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Abstract 

The impact of climate-related hazards is an increasing concern for cereal crop production globally, with 

food security being a major issue. Among these hazards, compound drought and heatwave events (CDHEs) 

are particularly important. CDHEs are linked to significant crop yield losses globally; however, their 

impacts on cereal crop yield at a regional scale remain understudied in Australia. This study, for the first 

time, quantified the historical 1910-2022 spatio-temporal variability in CDHE characteristics across 

Australian Bureau of Agricultural and Resource Economics and Sciences (ABARES) crop growing regions 

using yield impact-based definitions of heatwaves and droughts. Heatwaves of all durations were detected 

using 5 km by 5 km gridded temperature data from the Australia Gridded Climate Data (AGCD) and the 

Excess Heat Factor (EHF) with a seasonal 15-day window 90th percentile threshold from 1961-1990. 

Drought was detected using 55 km by 55 km gridded data of the self-calibrating Palmer Drought Severity 

Index (scPDSI) to capture agricultural drought over the same time periods as heatwaves. CDHE days were 

then defined by intersecting values from both indices. 

Frequency, intensity, duration and area impacted were analysed for individual events and across monthly, 

growing season and annual timescales. Sen Slope and MannïKendall tests were applied to detect trends in 

gridded frequency and severity of heatwaves and CDHEs over the 113-year period. Average statistics for 

the periods 1910ï1999 and 2000ï2022 were also spatially analysed to identify recent changes in heatwaves 

and CDHEs. The results show that the frequency, severity, and area of heatwaves and CDHEs have abruptly 

increased since the 2000s, particularly over western and eastern Australia. Extreme variability in both 

heatwaves and CDHEs is also aligned with growing regions and during the growing season. 

The relationship between CDHEs and cereal crop yields of wheat, oats, barley and sorghum was assessed 

for ABARES regions using the Pearsonôs Correlation Coefficient. Statistically significant negative 

correlations between CDHE frequency, intensity, and detrended crop yield were found in Southern and 

Eastern Victoria wheat and barley (-0.49, -0.45), Tasmania wheat (-0.37), NSW Tablelands barley (-0.39), 

and Central North Victoria barley (-0.41). This study examines statistical yield loss anomalies, finding 

increased frequency and magnitude in all cereal crop yield anomalies over the 32-year ABARES record, 

indicating a response to a range of extreme weather and natural hazards. Several yield anomalies aligned 

with high CDHE frequency and intensity during the growing period, underlining the potential of Australian 

CDHEs to drive climate- related yield loss. However, not all years with yield anomalies were associated 

with CDHEs, highlighting the complexity of the effects of climate hazards on yield. Future research could 

identify the potential drivers of non-CDHE crop declines (such as combined flood and heat events). 

This work is important for not only understanding the past climate variability and extremes of both 

heatwaves and CDHEs, but also works towards understanding how this is linked to crop yield. This is in 

efforts towards ongoing research in Australia to address challenges of the future climate in agriculture and 

better prepare for, adapt to, and mitigate CDHEs in the future. 



Front Matter 

iii 

Table of Contents 
 

Chapter 1 Introduction and Literature Review  ............................................................................ 1 

1.1 Introduction .......................................................................................................................... 1 

1.2 Literature Review .................................................................................................................. 2 

1.21 Characteristics and Impacts of Droughts ............................................................................ 2 

1.22 Characteristics and Impacts of Heatwaves .......................................................................... 4 

1.23 Characteristics and Impacts of CDHEs .............................................................................. 6 

1.24 Potential CDHE Impacts on Australian Agriculture ............................................................. 9 

1.3 Summary of Knowledge Gaps, Aims and Objectives ............................................................... 11 

Chapter 2 Data and Methods ...................................................................................................... 12 

2.1 Historical Cereal Crop Yields for Agricultural Growing Regions in Australia ............................ 12 

2.2 Derivation of Historical CDHE Dataset for Australia............................................................... 14 

2.21 Measuring and Defining Droughts and Heatwaves ............................................................ 14 

2.22 Drought Dataset ............................................................................................................ 15 

2.23 Heatwaves Dataset ......................................................................................................... 16 

2.24 CHDE Dataset ............................................................................................................... 18 

2.25 Heatwave and CDHE Metrics .......................................................................................... 19 

2.3 Methods for Part 1: Spatio-temporal Trends in Heatwaves ....................................................... 22 

2.31 Methods Heatwave Trends and Statistics Australia-Wide.................................................... 22 

2.32 Methods Heatwave Trends and Statistics by Growing Region ............................................. 23 

2.33 Methods Heatwave Trends and Statistics by Seasonality and Growing Region ...................... 23 

2.4 Methods for Part 2: Spatio-temporal Trends in CDHEs ............................................................ 23 

2.41 Methods CDHE Trends and Statistics Australia-Wide ........................................................ 23 

2.42 Methods CDHE Trends and Statistics by Growing Region .................................................. 24 

2.43 Methods CDHE Trends and Statistics by Seasonality and Growing Region .......................... 24 

2.5 Methods for Part 3: CDHE impact on cereal crops and Yield ................................................... 24 

Chapter 3 Results Part 1: Spatio-temporal Trends in Heatwaves ................................................. 25 

3.1 Heatwave Trends and Statistics Australia-Wide ...................................................................... 25 

3.2 Heatwave Trends and Statistics by Growing Region ................................................................ 31 

3.3 Heatwave Trends and Statistics by Seasonality and Growing Region ........................................ 37 

Chapter 4 Results Part 2: Spatio-temporal Trends in CDHEs ...................................................... 42 

4.1 CDHE Trends and Statistics Australia-Wide ........................................................................... 42 

4.2 CDHE Trends and Statistics by Growing Region .................................................................... 50 

4.3 CDHE Trends and Statistics by Seasonality and Growing Region ............................................. 53 

Chapter 5 Results Part 3: Impact of CDHEs on Crop Yield ......................................................... 55 

Chapter 6 Discussion and Conclusions ........................................................................................ 67 

6.1 Summary of Key Findings .................................................................................................... 67 

6.11 Heatwaves ..................................................................................................................... 67 



Front Matter 

iv 

6.12 CDHEs ......................................................................................................................... 68 

6.13 Yield ............................................................................................................................. 70 

6.2 Summary of Future Work ..................................................................................................... 71 

6.21 Methodology Enhancements ............................................................................................ 72 

6.22 Identifying CDHE Drivers ............................................................................................... 73 

6.24 Creating Other Impact-based Models for Different CDHEs ................................................ 74 

6.3 Significance of Findings and Conclusion ................................................................................ 74 

References .................................................................................................................................. 76 

Appendix 1 Supplementary Figures ............................................................................................. 81 

Appendix 2 Supplementary Data and Statistics ........................................................................... 89 

 

List of Tables 

Table 1. Additional Impacts of CDHEs (Bevacqua et al., 2021; Zscheischler et al., 2020) ......................... 7 

Table 2. Percentage of Cereal Crops Grown by State/Territory (ABS, 2022) ............................................ 10 

Table 3. ABARES Growing Regions Data Availability (Orange: Available, Black: Not Available) ........ 12 

Table 4. PDSI/sc-PDSI Drought Classification (Wells. et al.) .................................................................... 15 

Table 5. Definition of Heatwave and CDHE Metrics (Afroz et al., 2023; Reddy et al., 2022) ................... 21 

Table 6. Extreme Heatwave Records by Year and ABARES Region (consecutive records coloured) ...... 37 

Table 7. Group Percentages of CDHE Event Counts .................................................................................. 42 

Table 8. Pearsonôs Correlation between Growing Season CDHE Area and Detrended Yield .................... 65 

Table 9 Pearsonôs Correlation between Growing Season CDHE Severity and Detrended Yield ............... 66 

Table 10 Environmental, Social and Governance (ESG) for CDHEs ......................................................... 74 

 

List of Figures 

Fig. 1 Australian Rainfall Deciles for A: Millennial Drought and B: Tinderbox Drought (BOM, 2020) .... 4 

Fig. 2 Australian Heatwaves for A: 2009 Black Saturday and B: 2018-19 óBlack Summerô (BOM, 2019) 5 

Fig. 3 Cost of Global Droughts and Hot Extreme Disasters (Zengchao Hao et al., 2022) ............................ 7 

Fig. 4 Change in CDHE Frequency between 1951-1984 and 1985-2018 (Zengchao Hao et al., 2022) ....... 8 

Fig. 5 Australian Grain Production shares by State since 2001-2018 (Kingwell, 2019) ............................. 10 

Fig. 6 Spatial Distribution of Selected Australian ABARES Growing Regions ......................................... 13 

Fig. 7 Example of Detrended Wheat Yield Data for NSW Riverina ABARES Growing Region .............. 14 

Fig. 8 Flow Chart Methodology for the Self-Calibrating Palmer Drought Severity Index ......................... 16 

Fig. 9 Flow Chart Methodology for Heatwave PCT Threshold .................................................................. 17 

Fig. 10 Flow Chart Methodology for EHF and Severity Classification ...................................................... 18 

Fig. 11 Sample of processed datasets for A: Heatwave Daily Events Summary, B: Heatwave Event 

Summary and C: CDHE Daily Events ......................................................................................................... 19 



Front Matter 

v 

Fig. 12 Example Linear Regression of First Heatwave from July to June in QLD Western Downs .......... 23 

Fig. 13 Percentages of Heatwave Events by Severity and Duration: A: Bar Chart of Group Percentages, 

B: Pie Chart by Duration, C: 100% Stacked Chart of Heatwave Severity Proportions .............................. 25 

Fig. 14 Violin plot of EHF by Duration and Severity ................................................................................. 26 

Fig. 15 Density Histogram of EHF by Severity and Duration (dotted line depicts the 90th percentile) ...... 27 

Fig. 16 Heatwave Frequency Trends by Severity ........................................................................................ 29 

Fig. 17 Yearly Heatwave Coverage (A: Coverage % by Heatwave Severity, B: Max and Mean Daily 

Coverage %, C: Total coverage %) ............................................................................................................. 30 

Fig. 18 ABARES Boxplots for A: EHF and B: Yearly Heatwave Regional Frequency ............................. 32 

Fig. 19 ABARES Boxplots for A: Heatwave Duration and B: Yearly Heatwave Regional Severity ......... 34 

Fig. 20 Heat map of Extreme Heatwave Severity by ABARES Region and Year ..................................... 36 

Fig. 21 Polar Chart Low-intense Monthly Heatwave Severity by ABARES Region ................................. 38 

Fig. 22 Polar Chart Severe Monthly Heatwave Severity by ABARES Region .......................................... 39 

Fig. 23 Polar Chart Monthly Extreme Heatwave Severity by ABARES Region ........................................ 40 

Fig. 24 HWT Linear Regression Trends ...................................................................................................... 41 

Fig. 25 Pie Chart of Total CDHE Events by Duration ................................................................................ 42 

Fig. 26 Violins for CDHE daily Magnitude by A: Heatwave and Drought Category and B: Duration ...... 43 

Fig. 27 Average CDHE Gridded Frequency by Heatwave Severity and Drought Class ............................ 45 

Fig. 28 Average CDHE Gridded Severity by Heatwave Severity and Drought Class ................................ 46 

Fig. 29 Yearly CDHE Coverage (A: Coverage % by Heatwave Severity, B: Max and Mean Daily 

Coverage %, C: Total Coverage %) ............................................................................................................ 47 

Fig. 30 Heat map of Yearly CDHE Severity by Category and Year ........................................................... 48 

Fig. 31 CDHE Frequency and Severity Trends ........................................................................................... 49 

Fig. 32 Violins for CDHE Daily Magnitude by Heatwave and Drought Category and ABARES Region. 50 

Fig. 33 Bar Chart of CDHE Regional Frequency by Heatwave and Drought Category ............................. 51 

Fig. 34 ABARES Boxplots of A: Daily CDHE Magnitude and B: Yearly CDHE Regional Frequency .... 52 

Fig. 35 ABARES Boxplots of A: Daily CDHE Duration and B: Yearly CDHE Regional Severity .......... 53 

Fig. 36 Polar Chart Monthly CDHE Severity by ABARES Regio ............................................................. 54 

Fig. 37 ABARES Boxplots of Detrended Yield for A: Wheat, B: Barley, C: Oats and D: Sorghum ......... 56 

Fig. 38 Bubble Chart of Combined Crop Loss Yield Anomalies by ABARES Region and Year .............. 57 

Fig. 39 Total Regional CDHE Coverage for Wheat Growing Months Time series .................................... 58 

Fig. 40 Regional CDHE Severity for Wheat Growing Months Time series ............................................... 59 

Fig. 41 Wheat Yield Anomalies for ABARES Regions Obtained by Linear Detrending ........................... 61 

Fig. 42 Barley Yield Anomalies for ABARES Regions Obtained by Linear Detrending .......................... 62 

Fig. 43 Oat Yield Anomalies for ABARES Regions Obtained by Linear Detrending ............................... 63 

Fig. 44 Sorghum Yield Anomalies for ABARES Regions Obtained by Linear Detrending ...................... 64 



Front Matter 

vi 

 

List of Supplementary Tables 

Table. i Heatwaves Max and Mean Daily Area Coverage Australia-Wide ................................................. 89 

Table. ii Monthly Heatwave Severity anomalies (Ó1 ů) .............................................................................. 91 

Table. iii HWT Regression Results (|diff|>14 days) .................................................................................... 92 

Table. iv CDHEs Max and Mean Daily Area Coverage Australia-Wide .................................................... 93 

Table. v Monthly CDHE Severity anomalies (Ó0.75ů) ............................................................................... 95 

 

List of Supplementary Figures 

Fig. i PCT 15-day window Threshold for EHF Monthly Average .............................................................. 81 

Fig. ii Yearly Total Heatwave Coverage Time series by ABARES Region ............................................... 82 

Fig. iii Violin plot of CDHE daily Magnitude by Duration and Severity ................................................... 83 

Fig. iv Violin Plots of Yearly CDHE Metrics per Cell Area by Drought and Heatwave Severity (A: 

CDHE Frequency, B: CDHE Severity) ....................................................................................................... 84 

Fig. v Box Plot of the Regional CDHE Frequency (1910ï1999 vs. 2000ï2022) Across States and 

Territories .................................................................................................................................................... 85 

Fig. vi Box Plot CDHE Daily Magnitude by Severity and ABARES Growing Region ............................. 86 

Fig. vii Box Plot CDHE Duration by Region and Severity ......................................................................... 87 

Fig. viii Bar Charts of Total Combined Crop Loss Anomalies by A: year and B: ABARES Region ........ 88 

 

  



Front Matter 

vii 

 

List of Abbreviations 
Australian State / Territory 

1. Australian Capital Territory: ACT 

2. New South Wales: NSW 

3. Northern Territory: NT 

4. Queensland: QLD 

5. South Australia: SA 

6. Tasmania: TAS 

7. Victoria: VIC 

8. Western Australia: WA 

 

Departments: 

9. Intergovernmental Panel on Climate Change: IPCC 

10. Australian Bureau of Agricultural and Resource Economics and Science Regions: ABARES 

 

Other Regions 

11. Murray Darling Basin: MDB 

12. Australian agricultural growing regions: ABARES regions, growing regions 

 

Scientific Terms: 

13. Compound Events: CEs 

14. Compound Drought and Heatwave Events: CDHEs 

15. Excess Heat Factor: EHF 

16. Self-calibrating Palmer Drought Severity Index: sc-PDSI 

17. Standardised Precipitation Evapotranspiration Index: SPEI 

18. Standardised Precipitation Index: SPI 

 

  



Chapter 1 Introduction and Literature Review 

1 

Chapter 1 Introduction and Literature Review  

1.1 Introduction 

Assessing natural hazards, including climate and weather extremes, has been a central topic in earth 

sciences due to the associated severe social, economic, and environmental impacts (Schneiderbauer & 

Ehrlich, 2004). Natural hazards are defined as potentially damaging physical events or phenomena that can 

trigger the loss of life or injury, property damage, social and economic disruption, or environmental 

degradation, posing substantial risks to people and communities (Cui et al., 2021). Natural hazards become 

ódisastersô when they result in significant casualties, property loss, and hindered social and economic 

development (Aubrecht et al., 2013). Natural hazards also directly and indirectly affect natural resources 

and exacerbate constraints on agriculture and food production (Schneiderbauer & Ehrlich, 2004). 

Changes in the Earthôs climate system have altered the intensity and frequency of climate-related natural 

hazards such as cyclones, floods, droughts, heatwaves, and bushfires, significantly increasing the risk due 

to greater exposure and vulnerability of affected sectors (Aubrecht et al., 2013; Leonard et al., 2014). In 

recent decades, the extreme impact of natural hazards, including large-scale, cascading, and compound 

disasters, has intensified, further straining resources and increasing communities vulnerability to long-term 

socioeconomic consequences (Cui et al., 2021). Furthermore, the complex landscape of climate hazards 

and drivers has made it increasingly challenging to predict extreme events (Leonard et al., 2014). Therefore, 

understanding the spatio-temporal variability of natural hazards, which refers to changes over space and 

time, is critical for adaptation and mitigation. 

While there has been significant research into the nature and impacts of individual climate hazards, driven 

by a growing interest in understanding how climate change has altered their frequency and severity, there 

remains limited understanding of how multiple climate hazards interact when occurring concurrently or 

consecutively. These interactions, known as Compound Events (CEs), happen when two or more climate 

hazards converge within a specific area during the same time period or in quick succession, often resulting 

in amplified impacts (Ridder et al., 2020). Examples of CEs include combinations of heat, drought, wind, 

bushfires, and heavy rainfall driven by meteorological/weather events such as heatwaves, droughts and 

cyclones (Ridder, Pitman, & Ukkola, 2022). Research into CEs has gained traction recently as they appear 

to have become more frequent and led to more severe socioeconomic impacts than single events (Afroz et 

al., 2023). CEs have been acknowledged as a distinct class since multiple hazards do not occur 

independently, necessitating studying together. This interdependence in CEs arises because certain climate 

drivers or hazards are interrelated, leading to extreme events occurring concurrently, such as heatwaves and 

drought, or heavy rain and strong winds (Zhang et al., 2022).  

The nature of CEs, including their spatio-temporal variability and impacts, is complex, requiring 

multidisciplinary and interdisciplinary work in defining, mapping, analysing statistics, attributing impacts 
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and communicating risk (Leonard et al., 2014). Zscheischler et al. (2020) categorise the impacts of CEs 

into four typologies: (1) preconditioned impacts, where each hazard worsens due to existing conditions; (2) 

multivariate amplified impacts, which exceed those of individual occurrences, even if the individual 

occurrences are not extreme; (3) temporal impacts from a rapid succession of hazards; (4) spatially 

compounding impacts from the simultaneous occurrence of extremes.  

Compound Drought and Heatwave events (CDHEs) are a category of CEs that can align with all four 

typologies listed above and can lead to severe consequences, such as intensified water shortages, crop 

failures, and increased bushfire risk, posing complex challenges for communities and ecosystems (Afroz et 

al., 2023; Tabari & Willems, 2023; Tripathy et al., 2023). To date, research into CDHEs has focused on 

understanding the drivers and impacts of CDHEs using multivariate approaches. However, understanding 

the nature of CDHEs (i.e. spatio-temporal variability of intensity, duration, frequency, onset, timing, extent, 

hazard combinations and dynamic drivers) remains an underexplored area in climate research, with very 

few global studies and detailed regional assessments (Ridder, Ukkola, et al., 2022). Australia, Southeast 

Asia, South Asia, South Africa, South America and the United States of America are the most frequently 

reported global hotspots for CDHEs, resulting in severe repercussions for agriculture (Afroz et al., 2023). 

Therefore, developing a better understanding of the nature of CDHEs is crucial for these regions. 

This study addresses knowledge gaps in Australian CDHEs by quantifying spatio-temporal trends across 

agricultural growing regions and assessing the impact on cereal crops, which are critical to the nationôs 

economy and food security. This study also seeks to quantify the impact of CDHE components on cereal 

crop yield, which is not well understood. This will build a foundation for understanding and mitigating 

climate-related risks from CDHEs in Australian agriculture, which is a crucial step in building resilience 

and safeguarding future generations. 

1.2 Literature Review 

As CDHEs are a combination of both drought and heatwaves, the literature review first delves into the 

impacts and characteristics of drought, followed by a review of heatwaves and then the combination of the 

two to form CDHEs. A brief discussion of potential CDHE impacts is also provided.  

1.21 Characteristics and Impacts of Droughts 

Droughts are generally defined by a deficiency of precipitation over an extended period (Redmond, 2002). 

Severe droughts are characterised by water shortages, which directly affect food, water and energy security 

(Ndayiragije & Li, 2022). There are several categories of droughts, including meteorological droughts 

(rainfall deficiency), agricultural droughts (soil moisture deficiency and plant stress), and hydrological 

droughts (surface and groundwater shortages) (Ndayiragije & Li, 2022). The sixth assessment report by the 

Intergovernmental Panel on Climate Change (IPCC) reported the intensification of droughts across Africa, 
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North and South America, Europe, Asia, and Australia, attributing to both anthropogenic climate change 

and natural variability (IPCC, 2021). 

As global temperatures rise due to increased greenhouse gas emissions, the hydrological cycle undergoes 

significant changes (Mukherjee et al., 2018). Warmer temperatures accelerate evaporation from land and 

water surfaces, leading to drier soils and reduced water availability (Perkins-Kirkpatrick et al., 2015). Dry 

soils further elevate land surface temperatures by increasing sensible heat fluxes, creating a positive 

feedback loop that intensifies both droughts and heatwaves (Kiem et al., 2016). Limited moisture 

availability diminishes the cooling effect of evaporation, further exacerbating heating effects. Conversely, 

higher temperatures can increase atmospheric moisture, triggering more rainfall in some areas and resulting 

in complex patterns of intensifying wetting and drying (IPCC, 2021). Climate shocks, including drops in 

precipitation, more intense but less frequent rainfall and more frequent extreme droughts and heatwaves, 

can disrupt the water balance system, leading to prolonged dry spells and slower recovery from droughts 

(Gallic & Vermandel, 2020). 

Australia is the driest inhabited continent on Earth, with a long history of droughts (BOM, 2020; Verdon-

Kidd & Kiem, 2009). The drivers and impacts of droughts are well-studied in Australia (Gibson et al., 2022; 

Palmer et al., 2024; Verdon-Kidd & Kiem, 2009). Most notably, the prolonged dry conditions associated 

with the 1997-2010 Millennium Drought triggered stringent domestic and irrigation water restrictions in 

the Murray Darling Basin (MDB), which is the largest agricultural region in Australia (Fig. 1, Panel A) 

(Kiem et al., 2016). The Millennium Drought had major socioeconomic and environmental impacts, 

including disrupted agricultural production, natural habitats, and water availability, as well as increased 

bushfire risk (Verdon-Kidd & Kiem, 2009). It has been estimated that this drought reduced the gross 

domestic product of the MDB by 5.7% below forecasts between 2006-2009, with the Australian federal 

government having paid a total of 4.4 billion in drought assistance by mid-2010 (Climate Council, 2015). 

More recently, the 2017-2019 drought, known as the Tinderbox Drought, also had severe consequences 

(Fig. 1, Panel B). During this period, rainfall, particularly from April to September, was substantially below 

average across the MDB (BOM, 2020). The drought led to cascading and compounding impacts across 

socioeconomic and natural sectors, including bringing rural townships to the brink of running out of water, 

causing severe agricultural losses, and even threatening the water supply of Australiaôs largest city, Sydney 

(Devanand et al., 2024).  

Prolonged multiyear droughts such as the Millenium Drought and Tinder Box Drought have severe impacts 

on people, society and natural systems (Gibson et al., 2022). Unlike most other climate hazards, droughts 

develop slowly (often described as a creeping hazard) and can go unnoticed until soil and or surface water 

shortages become apparent. Water stress occurs when water demand exceeds availability, resulting in water 

supply shortages for domestic, agricultural and industrial water use, causing crop yield declines, livestock 
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mortality, and disruption of services (Ding et al., 2011; Lamaoui et al., 2018). Signs of drought-affected 

agriculture include dried crops, withering and yellowing (Ding et al., 2011). Crop yield is compromised, 

particularly if drought stress coincides with key crop development phases in winter and spring (Muleke et 

al., 2022). Persistent agricultural drought stress is also known to disrupt plant development, including seed 

sowing, germination, reproduction, and maturation, thus reducing productivity (Sehgal et al., 2018). 

 

 

Indirect impacts from drought include the effects on human health, socioeconomics, and the environment 

(Kiem et al., 2016). The health impacts of droughts arise from reduced nutrition, poor health, mental health 

issues, and exacerbated respiratory and cardiovascular conditions (Stanke et al., 2013). Socioeconomic 

impacts result from unemployment and reduced incomes, decreased productivity, and increased cost of 

living (Ding et al., 2011). Droughts are also linked to environmental consequences, such as heightened 

disease transmission, elevated dust levels, and reduced flow to water reservoirs (Ding et al., 2011; Stanke 

et al., 2013). Environmental impacts of droughts also include erosion, soil degradation, and loss of 

biodiversity (Qiu et al., 2021). 

1.22 Characteristics and Impacts of Heatwaves 

Heatwaves are defined as prolonged periods of unusually high temperatures, which can exceed normal 

ranges for humans and natural systems and cause heat stress (Sherwood & Huber, 2010). Heatwaves are a 

substantial hazard, killing more people globally than any other natural disaster, yet are often overlooked 

due to a focus on other natural disasters (Argüeso et al., 2015). The recent near-global intensification of 

heatwaves has been well documented in the literature, with the IPCCôs sixth assessment report confirming 

that anthropogenic climate change has been the primary driver of increased heatwave frequency and 

intensity across most land regions since the 1950s (IPCC, 2021). The last decade has seen an unprecedented 

number of heatwaves. Anthropogenic climate change is projected to exacerbate the heatwave crisis in the 

future.  

Consistent with global studies, Australia is expected to experience an increase in heatwave exposure in the 

future. Argüeso et al. (2015) predict a 2% increase in heatwave frequency and a 2-day extension in duration 

in NSW in the near future (2020-2039), escalating to a 6% rise and six additional days by the far future 

Fig. 1 Australian Rainfall Deciles for A: Millennial Drought and B: Tinderbox Drought  (BOM, 2020) 
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(2060-2079). Trancoso et al. (2020) found that under 3°C warming, heatwave duration could exceed a 

month, with events up to 85% more frequent by the end of the 21st century. As climate change continues 

to exacerbate the heatwave crisis, it is crucial for governments to implement mitigation and adaptation 

strategies, along with emergency response plans, to minimise heatwave impacts and unnecessary fatalities.  

Australia is no stranger to heatwaves, with much of the nation having experienced prolonged and significant 

heatwaves over the last 70 years (Trancoso et al., 2020). Notable events in Australia's history include the 

óBlack Saturdayô heatwave disaster in late January to early February 2009, which was one of the most 

severe heatwaves since 1939, particularly for TAS, border areas of NSW and southern VIC (Fig 2, Panel 

A) (Nairn & Fawcett, 2015). This heatwave event had multiple spells of temperatures above 40 degrees 

Celsius and was associated with widespread power outages, transport disruptions, and a dramatic increase 

in hospital admissions for heat-related illnesses, with an estimated 432 heat-related deaths in VIC and SA 

(Nairn & Fawcett, 2015; Perkins-Kirkpatrick et al., 2016). More recently, the 2018-2019 óBlack Summerô 

heatwave was another record-breaking event, impacting WA, the NT, SA, NSW/ACT, and VIC (Fig. 2, 

Panel B) (BOM, 2019). High temperatures, combined with record rainfall deficits, created tinder-dry fuels 

and an environment susceptible to heatwaves (Nairn et al., 2021). The heatwaves brought severe respiratory 

health impacts across NSW and the ACT, including 473 deaths, disproportionately affecting the most 

vulnerable (Nairn et al., 2021; Zhang et al., 2020). Both of these record heatwave events occurred at the 

end of significant multi-year droughts (the Millennium and Tinderbox drought) and were accompanied by 

some of the most devastating bushfire outbreaks in Australia (Perkins-Kirkpatrick et al., 2016).  

 

Heatwaves have a range of significant impacts on society, the environment, and the economy. For example, 

heat stress in people can result in hyperthermia, where the body absorbs more heat than it dissipates, which 

can progress to heat exhaustion, heat stroke or death (Maughan, 2012). Heat-related deaths account for 85% 

of natural disaster fatalities in Australia (Argüeso et al., 2015). High intensity heatwaves are correlated with 

increased mortality and morbidity, leading to a surge in heat-related deaths, illnesses and demand for 

ambulances and hospital admissions (Cheng et al., 2021).  

Fig. 2 Australian Heatwaves for A: 2009 Black Saturday and B: 2018-19 óBlack Summerô (BOM, 2019) 
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Heat stress can also severely damage plants and animals, leading to lowered agricultural productivity and 

adverse ecological effects (Breshears et al., 2021). In plants, heat stress occurs when a rise in soil and air 

temperature reaches a threshold, causing permanent harm to the plantôs development (Lamaoui et al., 2018). 

Heat stress directly affects crop yield by shortening the growing season and damaging plant cells (Feng et 

al., 2019). Unusually high temperatures are not just constrained to the summer and can occur during any 

season (Perkins & Alexander, 2013). For example, winter heatwaves affect crop growth efficiency, which 

can significantly impact flowering times and fruit sets, thus affecting the quantity and quality of the harvest 

(Webb, 2013). The impact of heatwaves on native animals is also devastating, with one study attributing 

the 2019 Australian heatwave event to 72,000 flying fox deaths, significantly reducing critical ecological 

functions of pollination and seed dispersal (Welbergen et al., 2008). Aquatic ecosystems are particularly 

vulnerable, as higher temperatures can lead to lower oxygen levels in water bodies, harming fish and other 

aquatic life (McArley et al., 2022). Further impacts of heatwaves include increased energy demands and 

damage to infrastructure, including roads, railways, and bridges (IPCC, 2022). 

1.23 Characteristics and Impacts of CDHEs  

As discussed in the previous sections, the impacts of droughts and heatwaves are far-reaching across society 

and the environment; however, CDHEs have additional risks not accounted for when studying hazards 

individually. During the last two decades, CDHEs have been associated with significant economic losses 

globally, as illustrated in Fig. 3. For instance, extreme impacts of heatwaves and droughts in summer 2003 

Europe cost approximately $7.90 billion in damages and China 2006 cost $3.91 billion (Zengchao Hao et 

al., 2022). Similarly, in the USA, extreme heatwaves and droughts between 2011 and 2013 incurred a total 

cost of $60 billion, with half of this attributed directly to crop losses (Feng et al., 2019). Thus, CDHEs pose 

heightened risks from multivariate and cumulative impacts, necessitating more comprehensive impact and 

risk assessments. Notably, CDHEs can exhibit impacts across four CE typology classes, leading to 

catastrophic effects and complicating efforts to disentangle drivers, characteristics, and impacts. The 

additional impacts from CDHEs for each typology are provided in Table 1.  
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Table 1. Additional Impacts of CDHEs (Bevacqua et al., 2021; Zscheischler et al., 2020) 

The risks posed by CDHEs are particularly severe across the agricultural sector, adversely affecting crop 

quality and quantity and altering planting, growing, and harvesting times (Zengchao. Hao et al., 2022). 

CDHEs are widely acknowledged as the most damaging climatic stressors for food crops, resulting in 

significant global yield reductions (Afroz et al., 2023). This is attributed to the increased physiological 

damage inflicted by drought and heat stress on crops, compounded by the synergistic interactions between 

droughts and heatwaves (Zengchao. Hao et al., 2022). Combined drought and heat stress inhibit 

Typology  Examples Impacts 

Preconditioned 1. False Spring: Early bud breaks due to temperature 

anomalies in winter 

2. High temperatures and/or droughts lead to growth 

stress  

3. Feedback loops between droughts and heatwaves 

4. Droughts due to earlier precipitation and/or soil 

moisture deficits 

Crop yield, reductions in carbon uptake, 

biodiversity, wildfires 

Multivariate  1. Extreme CDHEs (impacted area and/or severity) 

1. 2.  Long-lasting CDHEs 

Extreme cascading impacts: Crop yields, crop 

failure, larger reductions in carbon uptake, 

livestock mortality, human health, productivity, 

supply chain disruptions, economic losses, 

infrastructure damages, food, water and energy 

security, recovery efforts, vegetation, 

biodiversity, wildfires 

Spatial and/or 

Temporal 

1. More frequent and/or larger CDHEs 

2. Shorter return period of CDHEs 

3. Increased exposure and vulnerability from CDHEs 

occurring in cities and agricultural zones. 

4. Impact from CDHEs in the same locations with or 

without a time lag 

5. Increased impact of CDHEs from co-occurring 

with key crop phenological phases 

6. More than one CDHE occurring in various 

locations leading to synchronous crop impacts 

Crop yields, reductions in carbon uptake, 

livestock mortality, human health, productivity, 

infrastructure damages, food, water and energy 

security, recovery efforts, vegetation, 

biodiversity 

Fig. 3 Cost of Global Droughts and Hot Extreme Disasters (Zengchao Hao et al., 2022) 
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photosynthesis and stunt growth during the vegetative stage, slow grain development during the 

reproductive stage, and shorten the grain-filling period, reducing grain kernel weights and crop yields 

(Zengchao. Hao et al., 2022). The timing of CDHEs in winter can also trigger early bud breaks in crops, 

inducing a ófalse springô. This premature growth exposes crops to frost damage when cold conditions return 

and disrupts the timing of later development, leading to reduced yields (Zscheischler et al., 2020). 

The impacts of CDHEs extend beyond crop yields to encompass broader ecosystem effects, including 

decreased vegetation coverage, impacts on biodiversity, and disruptions to the carbon cycle by reducing 

plants ability to uptake carbon dioxide (Zengchao. Hao et al., 2022). These complex interactions underscore 

the multivariate nature of CDHEs, which affect agricultural and natural systems.  

On a global scale, there is considerable evidence that the frequency of CDHEs has increased, largely driven 

by rising high-temperature extremes, as shown in Fig. 4. These events can create cascading socioeconomic 

impacts, often surpassing those of individual hazards by overwhelming both human and natural systems 

(Tabari & Willems, 2023). Most communities are ill-equipped to handle multiple hazards simultaneously, 

increasing recovery times (Ridder, Pitman, & Ukkola, 2022). For example, heatwaves occurring during 

long droughts exacerbate water scarcity by depleting already diminished water supplies and increasing 

demand. Growing regions with limited irrigation also suffer disproportionate yield losses due to increased 

exposure to drought and heat stress (Zengchao. Hao et al., 2022). Global studies indicate that cropland 

exposure to CDHEs will increase 1.7-1.8 times by the end of the 21st century, posing a major threat to 

global food security (Afroz et al., 2023). Greater overlap between CDHEs and exposed populations has 

also been identified, amplifying the health impacts of dehydration and heat stress (Ridder et al., 2020). 

CDHEs will likely exhibit increased return frequencies in the same regions in the future, placing a further 

strain on recovery and resources (Afroz et al., 2023). 

 

Fig. 4 Change in CDHE Frequency between 1951-1984 and 1985-2018 (Zengchao Hao et al., 2022) 
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Several Australian studies have quantified the spatio-temporal characteristics of CDHEs, and the results 

agree significant increases in CDHE characteristics have occurred in the last two decades compared to 

relatively stable historical patterns (Ridder, Pitman, & Ukkola, 2022). Laz et al. (2023) mapped CDHE 

trends in Southeastern Australia from 1971 to 2021, identifying hotspots in eastern NSW and QLD. The 

results found over the past two decades, these hotspots have expanded west towards Southeastern Australia. 

Laz et al. (2023) also identify the recent period 2001-2021 has experienced an increase in CDHEs with 

heatwaves and moderate drought by 63% in annual frequency and 65% in the 90th percentile extreme. 

Another study by Reddy et al. (2022) identified spatio-temporal trends of CDHEs Australia-wide from 1958 

to 2020. The results indicated positive trends for southeast and west Australia, including increased 

frequency (3-5 days/season), duration (1.5-2.5 days/season) and amplitude (10-12°C2/season). Larger and 

more widespread trends were identified for CDHEs with mild drought. 

The vulnerability and risk of CDHEs are closely related to the return frequency in the same location. An 

assessment in Australia by Ridder, Pitman and Ukkola (2022) modelled the return period of CDHE events 

using both observational and climate-simulated data and noted that CDHEs returned less than one year for 

most of Australia and 0.5 years for eastern Australia between 1990 and 2014. Under moderate and high 

emissions scenarios, the return period of CDHEs increased the most in Northern Australia (0.1 to 0.5 years 

sooner) and Southern Australia (0.75 and 1 year).  

While previous Australian studies have laid a foundational understanding of CDHE risk and its broad 

effects on society, there is a gap in detailed impact and vulnerability assessments on specific sectors, such 

as agriculture. Understanding these impacts is essential for implementing effective disaster adaptation and 

mitigation strategies. As climate change and natural variability amplify the risk of CDHEs, society is 

confronted with significant challenges in adapting to these changes amidst ongoing population growth. 

1.24 Potential CDHE Impacts on Australian Agriculture  

Understanding the relationship between climate extremes and crop yields is critical for ensuring food 

security and mitigating the impacts of CDHEs under a changing climate (Feng et al., 2019). Crop yields in 

Australia are highly dynamic across regions, with both harvested area and volume produced changing 

annually (Wang et al., 2015). Cereal crops are important staple crops in Australia, worth 19.31 billion in 

2021-2022 (ABS, 2022). Wheat is Australiaôs highest-revenue cereal crop, making up 13.1 billion of the 

total revenue (ABS, 2022).  

While many studies have referred to crop production and yield interchangeably, this study distinguishes 

between crop production as the total tons produced and crop yield as the total produced per unit of area 

(Brás et al., 2021). To provide additional context, Table 2 shows crop production data by State/Territory, 

offering insights into which regions have the highest levels of agricultural output and may be more affected 

by yield impacts. Trends in crop production are largely driven by trends in yield (Brás et al., 2021). Most 
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cereal crops are produced in WA (35%) which is the largest producer of wheat (36%), oats (54%) and 

barley (40%). NSW is the second largest cereal crop producer, dominating the production of rice (99%) 

and producing moderate amounts of wheat (33%), oats (20%), barley (24%) and sorghum (35%). QLD 

produces the most sorghum (65%) and lesser amounts of wheat, oats, and barley. SA and VIC are also small 

wheat, oats, and barley producers. TAS and the NT grow little cereal crops. 

Table 2. Percentage of Cereal Crops Grown by State/Territory  (ABS, 2022) 

State/Territory  Wheat Oats Barley Sorghum Rice Total  

New South Wales (NSW) 33.20% 19.85% 24.77% 34.96% 99.13% 31.51% 

Victoria (VIC)  11.72% 13.48% 15.79% 0.09% 0.24% 12.13% 

Queensland (QLD) 6.13% 3.86% 4.29% 64.85% 0.48% 8.31% 

South Australia (SA) 13.11% 8.40% 14.92% 0% 0% 12.64% 

Western Australia (WA) 35.65% 54.04% 40.05% 0% 0% 35.23% 

Tasmania (TAS) 0.19% 0.38% 0.17% 0% 0% 0.18% 

Northern Territory (NT)  0% 0% 0% 0% 0.14% 0.002% 

The annual variability of State cereal crop production, shown in Fig. 5 clearly demonstrates that WA and 

NSW experience the greatest magnitude of crop production losses and the most significant year-to-year 

variability (Kingwell, 2019). Understanding the impacts of yield variability on a regional scale is crucial 

for maintaining profitable production and productivity as well as developing feasible strategies for climate 

adaptation (Wang et al., 2015). 

 
Fig. 5 Australian Grain Production shares by State since 2001-2018 (Kingwell, 2019) 

Past research on crop yield and climate interactions in Australia has focused on specific climate hazards. 

For instance, using multiple linear regression, Hague et al. (2016) investigated the effects of heatwave days, 

total rainfall, and various climate drivers on wheat yield at the State/Territory level. Their findings revealed 

that the total rainfall over the preceding 12 months accounted for up to 36% of the variability in wheat 

yield. However, after removing the effects of rainfall, heatwaves further exacerbated yield loss during 

August, September, and October. Notably, the detrimental impact of heatwaves on yield intensified during 

severe drought conditions, suggesting CDHEs have dual effects (though not specifically studied as a 

CDHE). Wang et al. (2015) conducted a similar regression analysis focusing on maximum and minimum 
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temperature, rainfall, solar radiation, and the occurrence of heat and frost stress days across four wheat 

regions in NSW. The results revealed that rainfall did not consistently emerge as the primary factor 

influencing yield variation across all regions, with the wheat beltôs eastern slopes and northern areas 

exhibiting greater sensitivity to temperature fluctuations. Consequently, identifying dominant variables 

affecting crop yield varies across different variables, seasons, and locations. While existing research has 

extensively examined the impact of individual climate hazards on yield, there remains a notable gap in 

understanding the influence of CDHEs on yield in Australia and characterising the complex spatial, 

temporal, and climate interaction. 

As highlighted in Section 1.23, understanding the risk of compound events is crucial, as it necessitates 

studying not just the individual hazards but also their combined effects. Developing a new model 

specifically for the combined effects of heatwaves and droughts on crop yield allows the additional risk to 

be accounted for. However, this has not yet been done in Australia. Addressing this knowledge gap is 

essential, given that droughts and heatwaves will become more extreme in the future, drastically increasing 

risk to the agricultural sector.  

1.3 Summary of Knowledge Gaps, Aims and Objectives 

The proposed research endeavours to generate significant new knowledge about CDHEs, particularly 

focusing on their impacts on cereal crop yield in Australian growing regions. A notable knowledge gap has 

been identified in regional studies within Australia, particularly regarding the assessment of CDHE impacts 

on agriculture and crop yield. While existing research in Australia has concentrated on conventional single-

hazard risk assessments in crop climate impacts, it has overlooked the amplified risks posed by CDHEs. 

Additionally, there are knowledge gaps in defining CDHEs that specifically impact agriculture and in 

applying impact assessment methods tailored to these events. 

This study aims to quantify the spatio-temporal trends of CDHEs across growing regions in Australia and 

evaluate the impacts of CDHEs on cereal crop yields. This will be achieved through the following 

objectives: 

1) Explore historical (1910-2022) trends in heatwaves and droughts including frequency, severity, 

duration, extent, and seasonality Australia-wide and for each growing region 

2) Develop a historical (1910-2022) gridded CDHE data set for Australia  

3) Quantify gridded spatio-temporal heatwave and CDHE characteristics (frequency, severity) 

4) Analyse trends and statistics in CDHEs for each regional growing area 

5) Quantify impacts of CDHEs on cereal crop yields using Pearsonôs Correlation and rank by exposure 

risk 

By addressing these objectives, this study will provide valuable insights into the impacts of CDHEs on 

agriculture in Australia, facilitating broader climate governance and improved hazard mitigation.  
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Chapter 2 Data and Methods 

2.1 Historical Cereal Crop Yields for Agricultural  Growing Regions in Australia 

Data for cereal crop production and harvested areas for growing regions in Australia from 1990 to 2022 

were obtained from the Australian Bureau of Agricultural and Resource Economics and Sciences records 

(ABARES, 2023). The crops used for this study include wheat, barley, oats, and sorghum, which were 

selected due to being grown in multiple regions in different climates in Australia. Yield was calculated by 

dividing the total crop production (tons) by the sowing area (hectares). The ABARES dataset had no 

missing production data. However, there were minimal cases of missing sown area values (fewer than 5), 

which were filled using the most frequently occurring values to ensure valid yield calculations. The yield 

data was also filtered to remove regions with less than 30 years of data, including non-growing areas in the 

NT, WA Pilbara, and sorghum regions in Tasmania, South Australia, and Victoria, as regions that did not 

cultivate the crops for enough years. Regions with at least 30 years of data were used to ensure a sufficiently 

large sample size for meaningful statistical analysis and to avoid underfitting. Lastly, any years without 

crop production were flagged as missing for yield, resulting in the final dataset (refer to Table 4). Most 

selected growing regions contained the full 33 years of yield data. A map of regions is also depicted in Fig. 

6. 

Table 3. ABARES Growing Regions Data Availability (Orange: Available, Black: Not Available) 

1990-2022 Selected ABARES Regions Abbreviated Name Wheat Barley Oats Sorghum 

1. NSW Central West          

2. NSW Far West 

 

    

2001, 

2020, 

2022   

3. NSW North West Slopes and Plains NSW North West         

4. NSW Riverina          

5. NSW Tablelands (Northern Central and 

Southern) 

NSW Tablelands 

  2015     

6. QLD Eastern Darling Downs          

7. QLD Southern Coastal - Curtis to Moreton 

QLD Southern Coastal 

  2019 

2002, 

2007   

8. QLD Western Downs and Central Highlands QLD Western Downs         

9. SA Eyre Peninsula          

10. SA Murray Lands and Yorke Peninsula 

SA Murray Lands-Yorke 

Pen         

11. SA Northern Pastoral      2015   

12. SA South East          

13. TAS Tasmania          

14. VIC Central North          

15. VIC Mallee          

16. VIC Southern and Eastern Victoria VIC Southern and Eastern         

17. VIC Wimmera          

18. WA Central and Southern Wheat Belt WA Central-Southern WB.         

19. WA Northern and Eastern Wheat Belt WA Northern-Eastern WB.         

20. WA South West Coastal          

 Total Missing None 2 yrs 6 yrs none 



Chapter 2 Data and Methods 

13 

 

Fig. 6 Spatial Distribution of Selected Australian ABARES Growing Regions 

The yield data was detrended consistent with previous studies (Hague et al., 2016; Wang et al., 2015). 

Detrending removes the influence of confounding effects, such as increasing trends due to technology, 

leaving only the inter-annual variability. A common approach is to subtract linear regression fitted slopes 

of each growing region from the yield data. This method was applied to the Australian cereal crop yield 

data in this study. An example of the effects of the detrending approach on yield is shown in Fig. 7. The 

raw yield data (brown series) displays an increasing trend which is very common as production increases 

with demand and improved technologies. However, after subtracting the linear trend, the detrended series 

has a centre of zero and correctly shows yield anomalies. That is, the detrended series shows yield variation 

year to year with the influence of other trends removed.  
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Fig. 7 Example of Detrended Wheat Yield Data for NSW Riverina ABARES Growing Region 

2.2 Derivation of Historical CDHE Dataset for Australia 

2.21 Measuring and Defining Droughts and Heatwaves 

Defining both heatwaves and droughts involves considerable complexity due to varying characteristics and 

lack of universally observed conditions, leading to several methods (Argüeso et al., 2015; Ndayiragije & 

Li, 2022). For heatwaves, approaches relying on fixed thresholds, such as the 95th percentile or days 

exceeding 40 °C, primarily reflect trends in the hottest regions during summer (Perkins & Alexander, 2013). 

However, this limits the applicability to assessing heatwaves year-round and considering regional climate 

variations. Dynamic thresholds allow a more detailed understanding of what constitutes an óextreme eventô 

over time (Perkins & Alexander, 2013). The Excess Heat Factor (EHF) proposed by Perkins and Alexander 

(2013) has been adopted as the preferred metric and standard Australian heatwave definition, accounting 

for both the minimum and maximum temperatures and separating short- and long-term temperature 

anomalies. The EHF involves the accumulation of excess heat over three and 30 days, coupled with the 

difference between the three-day average and a threshold percentage based on a climatological baseline. 

For droughts, there are multiple definitions and indices depending on where water shortages and the 

resulting impacts discussed in section 1.21. Given that this study concentrates on the impacts of drought on 

crops, which are primarily associated with agricultural drought, this study will specifically focus on 

agricultural drought. While the standardised Precipitation Index (SPI) has been used extensively to quantify 
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drought in CDHE studies, a major limitation is that only precipitation is included in the derivation of the 

index (Laz et al., 2023; Reddy et al., 2022). To improve agricultural drought attribution, the Standardised 

Precipitation Evapotranspiration Index (SPEI) and the self-calibrating Palmer Drought Severity Index (sc-

PDSI) have been employed in CDHE studies, offering a more comprehensive measure of agricultural 

drought (Laz et al., 2023; Tripathy et al., 2023). The SPEI incorporates evaporation alongside rainfall (via 

a temperature relationship) and is useful for delineating short-term drought dynamics (Zhao et al., 2017). 

However, the SPEI may not fully capture the duration of severe droughts due to its exclusion of 

hydroclimate factors such as recharge rates, streamflow, runoff, and groundwater dynamics, which 

significantly influence water availability for crops over longer periods (Ndayiragije & Li, 2022). The sc-

PDSI incorporates additional hydroclimate factors, replicating water balance, making it a powerful tool for 

measuring agricultural droughts over longer periods (Wells. et al.; Zhao et al., 2017).  

The derivation of both the heatwave, drought, and combined events (CDHEs) datasets are further detailed 

in the following sections. 

2.22 Drought Dataset 

For the drought component of CDHEs, this study utilises pre-processed monthly 0.5° gridded sc-PDSI data 

from the Climatic Research Unit (2021). The sc-PDSI is based on a water balance model that considers 

precipitation, temperature, and local soil moisture conditions. It estimates the departure of moisture from 

normal conditions, which is crucial in determining whether an area is experiencing drought or excessively 

wet conditions (Wells. et al.). A summary of the composition of the sc-PDSI is shown in Fig. 8 for 

completeness. Droughts were classified into mild, moderate, severe, and extreme based on the thresholds 

outlined in Table 5. 

Table 4. PDSI/sc-PDSI Drought Classification (Wells. et al.) 

PDSI Value Severity Category  

0.49 to -0.49 Normal 

-0.50 to -0.99 Incipient Drought 

-1.00 to -1.99 Mild Drought 

-2.00 to -2.99 Moderate Drought 

-3.00 to -3.99 Severe Drought 

Bellow -4.00 Extreme Drought 
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Fig. 8 Flow Chart Methodology for the Self-Calibrating Palmer Drought Severity Index 

2.23 Heatwaves Dataset 

Previous CDHE studies modified the EHF to consider one- and two-day heatwaves as crop yield is sensitive 

to short extreme heat (Hague et al., 2016). Therefore, the adapted EHF method was implemented (Hague 

et al., 2016; Perkins & Alexander, 2013) (refer to Eqn. 1) using 0.05° AGCD gridded temperature data 

(BOM, 2023) and Python source code from Argüeso (2024).  

4
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In the above equations, Ὕ , Ὕ  and Ὕ are the daily maximum, minimum and mean air temperatures, 

respectively. The variable Ὥ represents the day of the year, and ὴὧὸ is the chosen threshold. The 90th 

percentile of 15-day moving windows for a base period from 1961 to 1990 was chosen as the ὴὧὸ threshold 
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for heatwaves (as shown in Appendix 1, Fig. i). Using a moving PCT threshold allows unusually high 

temperatures in cooler months to be classified without being constrained by a higher threshold that may 

only be crossed during warmer months. 

After obtaining the EHF series, the data was re-gridded to match the 0.5Á resolution of the sc-PDSI dataset 

and projected to Australian Albers CRS to ensure spatial consistency in the subsequent metric computations 

while retaining the original latitude and longitude coordinates as variables for tracking purposes. Using the 

heatwaves classification system by Nairn and Fawcett (2015), heatwaves were categorised into low-

intenseô, ósevereô and óextremeô for each day Ὥ to assess intensity (refer to Eqn. 2). This is a slight adaptation 

of the original classification, as computation occurs over each day of the heatwave rather than assigning a 

single category per event. In this way, a heatwave can be óupgradedô or ódowngradedô during the event, 

similar to other natural hazards. Finally, the ABARES region shapefile was used in Python to extract 

heatwave events for the corresponding growing regions. The procedure for calculating the PCT and EHF 

with severity classification is depicted in Fig. 9-10. 

 
Fig. 9 Flow Chart Methodology for Heatwave PCT Threshold 

ἒἭἩἼἿἩἾἭ ἡἭἾἭἺἱἼὁ

ừ
ỬỬ
Ừ

ỬỬ
ứ[ƻǿȤLƴǘŜƴǎŜΣ 

Ἇἒἐἱ
Ἇἒἐ

{ŜǾŜǊŜΣ 
Ἇἒἐἱ
Ἇἒἐ

 

9ȄǘǊŜƳŜΣ 
Ἇἒἐἱ
Ἇἒἐ

 

 

 

Eqn. 2 
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Fig. 10 Flow Chart Methodology for EHF and Severity Classification 

2.24 CHDE Dataset 

CDHEs in this study are defined as instances where heatwaves and drought conditions occur at the same 

time and location. To achieve this, the monthly sc-PDSI drought time series data was filtered to values 

 ρ (corresponding to mild drought and below) to remove non-drought events. The data was then 

reprojected to Australian Albers CRS and resampled to daily (by simply assigning the same monthly value 

of sc-PDSI to each day of the month) to align with the heatwaveôs timescale. To find the joint occurrence 

of droughts and heatwaves, the classified EHF data was flattened into a csv, where each row contained the 

event attributes, including the time (date), location (latitude, longitude), ABARES region, severity, and 

EHF (see Fig. 11, Panel A). Next, heat events for each severity group were summarised by the start date, 

end date, and duration using R code (see Fig. 11, Panel B). A similar process was applied to droughts, 

reshaping the sc-PDSI into a flattened csv by coordinates and severity classification. The drought data was 

matched to the daily heatwave data, ensuring that only the overlapping events were included, while events 

with just drought or just heatwave were excluded. To calculate the daily CDHE magnitude, the sc-PDSI 

values were first multiplied by a negative one (to reverse the scale so drought intensity is positive) and then 

multiplied by the EHF values. This ensures that the resulting magnitude is always positive, reflecting the 

intensity of the combined events. 
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Next, CDHEs were categorised into 12 different heat and drought combinations, from extreme drought and 

extreme heatwave to mild drought and low-intense spells. For both heatwaves and CDHEs, each day was 

assigned two tags containing the coordinates, a unique event ID tracking each event group, and a multi-day 

ID tracking the specific event day. The event ID was also used to classify heatwave and CDHE days into 

seven duration categories including 1 day, 2 days, 3 days, 4 days, 5 days, 6 days, and Ó7 days (see Fig. 11, 

Panel C). The CDHE duration was also calculated for all CDHE events together, so the total length could 

be assessed separately.  

 

Fig. 11 Sample of processed datasets for A: Heatwave Daily Events Summary, B: Heatwave Event 

Summary and C: CDHE Daily Events 

2.25 Heatwave and CDHE Metrics 

From the daily heatwave and CDHE data, metrics were calculated to characterise the temporal variability 

of heatwaves and CDHEs, including frequency, intensity, and impact measures (refer to Table 6). These 

were analysed over a range of spatial scales, from the smallest level of a grid cell through to Australia-

wide.  

The following definitions and methods were used to generate these metrics: 

Spatial scales 

¶ Gridded: Includes heatwaves and CDHEs for each coordinate (0.5Á resolution) 

¶ Australia-wide: This includes all heatwaves and CDHEs in Australia  

¶ ABARES Regions: Includes all heatwaves and CDHEs with the centre of the cell inside the region 

boundary 

¶ Area (number of cells): Per number of cells in a region calculated as ὃὶὩὥ ὙὩὫὭέὲ ίήὯάȾ

ὅὩὰὰ ὃὶὩὥ ίήὯά 

Temporal Scales 

¶ Calander year: Standard January to December dates. 

¶ Heatwave Year: Years and days adjusted between July and June to keep summer events together 

¶ Growing Years and Days: The months of the year when crops are typically grown are recorded in 

the year of the first harvest (marketing year). 



Chapter 2 Data and Methods 

20 

 

Techniques 

Regional Aggregation:  Region aggregations (Australia-wide and by ABARES Regions) for heatwaves and 

CDHEs by calendar year, month, and growing period were performed using Python, where each grid cell 

centre was matched with the boundaries of the shapefile for each region. 

 

Heatwave and CDHE Seasonality Year Adjustment: To calculate the first heatwave and CDHE event of 

the year, the day of the year was re-centred to align with heatwave years (July to June). Each day was 

represented as an integer, starting from July 1 as day one and continuing to June 30 of the following year. 

This ensured that summer events were not split across different years. As a result, the adjusted years 1909 

(part of 1910) and 2022 (part of 2023) were excluded due to incomplete data. 

 

Growing year adjustment for Heatwaves and CDHEs: The impact of CDHEs is likely to be the greatest 

during the growing season of the crop (Hague et al., 2016). Crop production from ABARES is recorded by 

the marketing year for consistency (when harvesting begins) and includes the full growing cycle from 

sowing (typically Autumn for winter crops and spring for summer crops) to the end of the harvest 

(ABARES, 2023b). Since exact growing periods were unavailable, typical planting months up to the end 

of the marketing period were used to approximate the growing cycle for each crop for aggregation, 

including: 

¶ Wheat: April - October 

¶ Barley: May - November 

¶ Oats: March - November 

¶ Sorghum: September - March 

Consequently, in the CDHE growing season aggregated metrics for sorghum, the year is shifted to be 

aligned with the harvest year (e.g., the 2022 harvest year includes data from September 2021 through 

March 2022). 
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Table 5. Definition of Heatwave and CDHE Metrics (Afroz et al., 2023; Reddy et al., 2022) 

 Metric Description Units 

G
r
i
d
d
e
d

 

Daily 

CDHE Days 
Ὀ

π ὭὪ ὲέ ὅὈὌὉ
ρ ὭὪ ὅὈὌὉ

 
Boolean 

Daily CDHE Magnitude ίὧὖὈὛὍὉὌὊ 

Ὥ ὨὥώȠὮ ὧέὶὶ άέὲὸὬ 

ÁC2 per day 

Heatwave Duration 

CDHE Duration 

ὨὭὪὪ ὩὺὩὲὸ ὩὺὩὲὸ  

Ὀ
ρ ὭὪ ὨὭὪὪ ρ

Ὕ Ὕ ρ ὭὪ ὨὭὪὪ ρ
 

 

Event Length (days) 

 

Yearly  

Heatwave Frequency 

CDHE Frequency 
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1 Some results for Regional Heatwave Severity have been expressed in the previous unit of °C²/Ha  
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2.3 Methods for Part 1: Spatio-temporal Trends in Heatwaves  

Heatwave and CDHE metrics from 1910 to 2022 covering all of Australia and specific ABARES regions 

were visualised using Rôs ggplot library and ArcPro Software. The goal of this exploratory data analysis 

was to understand the statistical and spatial distribution of both heatwaves and CDHEs, including their 

variability, spread, centre, and location of extremes. The results for spatio-temporal trends and statistics in 

heatwaves are presented in Chapter 3 (Part 1) and CDHEs in Chapter 4 (Part 2). Supplementary figures and 

data may also be referred to in the results. 

2.31 Methods Heatwave Trends and Statistics Australia-Wide 

To analyse the composition of the heatwave dataset, frequency and stacked bar charts were used to 

summarise the proportion of events across severity and duration categories. Violin plots compared the 

variation among these categories, while a density histogram was employed to assess the frequency of 

heatwaves as probability density.  

To assess spatial trends on the gridded heatwave frequency by heatwave severity and for all heatwave 

events, the Sen Slope and Mann Kendall p values were calculated using ArcProôs generate trend function. 

The Senôs slope, also known as the Theil-Sen estimator, is a non-parametric method used for estimating 

the slope of a trend in a time series and is particularly useful for climate time series where data often exhibit 

non-linear patterns and contain outliers (Sen, 1968). The Mann-Kendall (MK), also non-parametric, 

evaluates the significance of the trend, accommodating skewed data (Mann, 1945). Spatial averages 

between 1910-1999 and 2000-2022 were also calculated to compare the long-term trends in heatwave 

frequency with the recent period. The average and Sen Slope frequency trends were arranged into a 4X3 

panel map using consistent colour scales. This included creating the same colour symbology for both 

average periods and applying standard deviation classification to the Sen Slope trends. Standard deviation 

is often used in spatial analysis to highlight how areas with unusually high or low values, as values beyond 

±1 standard deviation from the mean (Reveiu & Dardala, 2011).  

To investigate temporal variation in heatwaves, time series plots of the spatial extent (% area) were 

generated, highlighting both the yearly contribution of each severity level and the total, mean and maximum 

area covered (the yearly mean and maximum area statistics are available in Supplementary Data Table i).  
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2.32 Methods Heatwave Trends and Statistics by Growing Region 

To characterise regional variation and spread, boxplots of both the daily heatwave magnitude (EHF), yearly 

regional frequency and severity, and duration for each heatwave category and growing region were 

visualised. A heatmap chart was created to show the extreme regional heatwave severity for each year and 

ABARES regions, with colours representing quantiles. This approach highlights which regions and years 

experienced the most extreme events and provides a detailed view of how the frequency of extremes has 

changed over time. Time series plots of annual area percent coverage were also produced in Supplementary 

Fig. ii.  

2.33 Methods Heatwave Trends and Statistics by Seasonality and Growing Region 

To gain a deeper understanding of heatwave seasonality, the distribution of monthly regional heatwave 

severity from 1990ï2022 was examined for each heatwave category using polar plots. These plots 

effectively display both annual and interannual variations in heatwave patterns. Summary statistics for the 

average monthly heatwave severity are provided in Supplementary Data Table ii. Trends in the timing of 

the first heatwave of the year by region and severity were analysed using regression models. The response 

variable, year (indexed 1ï113), was regressed against the day of the year (1ï365) for the first heatwave 

occurrence (HWT), using Rôs ólmô function (see Fig. 12). A map showing regional trends where the 

difference between intercept and slope exceeded 14 days was produced, and the full regression results are 

available in Supplementary Data Table iii. 

 

 

 

2.4 Methods for Part 2: Spatio-temporal Trends in CDHEs 

2.41 Methods CDHE Trends and Statistics Australia-Wide 

 The composition of the CDHE dataset, across the twelve types, severity, and duration, was analysed using 

the same methods as for heatwaves, including frequency tables and violin plots. Due to the low frequency 

of severe and extreme droughts and extreme heatwaves, it was decided to present most of the CDHE results 

by heatwave category and all events together, which was common in other Australian CDHE studies (Laz 

et al., 2023). Supplementary figures iii-v include statistics of CDHEs by the respective heatwave and 

drought categories to complement the results presented.  

Fig. 12 Example Linear Regression of First Heatwave from July to June in QLD Western Downs  
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The time series of yearly CDHE spatial extent (% area) were displayed by heatwave category, along with 

the mean and maximum daily extent and coverage for all CDHEs (data for the CDHE area statistics is 

presented in Supplementary Data Table iv). The CDHE severity across the twelve categories and years was 

also visualised using a heatmap to highlight the range of values of the metric. Finally, Spatial trend analysis 

of gridded CDHE frequency and severity for all events, including averages between 1910ï1999 and 2022, 

as well as Sen Slope trends and MK significance, was conducted in the same manner as the heatwave 

analysis. 

 

2.42 Methods CDHE Trends and Statistics by Growing Region  

This section included a violin plot of CDHE magnitude as well as a split stacked bar chart comparing CDHE 

regional frequency between 1910-1999 and 200-2022 using each category. The remaining regional analysis 

used the total CDHE metrics, including regional boxplots for CDHE daily magnitude, yearly regional 

frequency and severity, and duration. In addition, supplementary results (fig v-vii) present some 

complementary boxplots. 

 

2.43 Methods CDHE Trends and Statistics by Seasonality and Growing Region 

CDHE seasonality on a monthly scale was examined using the same polar chart structure as heatwaves. 

Summary statistics for average monthly heatwave severity are provided in Supplementary Data Table v. 

 

2.5 Methods for Part 3: CDHE impact on cereal crops and Yield 

Preliminary exploration of the detrended yield data for each crop (wheat, oats, barley and sorghum) was 

conducted to contextualise variation and the years associated with reduced yields. The regional variability 

of detrended crop yield was first analysed using boxplots. Time series plots were generated for the wheat 

growing season, showing CDHE area percentage and severity with markers for years when yield anomalies 

(below one standard deviation) coincided with CDHE area or severity above the 75th percentile. These 

visualisations illustrate the relationship between CDHE events and yield fluctuations. Supplementary Data 

Table V presents a detailed list of years and regions with all crop yield anomalies, along with corresponding 

CDHE area and severity values. Time series plots of each detrended crop yield and yield anomalies defined 

in the same way were produced using a positive and negative split bar chart. Additionally, a bubble chart 

was used to show the frequency and magnitude of all yield anomalies by region, year, and type. Finally, to 

assess the strength of the relationship between CDHEs and yield, pair-wise Pearsonôs correlations between 

the regional CDHE severity and area across the growing season and detrended yield was conducted for 

each crop. Supplementary Fig. vii displayed the total yield anomalies by year and region. 
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Chapter 3 Results Part 1: Spatio-temporal Trends in Heatwaves 

This chapter presents the findings from the analysis of heatwave trends and statistics (Part 1). The trends 

and statistics in compound drought-heatwave events (CDHEs) will be explored in Chapter 4 (Part 2), and 

the relationship between these events and cereal crop yields will be discussed in Chapter 5 (Part 3). 

3.1 Heatwave Trends and Statistics Australia -Wide  

The frequency of heatwaves varies considerably across duration and severity level. Duration was calculated 

for each heatwave category separately to assess each individually. In Fig 13, Panel A shows that the most 

frequent events are short-duration (1ï3 days) and mid-to-long duration (Ó4 days) low-intense spells, 

comprising 50.68% and 34.32% of events, respectively. This aligns with findings of Nairn et al. (2018) 

which reported 85% of heatwaves in Australia, defined using the EHF, are low-intense spells. Severe 

heatwaves account for 12.95%, with 1ï3-day events making up 9.97% and Ó4-day events contributing 

2.98%. Extreme heatwaves are the least common, representing 2.07% of events. Panel B, focusing on 

duration alone, reinforces that 1- and 2-day heatwave events are the most common, followed by mid and 

long-duration events. Panel C also shows a similar pattern in the severity proportion of each duration, with 

low-intense making up 80-90%, severe around 5-15% and extreme <5%. Overall, shorter heatwave events 

are most prevalent, however, longer events still make up a notable portion. There is also a high presence of 

extreme short events, supporting their inclusion in this analysis. 

 

Fig. 13 Percentages of Heatwave Events by Severity and Duration: A: Bar Chart of Group 

Percentages, B: Pie Chart by Duration, C: 100% Stacked Chart of Heatwave Severity Proportions 
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Daily heatwave intensity (represented by the EHF) varies significantly across heatwave severity and 

duration. The violin plot in Fig. 14 shows that low-intense spells have the lowest variability, with minimal 

variation across duration, concentrated between 0.6-7 and up to 20. In contrast, severe heatwaves exhibit 

greater variability, particularly after four days, with a higher spread of EHF values concentrated between 

10-30, and exceeding 100 in the 3ï5-day range. Severe heatwaves also exhibit a stabilisation pattern where 

after 6 days, the values decrease. Extreme heatwaves have the highest and most variable daily intensity, 

with most values between 40-130 and peaking at 297 for heatwaves lasting seven or more days.  

 

Fig. 14 Violin plot of EHF by Duration and Severity 
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Fig. 15 illustrates the density histogram of EHF values across different heatwave durations and severities. 

All panels display right-skewed, Pareto-like distributions, with a wide spread of values above the 90th 

percentile. The density for low-intense spells remains concentrated in lower EHF values, even as duration 

increases, suggesting these events donôt accumulate extreme values. In contrast, severe and extreme 

heatwaves exhibit a broader distribution of EHF values, particularly in longer durations. In extreme 

heatwaves lasting 6 or more days, the 90th percentile threshold rises significantly, indicating a greater 

likelihood of exceptionally high heatwave intensity in prolonged extremes. The heatwave severity 

categories effectively partition events, capturing the rising intensity across each level.  

 

Fig. 15 Density Histogram of EHF by Severity and Duration (dotted line depicts the 90th percentile) 
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Fig. 16 shows the spatial distribution and trends in heatwave frequency across Australia by severity. The 

first two columns indicate an increase in mean annual frequency between 1910ï1999 and 2000ï2022 across 

all categories. Across all of Australia, the mean frequency of low-intense spells rose from 20 to 42 days 

(+22 days), severe from 3 to 11 days (+8 days), and extreme from 2 to 14 days (+12 days). Higher heatwave 

frequencies occur in the upper Northern Territory (NT), Queensland (QLD), and Western Australia (WA), 

with extreme heatwaves also prominent in NW South Australia (SA). The third column of Fig. 16 shows 

Sen Slopes indicating statistically significant positive trends for low-intense spells (0.07ï1.09 days/year) 

and severe heatwaves (0.01ï0.53 days/year) across most regions, except in parts of the NT and WA where 

decreases are observed. For severe heatwaves, significant positive trends are less widespread, while extreme 

heatwaves have too few events for statistical significance. Regions with trends exceeding 2 standard 

deviations for low-intense spells (0.41ï1.09 days/year) and severe heatwaves (0.1ï0.53 days/year) are 

found in central WA, northern NT, and northern QLD. Extreme heatwave frequency trends above 2 

standard deviations are higher in magnitude (3.33ï12.9 days/year) and are observed in East WA, NW SA, 

and SW NT.  
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Fig. 16 Heatwave Frequency Trends by Severity  

The first two columns show the average gridded heatwave frequency (days/year) from 1910ï1999 and 2000ï2022 

using the same inferno colour scale. The third column displays the Sen Slope trend magnitude, with the Mann-Kendall 

significance (p < 0.05) overlaid as a mesh. The trend is represented using a purple-green diverging colour scale, 

where white indicates changes within ±1 standard deviation, purples indicate increases of more than +1 standard 

deviation, and greens represent decreases of more than -1 standard deviation. 
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Fig. 17 shows annual trends in heatwave coverage across Australia by severity. Panel A reveals that low-

intense spells cover the largest land area, followed by severe and extreme heatwaves. The affected area has 

notably increased since the 1980s, with peak severe and extreme years in 1940, 1970, 1990, 1995, 1998, 

2003, 2009, 2013, 2015, 2017-2019, and 2021-2022. Panel B shows the yearly mean (blue) and maximum 

single-day coverage (black). In recent years, the mean coverage spiked, peaking in 2019 (23.3%) and again 

in 2021-2022 (60%). Since the 2000s, more years have exceeded a mean coverage of 20%, indicating more 

frequent widespread heatwave events. Maximum single-day coverage has also increased, with April 2021 

and 2022 reaching near 100%, which was mostly comprised from low-intense spells (97%). Additionally, 

mid-January 2021 saw an extreme heatwave day cover 97.6% of the land area, marking the highest recorded 

extent for an extreme heatwave day. Panel C consolidates these trends, showing that recent years frequently 

experience a yearly coverage between 10-40%.  

 

 

 

Panel A shows the annual area percentage covered by heatwaves separated by heatwave severity on the y-axis, 

calculated as total heatwave days divided by the total number of grid cells Australia-wide. Panel B illustrates the 

daily area percentage affected by all heatwaves on the y-axis, with the black line representing the maximum 

percentage area of a single day and the blue line showing the mean percentage area across all days. Panel C contains 

the total annual area covered by all heatwaves. Linear trend lines are also displayed on each time series.  

Fig. 17 Yearly Heatwave Coverage (A: Coverage % by Heatwave Severity, B: Max and Mean Daily 

Coverage %, C: Total coverage %) 
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3.2 Heatwave Trends and Statistics by Growing Region 

This section focuses on the variability of heatwaves across growing regions. Fig. 18 displays the ABARES 

regional boxplots of daily heatwave intensity (EHF) in Panel A and yearly regional heatwave frequency in 

Panel B for each heatwave category. For daily heatwave magnitude, growing regions in NSW (1,2 and 4), 

SA (9-12), and VIC (14,15, and 17) have greater magnitudes of low-intense, severe and extreme heatwaves 

(indicated by taller boxes and extreme outliers). For severe and extreme heatwaves, WA (18-20) has 

consistent extremes, however, the boxes are shorter and sit lower in comparison to the regions above. 

Queensland (6-8) consistently has lower EHF values. This is an expected result since the EHF and heatwave 

severity is not uniform across Australia, varying with latitude and regional temperature differences. Nairn 

and Fawcett (2015) note that in southern regions, higher temperatures are required for a heatwave to reach 

a severe level, whereas in the tropical north, lower temperature excursions can classify as severe heatwaves. 

 

Fig. 18, Panel B reveals variability in heatwave occurrences across regions, with peaks in frequency in 

certain years appearing as outliers. Low-intense spells are the most frequent, occurring every year across 

all regions, with frequencies ranging from 1 to 138.25 days per cell, showing significant variability and 

fluctuations in occurrence. Severe heatwaves are observed in nearly every year (averaging 108 out of the 

113-year record), and generally range between 0-6 days per cell but can reach up to 30-40 days per cell in 

periods of elevated severe heatwave activity. Extreme heatwaves are the rarest, occurring in an average of 

47 years in the record, with frequencies primarily consistent across 0-3 days per cell, though occasional 

outliers reach 15-30 days per cell, highlighting rare periods of extreme heatwave frequency. The variability 

in both the daily heatwave magnitude and yearly frequency captures diverse heatwave dynamics, with each 

region experiencing fluctuations in heatwave behaviour.  
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Fig. 18 ABARES Boxplots for  A:  EHF and B: Yearly Heatwave Regional Frequency 

The x-axis lists the regions (numbered 1 to 20), while the y-axis indicates the heatwave daily magnitude (EHF) (A) 

and yearly heatwave regional frequency (days / area (no. cells))  
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Fig. 19 shows the ABARES regional boxplots of heatwave duration in panel A and yearly regional 

heatwave severity in Panel B for each heatwave category. Most low-intense spells have a duration less than 

3 days, while longer occurrences between 5-60 days have occurred frequently across growing regions. 

Severe heatwaves typically range between 1-3 days across regions, while some instances have occurred for 

7+ days. Regions 7-8: QLD Southern Coastal and Western Downs, and 5: NSW Tablelands have recorded 

the longest severe heatwaves, extending from 40-52 days. Extreme heatwaves show the greatest variability 

in duration, as indicated by the taller boxes and regional variation in outliers. Most extreme heatwaves are 

between 1-5 days, however, there are a number of extreme heatwaves (outliers) extending past 7 days. The 

longest extreme heatwaves occurred in region 2: NSW Far West, 3: North West Slopes, and 7-8: QLD 

Southern Coastal and Western Downs which reached 28-31 days. 

Fig. 19, Panel B shows there is variability in the yearly heatwave severity (total EHF) across growing 

regions. The yearly severity of low-intense spells is typically between 0.32-150 ÁCĮ per cell and has peaked 

at 300-890 ÁCĮ per cell in periods of frequent low-intense spells. Regions in NSW (1-5), SA (9-12) and VIC 

(14-17) have greater variability of low-intense spell severity, as shown by the taller boxes. Values for yearly 

severe heatwaves mostly fall between 0.2-164 ÁCĮ per cell, extending up to 450-1038ÁCĮ per cell in years 

with elevated severe heatwaves. Regions in SA (9,10,11), and VIC (14, 17) reach the highest yearly severity 

values for severe heatwaves. For extreme heatwaves, yearly severity is mostly within 0.16-100 ÁCĮ per cell, 

however, has peaked at much higher severity between 1000-3000 ÁCĮ per cell. The high severity values in 

each region (outliers) indicate years with the most intense and frequent heatwave events, which varies 

between regions and fluctuations in heatwave behaviour.  
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Fig. 19 ABARES Boxplots for A: Heatwave Duration and B: Yearly Heatwave Regional Severity  

The x-axis lists the regions (numbered 1 to 20), while the y-axis indicates the heatwave duration in days (A) and 

yearly heatwave regional severity (ЈὅȾὥὶὩὥ ὲέȢὧὩὰὰί) 
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Fig. 20 presents a heat map displaying the distribution of extreme heatwave severity by ABARES region 

and year, represented by thirty-two quantiles. The chart highlights a significant increase in the frequency 

and spread of extreme heatwave events in recent years, particularly from 2000 onwards, also observed 

Australia-wide. This is shown by the denser clustering of darker tiles and fewer lighter tiles, most apparent 

in regions 1-5: NSW, 7-8: QLD Southern Coastal and 11: SA Northern Pastoral. Regions with the highest 

frequency of extremes include 11: SA Northern Pastoral, 18: WA Central-Southern WB., 7-8: Queensland 

Southern Coastal and Western Downs, 16: VIC Southern and Eastern, and 5: NSW Tablelands (>60 years). 

Notably, four record-breaking consecutive extremes from 2021 to 2022 occurred in regions 2: NSW Far 

West (179.3), 14: VIC Central North (163.3), 11: SA Northern Pastoral (161.3) and 19: WA Northern-

Eastern WB. (158.5). The top 5 severity tiles summarised in Table 7 further details the year and region 

records. The regional data also supports the increasing heatwave area coverage, with all growing regions 

experiencing an increase in the area affected by heatwaves (see Supplementary Fig. ii).  
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Fig. 20 Heat map of Extreme Heatwave Severity by ABARES Region and Year 

The x-axis represents ABARES regions (numbered 1 to 20), while the y-axis shows the calendar years. Tile colours 

correspond to the yearly regional heatwave severity for extreme events, measured in °C²/ha, divided into 32 

quantiles. Blank grey tiles indicate regions and years with no extreme heatwave events. 
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Table 6. Extreme Heatwave Records by Year and ABARES Region (consecutive records coloured) 

1940 8: QLD Western Downs (34) 7: QLD Southern Coastal (28.3) 6: QLD Eastern Darling Downs (19.6) 

3: NSW North West (8.7) 10: SA Murray Lands-Yorke Pen (6.8) 16: VIC Southern and Eastern (6.7) 

12: SA South East (4.9) 14: VIC Central North (4.5) 5: NSW Tablelands (4.4) 

15: VIC Mallee (2.7) 4: NSW Riverina (2.7) 20: WA South West Coastal (2.6) 

2009 9: SA Eyre Peninsula (22.1) 17: VIC Wimmera (16.6) 12: SA South East (10.8) 

6: QLD Eastern Darling Downs (9.4) 10:SA Murray Lands-Yorke Pen (7.9) 3: NSW North West (7.6) 

8: QLD Western Downs (7.1) 16: VIC Southern and Eastern (6.9) 14: VIC Central North (6) 

5: NSW Tablelands (5.7) 13: TAS Tasmania (4) 15: VIC Mallee (4) 

1: NSW Central West (3.8) 2: NSW Far West (3.6) 11: SA Northern Pastoral (2.8) 

7: QLD Southern Coastal (2.6) 
  

1987 9: SA Eyre Peninsula (7.8) 17: VIC Wimmera (7.7) 12: SA South East (5.5) 

10:SA Murray Lands-Yorke Pen (3.6) 13: TAS Tasmania (3.6) 16: VIC Southern and Eastern (3.5) 

15: VIC Mallee (2.9) 14: VIC Central North (2.6) 
 

1939 1: NSW Central West (9.3) 4: NSW Riverina (8.4) 2: NSW Far West (5.5) 

3: NSW North West (3.9) 10: SA Murray Lands-Yorke Pen (3.6) 
 

1959 17: VIC Wimmera (8.2) 14: VIC Central North (7) 15: VIC Mallee (4.8) 

4: NSW Riverina (4.6) 16: VIC Southern and Eastern (3.4) 
 

1910 10:SA Murray Lands-Yorke Pen (9.8) 12: SA South East (6.3) 14: VIC Central North (4.2) 

15: VIC Mallee (4) 19: WA Northern-Eastern WB. (3) 
 

2019 17: VIC Wimmera (5.1) 10:SA Murray Lands-Yorke Pen (3.8) 12: SA South East (3) 

16: VIC Southern and Eastern (2.4) 9: SA Eyre Peninsula (2.4) 
 

2015 14: VIC Central North (4) 16: VIC Southern and Eastern (3.9) 17: VIC Wimmera (3.8) 

15: VIC Mallee (3) 
  

1995 11: SA Northern Pastoral (4.4) 3: NSW North West (4.3) 2: NSW Far West (2.8) 

6: QLD Eastern Darling Downs (2.6) 
  

2014 14: VIC Central North (6.8) 16: VIC Southern and Eastern (3.8) 15: VIC Mallee (3) 

2017 6: QLD Eastern Darling Downs (6.2) 8: QLD Western Downs (4.7) 3: NSW North West (2.5) 

1914 18: WA Central-Southern WB. (5.3) 19: WA Northern-Eastern WB. (3.8) 4: NSW Riverina (2.5) 

1990 3: NSW North West (4.4) 8: QLD Western Downs (3.5) 2: NSW Far West (2.9) 

1998 17: VIC Wimmera (4.3) 12: SA South East (3.2) 9: SA Eyre Peninsula (3.2) 

1913 6: QLD Eastern Darling Downs (3.8) 8: QLD Western Downs (3.7) 3: NSW North West (2.3) 

1997 9: SA Eyre Peninsula (4.3) 20: WA South West Coastal (3.1) 1: NSW Central West (2.4) 

1980 4: NSW Riverina (3.3) 15: VIC Mallee (2.9) 14: VIC Central North (2.4) 

2004 6: QLD Eastern Darling Downs (2.7) 2: NSW Far West (2.4) 1: NSW Central West (2.3) 

3.3 Heatwave Trends and Statistics by Seasonality and Growing Region 

This section explores heatwave seasonality by monthly regional heatwave severity and for the timing of the 

first heatwave of the year (HWT). Polar plots in Fig. 21-23 illustrates in the most recent period (1990-

2022), low-intense and severe heatwaves predominantly occur during the Austral summer months 

(September to March) and are most concentrated in summer, while extreme heatwaves are almost 

exclusively in summer. Compared to previous years, the recent period has seen a detectible increase in low-

intense spell occurrences in February and March, particularly in NSW, SA, and VIC. Similarly, severe 

heatwaves have increased in February in NSW and December across NSW, SA, and VIC while extreme 

heatwaves have increased in April and August (refer to Supplementary Data Table ii ). Furthermore, the 

charts reflect that extreme heatwaves are becoming more frequent earlier and later in the heatwave season, 

indicating a broader shift in extreme climate patterns. This shift suggests that the heatwave season is 

expanding beyond the traditional summer months, posing new challenges for agriculture as heatwaves start 

to occur more frequently in spring and autumn. 
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Fig. 21 Polar Chart Low-Intense Monthly Heatwave Severity by ABARES Region 

 Each polar chart represents a different ABARES region (1 to 20), The quadrants are divided by months, with January (01) at the top, progressing clockwise through 

December (12). The radial axis shows the low-intense spell severity (°C²/ha). Colours represent different years, ranging from 1990 to 2022, as shown in the legend. 
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Fig. 22 Polar Chart Severe Monthly Heatwave Severity by ABARES Region 

Each polar chart represents a different ABARES region (1 to 20), The quadrants are divided by months, with January (01) at the top, progressing clockwise through 

December (12). The radial axis shows the severe heatwave severity (°C²/ha). Colours represent different years, ranging from 1990 to 2022, as shown in the legend. 
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Fig. 23 Polar Chart Monthly Extreme Heatwave Severity by ABARES Region 

Each polar chart represents a different ABARES region (1 to 20), The quadrants are divided by months, with January (01) at the top, progressing clockwise through 

December (12). The radial axis shows the extreme heatwave severity (°C²/ha). Colours represent different years, ranging from 1990 to 2022, as shown in the legend
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The linear regression trends for the seasonality of the first heatwave events of the year (HWT) are 

summarised in Fig. 24. Overall, the trends show an earlier onset of severe and extreme heatwaves across 

multiple regions, while low-intense spells remain stable starting in July. Notable backward shifts for severe 

heatwaves include 13: TAS by 55 days (mid-November to late September), 18-19: WA Northern-Eastern 

and Central-Southern WB by 46 days, and 16: VIC Southern and Eastern by 44 days. For extreme 

heatwaves, prominent shifts include region 9: SA Eyre Peninsula by 43 days (mid-January to late-

November), 16: VIC Southern and Eastern by 38 days (from mid-December to mid-November), and 11: 

SA Northern Pastoral by 35 days (late November to mid-October).  

 
Fig. 24 HWT Linear Regression Trends  

The map shows trends in the timing of the first heatwave of the year (HWT) centred from July to June. ABARES 

regions are colour-coded by the mid, and late thirds of each month with changes above 14 days outlined in red. 
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Chapter 4 Results Part 2: Spatio-temporal Trends in CDHEs 

In this chapter, the focus shifts to the spatio-temporal patterns of CDHEs.  

4.1 CDHE Trends and Statistics Australia -Wide  

In this section the variability in frequency and magnitude of CDHE events is analysed for different drought 

and heatwave levels. Duration is first analysed separately for each drought and heatwave pairing, with the 

total event percentage presented in Table 8. This table reveals that low-intense warm spells under mild to 

moderate drought conditions account for the majority of CDHEs in Australia (61%), with short events (1ï

3 days) being the most frequent (82.6%). In contrast, CDHEs associated with severe and extreme 

heatwaves, especially under severe and extreme drought conditions, are much less common. 

Table 7. Group Percentages of CDHE Event Counts 

CDHE Category 1 day 2 days 3 days 4 days 5 days 6 days >= 7 days Total 

Low-Intense Spell ï Mild D  11.952 7.732 4.426 2.115 1.199 0.717 1.452 29.593 

Low-Intense Spell ï Moderate D 12.807 8.421 4.881 2.409 1.325 0.791 1.549 32.183 

Low-Intense Spell ï Severe D 7.004 4.590 2.679 1.321 0.717 0.438 0.832 17.581 

Low-Intense Spell ï Extreme D 1.922 1.279 0.747 0.353 0.203 0.131 0.242 4.878 

Severe HW ï Mild D  2.586 1.580 0.725 0.274 0.121 0.052 0.111 5.448 

Severe HW ï Moderate D 2.555 1.602 0.768 0.292 0.114 0.050 0.053 5.435 

Severe HW ï Severe D 1.340 0.829 0.415 0.153 0.061 0.019 0.017 2.833 

Severe HW ï Extreme D 0.334 0.203 0.095 0.037 0.014 0.005 0.006 0.693 

Extreme HW ï Mild D  0.240 0.146 0.085 0.045 0.022 0.017 0.044 0.599 

Extreme HW ï Moderate D 0.216 0.119 0.065 0.025 0.016 0.010 0.018 0.469 

Extreme HW ï Severe D 0.106 0.064 0.027 0.014 0.007 0.004 0.010 0.232 

Extreme HW ï Extreme D 0.024 0.013 0.010 0.005 0.001 0.001 0.003 0.056 

Total 41.085 26.579 14.924 7.043 3.797 2.234 4.338 100 

Fig. 25 presents the percentage breakdown of the total CDHE event durations. When drought and 

heatwave categories are combined, there is an increased presence of longer CDHEs, though shorter events 

still dominate. This variability reflects the episodic nature of heatwaves, where periods of low-intense 

spells may be a precursor to severe and extreme heatwaves, while there are also rare episodes of 

prolonged severe and extreme heatwaves aligning with drought.  

 

Fig. 25 Pie Chart of Total CDHE Events by Duration  
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The violin plot in Fig. 26 shows daily CDHE magnitudes also vary by heatwave and drought severity and 

duration. Panel A indicates CDHEs with low-intense spells have lower overall magnitudes with limited 

variability, whereas severe and extreme categories show much higher overall CDHE magnitudes and 

variability. Collectively this shows that combinations of extreme heatwave and drought hazards result in 

more intense CDHE days. In Panel B, magnitudes are observed to increase with longer durations, 

particularly those lasting 7 days or more, reaching significantly higher magnitudes. Viewing the duration 

of each heatwave and drought severity component separately, it can also be observed that the spread of high 

CDHE magnitudes is greater for prolonged severe and extreme hazard spells (see supplementary Fig. vi). 

This highlights both the severity and duration of heatwaves and drought strongly influence the magnitude 

of CDHEs. 

 

Fig. 26 Violins for CDHE daily Magnitude by A: Heatwave and Drought Category and B: Duration 

Panel A shows a violin plot of daily CDHE magnitude ὉὌὊίὧὖὈὛὍ in ᴈ  on the y axis and the heatwave and 

drought combinations on the x-axis. Panel B shows a violin plot of CDHE magnitude on the y axis and duration (1 

to Ó7 days) on the x axis.  
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Fig. 27 illustrates the mean yearly CDHE frequency across Australia during the periods 1910ï1999 and 

2000ï2022. The map shows that CDHE frequency varies widely, from 0 days on average (no colour) to 

over 50 days on average per year. CDHEs with mild, moderate, and severe drought occur across all of 

Australia, while extreme drought CDHEs are constrained to Eastern Australia and South West WA during 

the most recent period only (2000ï2022). CDHEs with low-intense warm spells show the largest frequency 

increases over the last two decades, particularly in South West and East WA (around Perth and arid regions), 

NT (North and South), TAS, and southeastern Australia (QLD, VIC, Northern SA, and West NSW), with 

increases of 15ï30 days per year. Severe heatwave CDHEs have also increased in these areas but are more 

spatially constrained, with rises of 4ï20 days per year. Extreme heatwave CDHEs show increased 

frequency in WA and Northern NT, with SW WA emerging as a high-frequency area for extreme drought 

and heatwaves (30-37 days per year). Overall, the national average frequency increase between 1910ï1999 

and 2000ï2022 include low-intense spells with severe drought (+8 days), low-intense spells with extreme 

drought (+16 days), severe heatwaves with mild drought (+9 days), and extreme heatwaves with moderate 

drought (+14 days). 

Fig. 28 shows the spatial distribution of mean CDHE severity for each drought and heatwave combination 

across Australia from 1910ï1999 and 2000ï2022. CDHE severity ranges from 0 Į to over 600 Į per 

cell, following similar spatial trends to CDHE frequency. Nationally, CDHE severity has increased in the 

last two decades for all types, with the largest rises for extreme heatwave CDHEs, particularly those with 

extreme drought (+1104 Į), mild drought (+521 Į), moderate drought (+345 Į), and severe drought 

(+291 Į). Severe heatwave CDHEs have seen average severity increases of 81ï153 Į, and low-intense 

CDHEs with moderate and extreme drought have risen by 102ï110 Į. The severity map highlights that 

southeast, southern, and western Australia experience the most intense CDHEs, with severity hotspots 

expanding further west in Southeast Australia and east in Western Australia.  
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  Fig. 27 Average CDHE Gridded Frequency by Heatwave Severity and Drought Class 
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Fig. 28 Average CDHE Gridded Severity by Heatwave Severity and Drought Class 
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Fig. 29 summarises the percentage of the Australian landmass affected by CDHEs each year, exhibiting a 

marked rise across over time. Peak CDHE coverage occurred in years 2022ï2021, 2019ï2012, 2009, 2005ï

2002, 1998, 1996ï1995, 1990, 1981, 1973, 1958, 1942, 1939ï1940, and 1928. Panel A shows all CDHEs 

peaked in 2022 including 12% from low-intense spells, 6% severe heatwaves, and 2.29% extreme 

heatwaves. Panel B displays the yearly mean (blue) and maximum (black) single-day coverage of CDHEs. 

The mean CDHE coverage and maximum single-day coverage have steadily increased. The most 

widespread single CDHE days surpass 50% of Australiaôs area. This includes days in December 2022 

(72.8%), May 2014 (66.8%), June 1995 (58.38%), March 2016 (57.2%), July 1975 (54.3%), March 2017 

(52.2%), and August 1973 (51.1%). Panel C combines all CDHE categories, illustrating an overall increase 

the scale of area impacted over time. Recent years have also reached record 10-20% coverage (769,000-

1,530,000 sqkm), highlighting CDHEs have become more widespread compared to historical patterns. 

 

 

Panel A shows the annual area percentage covered by CDHEs separated by heatwave severity on the y-axis, 

calculated as total CDHE days divided by the total number of grid cells Australia-wide. Panel B illustrates the daily 

area percentage affected by all CDHE events on the y-axis, with the black line representing the maximum percentage 

area of a single day and the blue line showing the mean percentage area across all days. Panel C contains the total 

annual area covered by all CDHEs. Linear trend lines are also displayed on each time series. 

Fig. 29 Yearly CDHE Coverage (A: Coverage % by Heatwave Severity, B: Max and Mean Daily 

Coverage %, C: Total Coverage %) 
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Fig. 30 presents a heatmap displaying the distribution of yearly CDHE severity of each drought and 

heatwave combination across Australia. This chart highlights that CDHE combinations involving mild, 

moderate, and severe droughts dominate. Extreme droughts and heatwaves, while capable of producing 

highly severe events, are much rarer and thus contribute less to the overall total severity. The chart also 

shows the spread of extreme CDHEs (those in the darkest tiles) have increased in frequency since the 2000s. 

 
 

 

The x-axis represents the CDHE category while the y-axis shows the calendar years. Tile colours correspond to the 

yearly CDHE severity Australia-wide, measured in °C²/Area (no. cells), divided into thirty-two quantiles.  

Fig. 30 Heat map of Yearly CDHE Severity by Category and Year 
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Fig. 31 presents the trends in CDHE frequency and severity across Australia, covering all events. The first 

two columns illustrate increases in mean annual frequency and severity between 1910ï1999 and 2000ï

2022. During these periods, annual frequency rose from 18 to 35 days (+17 days), and severity increased 

from 195 to 515 °C² (+320 °C²). High CDHE frequency is most concentrated in southeastern and western 

Australia, as well as northern NT and QLD. CDHE severity is most concentrated in southeastern and 

western Australia. Hotspots of CDHE frequency and severity are also found to overlap with ABARES 

growing regions outlined in black. The third column in Figure 31 displays the Sen Slope trends, revealing 

statistically significant positive trends in CDHE frequency (0.05ï1.57 days/year) and severity (0.14ï23.36 

°C²/year) across most of Australia, except in parts of WA, NT, and NSW. Regions where CDHE frequency 

trends exceed two standard deviations (0.38ï1.57 days/year) include South West and East WA, and 

northern QLD. For severity, trends higher than 2 standard deviations (4.08ï23.36 °C²/year) appear in WA 

(South West and arid regions), SA and southern VIC. 

 

Fig. 31 CDHE Frequency and Severity Trends 

The first two columns show the average gridded CDHE frequency (days/year) and CDHE severity (°C²/year) for the 

periods 1910ï1999 and 2000ï2022, with a separate colour scale for each metric. The third column displays the Sen 

Slope trend, with the Mann-Kendall significance (p < 0.05) overlaid as a mesh. The trend is represented using a 

purple-green diverging colour scale, where white indicates changes within ±1 standard deviation, purples indicate 

increases of more than +1 standard deviation, and greens represent decreases of more than -1 standard deviation. 
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4.2  CDHE Trends and Statistics by Growing Region 

This section examines CDHE variability across growing regions, one of the foci of this thesis. Fig. 32 shows 

that CDHE magnitude differs by growing region and heatwave and drought category. Some regions, like 

19: WA Northern-Eastern WB, exhibit much higher CDHE magnitudes overall, with events exceeding 

1000, whereas other regions, like 13: TAS Tasmania or 5: NSW Tablelands, show generally lower 

magnitudes. The pattern of increasing CDHE magnitude with the severity of heatwaves and droughts is 

consistent across all regions, but the absolute values vary. There are also regional differences in CDHE 

magnitudes within the same category, partly due to differences in the EHF (this can be viewed in 

supplementary Fig, vi).  

 

Fig. 32 Violins for CDHE Daily Magnitude by Heatwave and Drought Category and ABARES Region 

The y-axis shows CDHE magnitude ὉὌὊίὧὖὈὛὍ in ᴈ , colour represents combined CDHE categories, and 

each panel corresponds to an ABARES region. 

Fig. 33 shows the average yearly regional frequency of CDHEs across ABARES regions for 1910-1999 

and 2000-2022. CDHE frequency increased across all regions in 2000-2022, also shifting to more severe 

and extreme heatwaves and drought. Low-intense spell CDHEs rose from 3.92-16.84 days per cell in 1910-

1999 to 15.65-33.5 days per cell in 2000-2022. Severe heatwave CDHEs increased from 0.49-2.2 to 2.91-

6.7 days per cell, and extreme CDHEs rose from 0.04-0.17 to 0.22-1.65 days per cell, reflecting a trend 

toward more frequent and severe CDHEs in the recent period. 




























































































