP5 PDSI Projections

For 1902–1975, we compared the cumulative probability distributions of instrumental416

PDSI, reconstructed PDSI, and PDSI calculated from the multi-model CMIP5 ensemble417

(Figure 11, left column). For all comparisons (observed versus reconstructed PDSI, ob-418

served versus CMIP5 PDSI, reconstructed versus CMIP5 PDSI), we found no significant419

differences in the underlying distributions (two-sided Kolmogorov-Smirnov test, p > 0.05)420

indicating, at least in aggregate, that the CMIP5 ensemble adequately captures the ob-421

served and reconstructed hydroclimate variability over this interval. We also compared422

the frequency (Figure 11, center column) of major drought (PDSI ≤ −1) and pluvial423

years (PDSI ≥ +1) for each individual model simulation (box and whisker plots) and424

the instrumental (red dots) and reconstructed (green dots) PDSI. Both observed and re-425
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constructed drought and pluvial frequencies fall within the range of the CMIP5 ensemble,426

with largest differences in Western Queensland where the models and reconstructed PDSI427

diverge most strongly from the observations. It is difficult to know, however, whether428

these disagreements arise from biases related to the fewer number of years in the observed429

and reconstructed PDSI relative to the large CMIP5 ensemble. Finally, we compare the430

frequencies of droughts of different length between the models and reconstruction using431

the 2S2E criterion discussed previously (Figure 11, right column). To best sample the432

longest drought events, here we calculate the distributions for the full ANZDA (1500–433

2012) and from the CMIP5 ensemble for 1901–2012 (i.e., before the major greenhouse gas434

forced signal in these simulations emerges). Overall, the models generally simulate fewer435

long-term droughts than the ANZDA reconstruction, especially in Western Queensland436

and Southeastern Australia.437

For the latter half of the 21st century (2050–2099, RCP 8.5 scenario), the general model438

consensus over eastern Australia is for a shift towards more negative mean PDSI values,439

indicative of drier average conditions relative to the 20th century (Figure 12). Cross-model440

consistency is generally larger for Southeastern Australia, with only a subset of models441

(CanESM2, CCSM4, CNRM-CM5, MIROC5, NorESM1-M) suggesting a tendency for442

wetting in any region. Among the models in our full ensemble, only three (MIROC-443

ESM-Chem, MIROC-ESM and GISS-E2-R) were considered ‘poor’ performers in a recent444

validation study of the CMIP5 models for Australia [Moise et al., 2015].445

To identify the relative contributions of different processes (precipitation or PET) to446

this drying trend, we calculated alternate versions of the PDSI in which trends in ei-447

ther precipitation or PET over the 21st century were removed. Precipitation-induced de-448
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clines in PDSI (Figure 13, blue lines) are small in Coastal Queensland (2050–2099, mean449

PDSI= −0.28) and near zero in Southeastern Australia (PDSI= −0.07) and Western450

Queensland (PDSI= +0.01). Including the effects of changing PET (forced by trends in451

temperature, humidity, and net radiation) leads to more consistent and substantial drying452

in all regions (Figure 13, red lines), with the largest amplification in Coastal Queensland453

(PDSI= −1.00) and Southeastern Australia (PDSI= −1.18). Increases in PET are due454

primarily to warming-induced increases in the vapor pressure deficit, with secondary con-455

tributions from overall increases in surface energy availability. These mechanisms are456

described in more detail in Cook et al. [2014] and other studies [e.g., Scheff and Frierson,457

2013].458

We compared PDSI distributions from the ANZDA (1500–2012) against three intervals459

from our multi-model ensemble: 1901–2000, 2020–2049, and 2050–2099 (Figure 14). The460

model distributions incorporate model trends in both precipitation and PET. The pro-461

gressive drying in the model ensemble from the 20th century to the end of the 21st century462

is clearly apparent and, with this drying, the risk of annual PDSI values equal to or drier463

than the worst drought years in the ANZDA increases substantially. This corresponds to464

a future risk in different regions of 5% (1565, Western Queensland; 1519, Coastal Queens-465

land), and 7% (1833, Southeastern Australia), well above the baseline estimates (< 1%466

risk) in the ANZDA. Somewhat paradoxically, the probability of extreme wet years of467

equal or greater magnitude to 2011 also increases under a scenario of progressive 21st
468

century drying. The likelihood of an extreme event equivalent to or wetter than 2011469

increases to 2% (Western Queensland), 0.5% (Coastal Queensland), and 0.6% (Southeast-470

ern Australia). While small in absolute terms, the increased risk is relatively large given471
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the exceptionally low likelihood in the ANZDA. An increase in extreme wet years may472

seem counter-intuitive given the mean drying in the PDSI distributions, but this result473

is generally consistent with the expected response of extreme precipitation and floods474

to warming [e.g., Easterling et al., 2000; Trenberth, 2011; Trenberth et al., 2015]. This475

was evident in the 2010–2011 summer, when exceptionally warm SSTs around northern476

Australia fueled enhanced onshore moisture transport [Evans and Boyer-Souchet , 2012;477

Ummenhofer et al., 2015]. Even with these increases in likelihood of wet extremes, how-478

ever, pluvial years analogous to 2011 are likely to remain exceptionally rare.479

We conduct a similar analysis in the CMIP5 ensemble for analogues of the Millennium480

Drought and the driest 7-year periods in the ANZDA (Figure 15). As with the single481

year events (Figure 14), the risk of 7-year mean PDSI values equal to or drier than the482

Millennium Drought increases markedly. For Coastal Queensland and Southeastern Aus-483

tralia, where the Millennium Drought was most strongly expressed, the risk of a similar484

run of 7-year PDSI increases from ≤ 10% in the ANZDA to 39% (Coastal Queensland)485

or 49% (Southeastern Australia) during 2050–2099. Similarly, the risk of 7-year running486

mean PDSI equal to or drier than the driest 7-year periods increases to > 15% in Western487

Queensland and Coastal Queensland and > 25% in Southeastern Australia. This indicates488

that the likelihood of eastern Australia experiencing a 7-year period of summer drought489

similar to the Millennium Drought increases substantially by the end of the 21st century,490

under a scenario of continued high levels of greenhouse gas emissions.491

4. Discussion and Conclusions

Attribution of climate extremes is a rapidly advancing field of research, especially for492

hydroclimate events such as floods and droughts [Trenberth et al., 2015]. But one major493
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limitation is the relatively short duration of the instrumental record, which can make it494

difficult to confidently characterize the full range of natural climate variability. Here, we495

use the ANZDA and projections from the CMIP5 archive to investigate how two recent ex-496

treme hydroclimate events in Australia [e.g., Cai et al., 2009b; Evans and Boyer-Souchet ,497

2012; Hendon et al., 2014; Nicholls , 2004; Ummenhofer et al., 2009, 2015] compare to498

the last 500 years of natural variability and how their likelihood may shift with increased499

greenhouse gas forcing.500

Neither the single most extreme year of the Millennium Drought (2003) or the 7-year501

mean PDSI from 2003–2009 appear as unusually severe relative to the last 500 years of502

natural variability in the ANZDA. Recurrent periods of extreme and persistent drought503

are apparent in the ANZDA prior to the observational record, consistent with other largely504

independent reconstructions of hydroclimate for the region [Ho et al., 2015; Vance et al.,505

2015]. Of note, the ANZDA shows a rather exceptional period of multi-decadal drought506

across eastern Australia in the early 1500s, the most persistent multi-year drought event of507

the last 500 years. As noted, however, the error estimates in the reconstruction time series508

are too large to quantitatively and definitively assign ranks for most events. An exception509

is the extreme pluvial during 2011 over Coastal Queensland, which stands (in terms of510

summer season PDSI) as nominally the single wettest year in the observational record511

and reconstruction. This year is a full +1.4 PDSI units wetter than the second wettest512

year in the reconstruction (1572), and only 12 of the 476 reconstructed years have upper513

confidence limits exceeding 2011. Viewed probabilistically, this equates to 2011 exceeding514

97% of the reconstructed values after taking into account their estimated uncertainties.515

In light of this result, we conclude that 2011 was likely the wettest summer of the last516
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500 years in Coastal Queensland, though other years were likely wetter in other parts517

of Queensland and Southeastern Australia. Comparing against an ensemble of climate518

projections for the 21st century, average conditions in eastern Australia are expected to519

become drier in the latter half of the 21st century, with amplified risk of both dry and wet520

extremes of similar intensity to the Millennium Drought and 2011 pluvial.521

Our findings and conclusions regarding these recent events are very likely sensitive to the522

seasonal precipitation biases in the underlying ANZDA reconstruction. As demonstrated,523

the summer season PDSI in the ANZDA is most sensitive to summer and antecedent spring524

precipitation. The ANZDA therefore likely underestimates the severity of the Millennium525

Drought, which was forced by autumn precipitation deficits that are only weakly and526

insignificantly expressed in this drought reconstruction. Indeed, independent reconstruc-527

tions of streamflow [e.g., Gallant and Gergis , 2011] and precipitation [e.g., Gergis et al.,528

2012] for eastern Australia confirm the exceptional nature of the Millennium Drought.529

Conversely, the ANZDA is well suited for evaluation of the 2011 pluvial event, which was530

forced by extreme summer precipitation.531

The PDSI projections in the CMIP5 models have their own set of uncertainties, fore-532

most of which are the structural uncertainties in the models themselves. To address this,533

we have presented results from each individual model and ensemble member (Figure 12)534

and used the full multi-model ensemble in our kernel density functions and drought risk535

analysis. Other studies have criticized PDSI as an overly simplistic drought metric that536

may overestimate drying trends in response to climate change [e.g., Hoerling et al., 2012;537

Burke, 2011]. One often-highlighted weakness is the absence of an atmospheric carbon538

dioxide effect on plant physiology in the standard PDSI calculation, which would be ex-539
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pected to dampen PET-induced drying [e.g., Roderick et al., 2015]. We consider, however,540

that PDSI is still a useful and reasonable metric for connecting drought information in the541

paleoclimate record with model projections. This is supported by the similarities in the542

20th century ANZDA and CMIP5 reconstructions (Figure 11), and the general good con-543

sistency between PDSI and more complex models of soil moisture for both past and future544

time intervals found in other studies [Cook et al., 2015; Smerdon et al., 2015; Williams545

et al., 2015]. Further, there is emerging evidence that the moisture-savings benefits of546

enhanced carbon dioxide concentrations may be overstated [Frank et al., 2015; Ukkola547

et al., 2016], especially in land surface and vegetation models [De Kauwe et al., 2013;548

Kolby Smith et al., 2015]. Finally, we note that the importance of warming and PET549

as the dominant drying mechanisms in the CMIP5 projections is consistent with recent550

arguments made for anthropogenic amplification of the Millennium Drought [Cai et al.,551

2009b; Nicholls , 2004; Ummenhofer et al., 2009].552

The Millennium Drought was a prolonged disaster in eastern Australia, with significant553

agricultural and economic impacts [van Dijk et al., 2013; Heberger , 2011]. Beyond the ex-554

treme autumn precipitation deficits, however, the impacts and perception of this drought555

may have been amplified by other factors. Saft et al. [2015], for example, noted that556

streamflow deficits during the drought were more severe than would have been predicted557

from precipitation anomalies alone, likely a consequence of climatic and landscape fac-558

tors. Perceptions may have been further influenced because this drought occurred after559

an extended period of above-average moisture availability in the decades following the560

World War II drought. The subsequent period of rapid expansion of agriculture and wa-561

ter resource exploitation in the region may have set unrealistic expectations for moisture562
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availability [Musgrave, 2008]. This was followed by a late 20th century declining trend in563

autumn rainfall associated with the weather systems most responsible for moisture supply564

at the start of the winter growing season in southeast Australia [Pook et al., 2009], leading565

directly into the Millennium Drought. Regardless, the ANZDA suggests that summer-566

season soil moisture deficits similar to what occurred during the Millennium Drought are567

not uncommon. These results therefore provide strong motivation for policies that will in-568

crease resilience given the high likelihood of similar events occurring over the next century569

from both natural variations and anthropogenic forcing.570
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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; 138o-154oE, 28o-39.5oS),

Western Queensland (PC2; 138o-145oE, 18o-28oS), and Coastal Queensland (PC3; 145o-154oE,

18o-28oS).

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.

Figure 3. Correlations (Spearman’s rank) between single and cumulative season CRU pre-

cipitation and instrumental (top row) and reconstructed (bottom row) regional average summer

(December-January-February; DJF) PDSI from the ANZDA. Seasonal subscripts indicate corre-

lations with concurrent (0) or preceding (-1) seasons. Dashed black lines represent the threshold

for significance (p ≤ 0.05, one-sided test for positive correlation).

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 multi-year 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 multi-year average (relative to the summer).

Figure 6. Regional average summer (December-January-February; DJF) PDSI (top) and

fractional drought area (PDSI < 0) (bottom) from the ANZDA, calculated for our three east-

ern 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 instru-

mental 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 multi-year mean PDSI and drought area associated with the

Millennium Drought (2003–2009). Dashed blue lines are the same, but for the 2011 pluvial.

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 per-

centile 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 multi-year 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 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 5 driest in Western Queensland and Southeastern Australia), 1565 was the driest in Western

Queensland, and 1833 was the driest year in Southeastern Australia (top 5 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 5 driest years in Southeastern Australia and

Coastal Queensland.

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.

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).
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Figure 11. Left column: empirical 20th century (1902–1975) cumulative distribution func-

tions (CDFs) from the ANZDA (tree-ring reconstructed and instrumental) and CMIP5 ensem-

ble. For the ANZDA, n= 74 (one realization of the historical record in the observations); for

CMIP5 n= 3400 (34 different ensemble-member simulations from 1902–1974). Using a 2-sided

Kolmogorov-Smirnov test, we conclude there is no significant difference (p≥ 0.05) in the un-

derlying distributions between either ANZDA series and the CMIP5 ensemble for this interval.

Center 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 droughts 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.

Figure 14. Cumulative kernel density functions for summer (December-January-February;

DJF) PDSI, calculated from the ANZDA (1500–2012) and the CMIP5 multi-model ensemble

(1901–2000, 2020–2049, 2050–2099). Vertical lines indicate PDSI values in the ANZDA for 2011

(blue), and the record driest year for each region (brown).

Figure 15. Cumulative kernel density functions for summer (December-January-February;

DJF) PDSI calculated on 7-year moving window average PDSI. Vertical lines indicate PDSI

values for 2003–2009 (Millennium Drought) and the driest 7-year moving average PDSI in each

region.
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