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Abstract

The impact of climateelated hazardis an increasing concern for cereal crop production globally, with
food security being a major issue. Among these hazards, compound drought and heatwave events (CDHL
are particularly important. CDHEs are linked to significant crop yield losses globallevieo, their
impacts on cereal crop yield at a regional scale remain understudied in Australia. This study, for the firs
time, quantified the historical 1912022 spatieeemporal variability in CDHE characteristi@cross
AustralianBureau of Agricultural and Resource Economics and Sci€ABSRES) cropgrowing regions

using yield impacbased definitions of heatwaves and droughts. Heatwaves of all durations were detecte
using 5km by 5km griddedtemperature data from the Australia Gridded Climate Data (AGCD) and the
Excess Heat Factor (EHF) with a seasonada$ window 98 percentile threshold from 1961990.
Drought was detected usi®® km by 55km gridded data of theelf-calibrating Palmer Drought Severity
Index (scPDSIjo capture agricultural drought over the same time periods as heatwaves. CDHE days wer:

then defined by intersecting values from both indices.

Frequency, intensity, duration and area impacted were analysed for individual events and across month
growing season and annual timescafEn Slope and MainKendall tests were applied to detect treimds
griddedfrequency and severity of heatwaves and CDHESs over thgddr3period. Average statistics for

the periods 191999 and 2002022 were also spatially analysed to identify recent changes in heatwaves
and CDHEs. The results show that the frequency, sgyvantl area of heatwaves and CDHES abreptly
increased since the 2000s, particularly over western and eastern Australia. Extreme variability in bot

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

The relationship between CDHESs and cereal crop yields of wheat, oats, barley and sorghum was asses:
for ABARES regions usinghe Pearsofs Correlation Coefficient. Statistically significant negative
correlations between CDHE frequenaytensity, and detrended crop yield were found in Southern and
Eastern Victoria wheat and barle®.@49,-0.45), Tasmania wheai)(37), NSW Tablelands barley0(39),

and Central North Victoria barley(.41). This study examines statistical yield loss anomdiieding
increased frequency and magnitudalincereal cropyield anomalieover the 32year ABARES record
indicating a response to a range of extreme weather and natural hazards. Several yield anomalies aligr
with high CDHE frequency andtensityduring the growing periodinderliningthe potential of Australian
CDHEs to drive climaterelated yield loss. However, not all years with yield anomalies were associated
with CDHEs, highlighting the complexity tiie effects otlimate hazardsnyield. Future reseah could

identify the potential drivers of neBDHE 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 i
efforts towards ongoing research in Australia to adslichallenges of the future climate in agriculture and

better prepare for, adatat, and mitigate CDHESs in the future.
ii



Front Matter

Table of Contents

Chapter 1 Introduction and Literature REVIEW ..........ouuuiiiiiiiiiiiiiiiiiiiis e 1
I 1 70 To [0 Td 1o o PR 1
1.2 LItErature REVIEW. ... .coiieiiiiiiiee ettt e e e e e e e e e ee et e e e e e e e e e eeatba e e e e e e eeeesnnnnnnn s 2

1.21 Characteristics and Impacts of DroUghLS...........ciiiii i 2
1.22 Characteristics and Impacts of HEatWaVES.............cocovviiiiiiiiiiiiiiiiiiiieeeeeeeeeeeeeeeeeee 4
1.23 Characteristics and Impacts of CDHES............cooiiiii i 6
1.24 Potential CDHE Impacts on Australian AgriCUltUre.............cooovvvviiiiiiiiiiiiiiiiiieieeeeeeee 9
1.3 Summary of Knowledge Gaps, Aims and ODbjJectives.............ccceeiiiiiiiiieiiiciii e, 11

Chapter 2 Data and MELNOUS.........coooeieeeeeeeee e 12
2.1 Historical Cereal Crop Yields for Agricultural Growing Regions in Australia..................... 12
2.2 Derivation of Historical CDHE Dataset for Australia..............ccoovvvieeiiiiiiiiiiiiie e, 14

2.21 Measuring and Defining Droughts and Heatwaves..............cccoevvviiiiiiieeee e 14
2.22 DIrOUQNT DATASEL. ......eeeeeitiiiieiieieeeeeieeeie bbb 15
2.23 HEAIWAVES DALASEL.......... ittt e et e e e e e e e e e e e e e ennans 16
2.24 CHDE DAEASEL......uuiiiiiiiie ettt ettt e e e et e e e e et e e e e et e e e e eeaans 18
2.25 Heatwave and CDHE MELICS. .. ..uuuuuuuriiiiiiiitiiiiiiiieiiieeeiueeinsseeeeseanseeseesnesaeenseesssesennennnne 19
2.3 Methods for Part 1: Spatiemporal Trends in Heatwaves.............cceevvvvviiiiiiiiiiiiiiieieieeeeeee, 22
2.31 Methods Heatwave Trends and Statistics AUSHREIGE................uuvvuriiiiiiiiiiiiiiiiiiii, 22
2.32 Methods Heatwave Trends and Statistics by Growing Region..............ccccvvvvvvveenennnnns 23
2.33 Methods Heatwave Trends and Statistics by Seasonality and Growing.Region.......... 23
2.4 Methods for Part 2: Spattemporal Trends in CDHES.............cccooiiiiiiiiiiiiccce e, 23
2.41 Methods CDHE Trends and Statistics Austrsli@e................cccoovvvviiiiiiieiiiiieciee e, 23
2.42 Methods CDHE Trends and Statistics by Growing Region.............cccoooeeevviviiiiiieeeeennn. 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...........cccccccvveeeeiieeiiieeiviiinnnnn, 24

Chapter 3 Results Part 1: Spatietemporal Trends in Heatwaves............ccoovvvevvviiiiniieeeeeeeeiiiinnn 25
3.1 Heatwave Trends and Statistics AUStFRHIEE...............oovvvviiiiiiiiiiiiieee 25
3.2 Heatwave Trends and Statistics by Growing Regian.............cccovvvvviiiiiiiiiiiiiiiiiiiiiiiiieeee, 31
3.3 Heatwave Trends and Statistics by Seasonality and Growing Region...............cccceeeeee... 37

Chapter 4 Results Part 2: Spatietemporal Trends in CDHES...........cccoovviiiiiiiiiiiiiii e, 42
4.1 CDHE Trends and Statistics AUSIIARAE. .............ooooiiiiiiiiiii e 42
4.2CDHE Trends and Statistics by Growing REQION..........ccuvvviiiiiiiiiiiiiiiiiiiiiiieeeeeeeeeeeeeeeeeeeee 50
4.3 CDHE Trends and Statistics by Seasonality and Growing Region..............cccoevveiveeeennnnnnn. 53

Chapter 5 Results Part 3: Impact of CDHES on Crop Yield..........ccoooiiiiiiiiiiiiici e, 55

Chapter 6 Discussion and CONCIUSIONS. .........iiiiiiiiiii e 67
6.1 Summary of Key FINAINGS........cooiiiiiiiiiiieeeee e 67

B.11 HEAIWAVES. ... ..ttt e et e e et e e ettt e e e ettt e e et es e e e e esn e e e e erna e e eeennans 67



Front Matter

T 2 O o 1S PP 68
ST T 1= (o PRSPPI 70
6.2 SuMMary Of FUTUIE WOIK........cooiiiieiie e e e e e e e 71
6.21 Methodology ENNANCEMENLS. ........uuiiiiiiiiiiiiiiiiiiiii i 72
6.22 1dentifying CDHE DIIVELS.........uuiiii it e e e e e e e e e e 73
6.24 Creating Other Impadiased Models for Different CDHES.............cccoiiiiiiiiiiiiiiiiineeee, 74
6.3 Significance of FINdiNgs and CONCIUSION.............uuiiiiiii e 74
] (=] (=T o = P URPPPURP 76
Appendix 1 SUPPIEMENTAINY FIQUIES........iii e e e e e ettt e e e e e e e et e e e e e e e e e e e e e eeeees 81
Appendix 2 Supplementary Data and StatiStCS........coiiieeeiiiiiiiiiie e 89
List of Tables
Table 1. Additional Impacts of CDHEs (Bevacqua et al., 2021; Zscheischler et al.,.202Q)............ 7.
Table 2. Percentage of Cereal Crops Grown by State/Territory (ABS, 2022)............cceevvveeeeeennnn. 10
Table 3. ABARES Growing Regions Data Availability (Orange: Available, Black: Not Availahle)12
Table 4. PDSI/s&DSI Drought Classification (Wells. et al.)..........ccccoviiiiiiiimmmniiiieeeeeeee e 15
Table 5. Definition of Heatwave and CDHE Metr{gdroz et al., 2023; Reddy et al., 2022)............ 21
Table 6. Extreme Heatwave Records by Year and ABARES Region (consecutive records colo@ied)
Table 7. Group Percentages of CDHE Event CQUNES..........ccooveviiiieeciiiiiiieeeeeeeeeeeee e 42
Table 8. Pearsondés Correlation betwee.n..Groowi ng

Table 9 Pearsonds Correlation between .Gr.owbng
Table 10 Environmental, Social and Governance (ESG) for CDHES...........c.cccoooiiicevviiviiiceeenn, 74

List of Figures

Fig. 1 Australian Rainfall Deciles for A: Millennial Drought and B: Tinderbox Drought (BOM, 2020)
Fig. 2 Australian Heatwaves for A: 2009 Black Saturday and B:-2028 6 Bl ac k S et r 6

Fig. 3 Cost of Global Droughts and Hot Extreme Disasters (Zengchao Hao et al.,.2022).............1.
Fig. 4 Change in CDHE Frequency between 19984 and 1982018 (Zengchao Hao et al., 2022).8
Fig. 5 Australian Grain Production shares by State since-2008 (Kingwell, 2019............ccevveeeeee. 10
Fig. 6 Spatial Distribution of Selected Australian ABARES Growing Regions...........cccccoeeveeemeee. 13
Fig. 7 Example of Detrended Wheat Yield Data for NSW Riverina ABARES Growing Region....14
Fig. 8 Flow Chart Methodology for the S&flibrating Palmer Drought Severity Index.................. 16
Fig. 9 Flow Chart Methodology for Heatwave PCT Threshald...............ciiieciiiiiiiiiiiiiieeeeeeee 17
Fig. 10 Flow Chart Methodology for EHF and Severity Classification....................ceeeevvviiiiieneee. 18

Fig. 11 Sample of processed datasets for A: Heatwave Daily Events Summary, B: Heatwave Event
Summary and C: CDHE Dalily EVEMLS..........coouuiiiii it ieeee e reeer et eneee s 19

iv



Front Matter

Fig. 12 Example Linear Regression of First Heatwave from July to June in QLD Western.Dowrs3
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 Propatrtians................ 25
Fig. 14 Violin plot of EHF by Duration and SEVEritY...............uuuuiiiiiicceeeeeeiiiiisee e eeeera s 26
Fig. 15 Density Histogram of EHF by Severity and Duration (dotted line depicts'thge@tentile)....27
Fig. 16 Heatwave Frequency Trends DY SEVEILY. .........uwiiiiiiiiiieeeiieiieieeie e 29
Fig. 17 Yearly Heatwave Coverage (A: Coverage % by Heatwave Severity, B: Max and Mean Daily
Coverage %, C: Total COVEIAgE %0)........ceeveeeeeieeiiiiimmeeeeeeeeettia s e e e s emra e s e e e e e e e e e e e s amanaaeaeeeas 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 Severit$4
Fig. 20 Heat map of Extreme Heatwave Severity by ABARES Region and.Year................c..ueee.. 36
Fig. 21 Polar Chart Lovintense Monthly Heatwave Severity by ABARES Regian........................ 38
Fig. 22 Polar Chart Severe Monthly Heatwave Severity by ABARES Region..............ccvvveeeennee 39
Fig. 23 Polar Chart Monthly Extreme Heatwave Severity by ABARES Regian...........................40
Fig. 24 HWT Linear RegreSSioN TreNGS. ... .coiiiii i i eiieeeieeeie e eeeeeeeeeeee e e e e e e 41
Fig. 25 Pie Chart of Total CDHE Events by DUration..............ccoooiiiiieeeiii e ceeeeeeeeeeeee e 42
Fig. 26 Violins for CDHE daily Magnitude by A: Heatwave and Drought Category abdiBtion....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 COVEIAGE J0).....uuueeeeiiiiiiiiie i eeeete ettt rmmme e n e e a7
Fig. 30 Heat map of Yearly CDHE Severity by Category and Y.ear...........ccccccvvveacnneinieeenennn. . 48
Fig. 31 CDHE Frequency and Severity Trends..........ccooovviiiiiieeeie e eeeeesnnnnnnnn . 49
Fig. 32 Violins for CDHE Daily Magnitude by Heatwave and Drought Category and ABARES Rsgion
Fig. 33 Bar Chart of CDHE Regional Frequency by Heatwave and Drought Categary............... 51

Fig. 34 ABARES Boxplots of A: Daily CDHE Magnitude and B: Yearly CDHE Regional Frequebgy
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 ReQIO..........ccooeiiiiiiiiieeei e, 54
Fig. 37 ABARES Boxplots of Detrended Yield for A: Wheat, B: Barley, C: Oats and D: Sorghurb6
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....................c... 58
Fig. 40 Regional CDHE Severity for Wheat Growing Months Time Series..........cccccvveivieeeene e 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

List of Supplementary Tables

Table. i Heatwaves Max and Mean Daily Area Coverage AUSNBIGER. ...................oevvevivieeciininnnnn. 89
Tabl e. ii Mont hly Heat wa.v.e....Se.v.e.r..i.t.y....,.a.n.a.ma.l9l e s
Table. il HWT Regression Results (|diff|>14 dayS)........cceeeiiiiiiiecceeiiiieee e eeeeeeee e 92
Table. iv CDHEs Max and Mean Daily Area Coverage AUuStAlide................cccvvvviviiiieecciiiiiiiiene, 93

Table. v Monthly CDHE .Se.w.e.r.i.t.y..an.ama.l.i.es...(990 .

List of Supplementary Figures

Fig. i PCT 15day window Threshold for EHF Monthly Average............ccooovvviiiee e, 81
Fig. ii Yearly Total Heatwave Coverage Time series by ABARES Regian.............ccoovvvveeeeeeeeenn 82
Fig. iii Violin plot of CDHE daily Magnitude by Duration and Severity.............cccveevvivieecivivveeeeenn. 83

Fig. iv Violin Plots of Yearly CDHE Metrics per Cell Area by Drought and Heatwave Severity (A:
CDHEFrequency, B: CDHE SEVEIItY).......uuuuiiiiiiii e e e e ceeeiiiis s e s e e e e e e e e e e e e e e s eees e e e e aaaaeeeeeeeeeesnesssnnnes 84
Fig. v Box Plot of the Regional CDHE Frequency (191999 vs. 20002022) Across States and

LIS 10 1TSS 85
Fig. vi Box Plot CDHE Daily Magnitude by Severity and ABARES Growing Region................... 86
Fig. vii Box Plot CDHE Duration by Region and SeVEriLy..............coeviiiiiieemeeeeeieeeeeiiice s 87

Fig. viii Bar Charts of Total Combined Crop Loss Anomalies by A: year and B: ABARES Regio88

Vi



Front Matter

List of Abbreviations
Australian State / Territory

1.

© N o 0o A~ WD

Australian Capital Territory: ACT
New South Wales: NSW
Northern Territory: NT
Queensland: QLD

South Australia: SA

Tasmania: TAS

Victoria: VIC

Western Australia: WA

Departments:

9.

Intergovernmental Panel on Climate Change: IPCC

10. Australian Bureau of Agricultural and Resource Economics and Science R&SBARES

Other Regions
11Murray Darling Basin: MDB

12. Australian agricultural growing regions: ABARES regipgsowing regions

Scientific Terms:

Vil

13Compound Events: CEs
l4Compound Drouglteminsg: HERHRB®S Vv e
15. Excess Heat Factor: EHF

16. Self-calibrating Palmer Drought Severity Index:RDSI

17.Standardied Precipitation Evapotranspiration Index: SPEI
18. Standardised Precipitation Index: SPI



Chapter 1 Introduction and Literature Review

Chapter 1Introduction and Literature Review

1.1 Introduction

Assessing natural hazards, including climate and weather extremes, has been a central topic in ea
sciences due to the associated severe social, economic, and environmental (Bghaeslerbauer &
Ehrlich, 2004) Natural hazards are defined as potentially damaging physical evehsnamenshat can
trigger the loss of life or injury, property damage, social and economic disruption, or environmental
degradation, posing substantial risks to people and commu@tiest al., 2021)Natural hazards become
6di sastersd when they result in significant C .
development{Aubrecht et al., 2013Natural hazards also directly and indirectly affect natural resources

andexacebateconstraints on agriculture and food produciiSchneiderbauer & Ehrlich, 2004)

Changes in the Eaidh climate system have altered the intensity and frequency of clielated natural
hazards such as cyclones, floods, droughts, heatwaves, and bushfires, significantly increasing the risk c
to greater exposure and vulnerability of affected se¢taubrecht et al., 2013; Leonard et al., 2Q14)

recent decades, the extreme impact of natural hazards, includings¢atge cascading, and compound
disasters, has intensified, further straining resources and increasing communities vulnerabilityeiariong
socioeconomic consequendgui et al., 2021)Furthermore, the complex landscape of climate hazards
and drivers has made it increasingly challenging to predict extreme @veotsird et al., 2014 herefore,
understanding the spattemporal 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, drive
by a growing interest in understanding how climate change has altered their frequency and severity, the
remains limited understanding of how mplé climate hazards interact when occurring concurrently or
consecutivelyThese 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 successioesdfieg

in amplified impactgRidder et al., 2020Examples of CEs include combinations of heat, drought, wind,
bushfires, and heavy rainfadriven by meteorological/weather events such as heatwaves, droughts and
cyclonegRidder, Pitman, & Ukkola, 2022Research into CEs has gained traction recently as they appear
to have become more frequent and led to more severe socioeconomic impacts than singiefezats

al., 2023) CEs have been acknowledged asdistinct class since multiple hazards do not occur
independently, necessitating studytngether This interdependence in CEs arises because certain climate
drivers or hazards are interrelated, leading to extreme events occurring concurrently, such as heatwaves :

drought, or heavy rain and strong wir{@dfang et al., 2022)

The nature of CEs, including their spatemporal variability and impacts, is complex, requiring

multidisciplinary and interdisciplinary work in defining, mapping, analysing statistics, attributing impacts
1
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and communicating risk_eonard et al., 2014¥Yscheischler et al. (202@pategoise the impacts of CEs

into four typologies: (1) preconditioned impacts, where each hazard worsens due to existing conditions; (:
multivariate amplified impacts, which exceed those of individual occurrences, even if the individual
occurrences are not extrem@) temporal impacts from a rapid succession of hazards; (4) spatially

compounding impacts from the simultaneous occurrence of extremes.

Compound Drought and Heatwave events (CDHiEs)a category of CEs that can align with all four
typologies listed above and céead to severe consequences, such as intensified water shortages, croy
failures, and increased bushfire risk, posing complex challenges for communities and ecdgysteras

al., 2023; Tabari & Willems, 2023; Tripathy et al., 20ZB) date, research into CDHEs has focused on
understanding the drivers and impacts of CDHESs using multivariate approaches. However, understandir
the nature of CDHES (i.e. spatiemporal variability of intensity, duration, frequency, onset, timing, éxten
hazard combinations and dynamic drivers) remains an underexplored area in climate research, with ve
few global studies and detailed regional assessnfRidger, Ukkola, et al., 2022Australia, Southeast
Asia, South Asia, South Africa, South America and the United States of America are the most frequentl
reported global hotspots for CDHES, resulting in severe repercussions for agriitazeet al., 2023)

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

This study addresses knowledge gaps in Australian CDHEs by quantifying-tgpagioral trends across
agriculturalgrowing regionsand assessing the impact on cereal crops, which are critical to thedation
economy and foodecurity.This study also seeks to quantify the impact of CDHE components on cereal
crop yield, which is not well understoodhis will build a foundation for understanding anutigating
climaterelated risks from CDHESs in Australian agricultunéich 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 thi
impacts and characteristics of drought, followed by a review of heatwaves and then the combination of tr

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

1.21Characteristics and Impactsf Droughts
Droughts are generally defined by a deficiency of precipitation ovextamded perioRedmond, 2002)
Severe droughts are characterised by water shortages, which directly affect food, water and energy secul
(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 shorta@édayiragije & Li, 2022) The sixth assessment report by the

Intergovernmental Panel on Climate Change (IPCC) reported the intensification of droughts across Africe

2
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North and South America, Europe, Asia, and Australia, attributing to both anthropogenic climate chang
and natural variabilityIPCC, 2021)

As global temperatures rise due to increased greenhouse gas emissions, the hydrological cycle underg
significant changeéViukherjee et al., 2018)NVarmer temperatures accelerate evaporation from land and
water surfaces, leading to drier soils and reduced water availgBiitikinsKirkpatrick et al., 2015)Dry

soils further elevate land surface temperatures by increasing sensible heat fluxes, creating a positi
feedback loop that intensifies both droughts and heatwéiesn et al., 2016) Limited moisture
availability diminishes the cooling effect of evaporation, further exacerbating heating effect®ersely,

higher temperatures can increase atmospheric moisture, triggering more rainfall in some areas and result
in complex patterns of intensifying wetting and dry{gCC, 2021) Climate shocks, including drops in
precipitation, more intense but less frequent rainfall and more frequent extreme droughts and heatwave
can disrupt the water balance system, leading to prolonged dry spells and slower recovery from drough
(Gallic & Vermandel, 2020)

Australia is the driest inhabited continent on Earth, with a long history of dro{gfbd, 2020; Verdon

Kidd & Kiem, 2009) The drivers and impacts of droughts are tlidied in AustraligGibson et al., 2022;
Palmer et al., 2024/erdonKidd & Kiem, 2009) Most notably, the prolonged dry conditiomssociated

with the 19972010 MillenniumDrought triggered stringent domestic and irrigation water restrictions in
the Murray Darling Basin (MDB), which is the largest agricultural region in Australia (Figariel A

(Kiem et al., 2016) The Millennium Droughthad major socioeconomic and environmental impacts,
including disrupted agricultural production, natural habitats, and water availability, as well as increasec
bushfire risk(VerdonKidd & Kiem, 2009) It has been estimatdtat this droughtreduced the gross
domestic product of the MDB by 5.7% below forecasts between-2008, with the Australian federal
government having paid a total of 4.4 billion in drought assistance b2@did(Climate Council, 2015)
More recen®bg9 theud@ly7 known as the Tinder box

(Fig.1,PanelB) During this period, rainfall, particul
average acr(omsGsM,t ReO2Md&Bdr ought | ed to cascading
socioeconomic and natural sectors, including bl
causing severe agricultural | ossesds ahar geen ¢
(Devanand .et al ., 2024)

Prolonged multiyear droughts such as the Millenium Drought and Tinder Box Drought have severe impact
on people, society and natural systd@gson et al., 2022)Jnlike most other climate hazards, droughts
develop slowly (often described as a creeping hazard) and can go unnoticed until soil and or surface wal
shortages become apparent. Water stress occurs when water demand exceeds avedaltifityin water

supply shortages for domestic, agricultural and industrial water use, causing crop yield declines, livestoc

3
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mortality, and disruption of servic€Ping et al., 2011; Lamaoui et al., 2018)jgns of droughaffected
agriculture include dried crops, withering and yellow(gng et al., 2011)Crop yield is compromised,
particularly if drought stress coincides with key crop development phases in winter andEjoifeige et

al., 2022) Persistent agricultural drought stress is also known to disrupt plant development, including see
sowing, germination, reproduction, and maturation, thus reducing produ¢Beitgal et al., 2018)

Rainfall decile ranges

£ % 3 Highest on
e % record
’ - b 4 . 10 Very much
‘ above average

8-9 Above average
: . 47 Average
A : Below average
w Very much
. 3 below average
Rainfall deciles , Rainfall deciles
1 April 1997 to S 1 January 2017 to : 'L:;erjl on
31 October 2009 w 31 December 2019 T

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

Indirect impacts from drought include the effects on human health, socioeconomics, and the environmel
(Kiem et al., 2016)The health impacts of drougttsse fromreduced nutrition, poor health, mental health
issues, and exacerbated respiratory and cardiovascular cond@itam&e et al., 2013)50cioeconomic
impacts result from unemployment and reduced incomes, decreased productivity, and increased cost
living (Ding et al., 2011)Droughts are also linked to environmental consequences, such as heightenec
disease transmission, elevated dust levels, and reduced flow to water re¢Biagiest al., 2011; Stanke
et al., 2013) Environmental impacts of droughts also include erosion, soil degradation, and loss of
biodiversity(Qiu et al., 2021)

1.22Characteristics andmpacts of Heatwaves
Heatwaves are defined as prolonged periods of unusually high temperathies canexceednormal
ranges for humans and natural systamd caus@eat stres¢§Sherwood & Huber, 2010Heatwaves are a
substantial hazard, killing more people globally than any other natural disaster, yet are often overlooke
due to a focus onther natural disaste(&rgieso et al., 2015 herecent neaglobal intensification of
heatwave$as been well documentedthreliterature withthel PCCG6s si xt h cHisneg s me
that anthropogenic climate change has been the primary driver of increased heatwave frequency ar
intensity across most land regions since the 1@5@C, 2021)The last decade has seen an unprecedented
number of heatwave# nthropogenic climate change is projected to exacerbate the heatwave crisis in the

future.

Consistent with global studie&ystralia is expected to experienceiacrease in heatwave exposure in the
future Argleso et al. (201%redict a 2% increase in heatwave frequency arday2xtension in duration

in NSW in the near future (2022039), escalating to a 6% rise and six additional days by the far future

4
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(20602079). Trancoso et al. (202Gpund that under 3°C warming, heatwave duration could exceed a
month, with events up to 85% more frequent by the end of the 21st cehdurlymate change continues
to exacerbate the heatwave crisis, it is crucial for governments to implement mitigation and adaptatio

strategies, along with emergency response plans, to minimise heatwave engaotsiecessary fatalities

Australia is no stranger to heatwaves, with much oh#t®nhaving experienced prolonged and significant

heatwaves over the last 70 ye@rsancoso et al.,, 2020Not abl e events i n Austr
Bl ack Smaeatrwawe di saster in | ate Jwamswnaer yoft ot hee
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vul ne(rNaabilren et al ., 2.02Bqgt hafngt reasealr.ec ”&roR 0h e ¢
end of sigyedrn camdugnutlg i(the Millennium and Tir
some of the most devast at(iPregr-Kbiunssipfait re cautehbhr ad k
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Fig. 2 Australian Heatwaves for A: 2009Black Saturdayand B: 2018196 B| a ¢ k $BOMn2610)6
Heatwaves have a range of significant impacts on society, the environment, and the economy. For examp

heat stress in people can result in hyperthermia, where the body absorbs more heat than it dissipates, wt
can progress to heat exhaustion, heakstor deatl{fMaughan, 2012)Heatrelated deaths account for 85%

of natural disaster fatalities in Austrafiargiieso et al., 2015High intensity heatwavesecorrelated with
increased mortality and morbidity, leading to a surge in-fedated deaths, illnesses and demand for

ambulances and hospital admissi¢@bkeng et al., 2021)
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Heatstress caralsoseverely damage plants and animals, leading to lowered agricultural productivity and
adverse ecological effec{Breshears et al., 2021 plants, heat stress occurs when a rise in soil and air
temperature reaches a threshold, causing permanent harm to tfedqadaatopmentLamaoui et al., 2018)

Heat stress directly affects crop yield by shortening the growing season and damaging pldrergpks

al., 2019) Unusually high temperatures are not just constrained to the summer and can occur during ar
seasor{Perkins & Alexander, 2013)or example, winter heatwaves affect crop growth efficiency, which
can significantly impact flowering times and fruit sets, thus affecting the quantity and quality of the harves
(Webb, 2013) The impacbf heatwave®n 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 disperfalelbergen et al., 2008\quatic ecosystems are particularly
vulnerable, as higher temperatures can lead to lower oxygen levels in water bodies, harming fish and oth
aquatic life(McArley et al., 2022) Further impacts of heatwaves include increased energy demands and

damage to infrastructurencluding roads, railways, and bridg¢BCC, 2022)

1.23Characteristics andmpacts of CDHEs
As discusseth the previous sectionthe impacts of droughts and heatwaves aresfaching across society
and the environment; however, CDHEs have additionat nsk accounted for when studying hazards
individually. During the last two decades, CDHEs have been associated with significant economic losse
globally, as illustrated in Fig..3~or instance, extreme impacts of heatwaves and droughts in summer 2003
Europe cost approximately $7.90 billion in damages and China 2006 cost $3.91(Beélimthao Hao et
al., 2022) Similarly, in the USA, extreme heatwaves and droughts between 2011 and 2013 incurred a tot:
cost of $60 billion, with half of this attributed directly to crop logéeng et al., 2019 hus, CDHESs pose
heightened risks from multivariate and cumulative impacts, necessitating more comprehensive impact ar
risk assessmentdNotably, CDHEs can exhibit impacts across four CE typology classes, leading to
catastrophic effects and complicating efforts to disentangle drivers, characteristics, and impacts. Th

additional impacts from CDHEs for each typology are provided in Table 1.
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Fig. 3 Cost of Global Droughts and Hot Extreme Disasterg§Zengchao Hao et al., 2022)

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

Typology Examples Impacts
Preconditioned 1. False Spring: Early bud breaks due to temperatt Crop yield, reductions in carbon uptake,
anomalies in winter biodiversity, wildfires
2. High temperatureand/or droughts lebto growth
stress
3. Feedback loops between droughts and heatwav

4. Droughts due to earlier precipitation and/or soil
moisture deficits

Multivariate 1. Extreme CDHEs (i mpuaet & Extreme cascading impactSrop yieldscrop

LoAgasting CDHESs failure, larger reductions in carbon uptake,
livestock mortality, human health, productivity
supply chain disruptions, economic losses
infrastructure damages, food, water and ener
security, recovery efforts, vegetation,
biodiversity, wildfires

N

Spatial and/or 1. More frequent and/or larger CDHESs Crop yields, reductions in carbon uptake,
Temporal 2. Shorter return period of CDHEs livestock mortality, human health, productivity
3. Increased exposure and vulnerability from CDHE infrastructure damages, food, water and ener
occurring in citiesandagriculturalzones. security, recovery efforts, vegetation,

4. Impact from CDHESs in the same locations with ¢ biodiversity
without a time lag
5. Increased impact of CDHESs from-ocacurring
with key crop phenological phases
6. More than one CDHE occurring irarious
locationsleading to synchronous crop impacts
The risks posed by CDHESs are particularly severe across the agricultural sector, adversely affecting crc
quality and quantity and altering planting, growing, and harvesting t{gmsychao. Hao et al., 2022)
CDHEs are widely acknowledged as the most damaging climatic stressors for food crops, resulting i
significant global yield reduction@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 betwe

droughts and heatwavgZengchao. Hao et al.,, 2022Combined drought and heat stress inhibit

7
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photosynthesis and stunt growth during the vegetative stage, slow grain development during th
reproductive stage, and shorten the gfdlimg period, reducing grain kernel weights and crop yields
(Zengchao. Hao et al., 2022)he timing of CDHESs in winter can also trigger early bud breaks in crops,
inducing afalse sprin@ This premature growth exposes crops to frost damage when cold conditions return

and disrupts the timing of later development, leading to reduced y#ddkeischler et al., 2020)

The impacts of CDHEs extend beyond crop yields to encompass broader ecosystem effects, includir
decreased vegetation coverage, impacts on biodiversity, and disruptions to the carbbg s@dieing
plants ability to uptake carbon dioxi@&engchao. Hao et al., 2022hese complex interactions underscore

the multivariate nature of CDHESs, whiefffect agricultural and naturaystems.

On a global scale, theredsnsiderable evidendkat the frequency of CDHES has increased, largely driven
by rising hightemperature extremes, as shown in Fig.hese events can creagscading socioeconomic
Impacts, often surpassing those of individual hazards by overwhelming both human and natural systen
(Tabari & Willems, 2023)Most communities are #quipped to handle multiple hazards simultaneously,
increasing recovery timg®idder, Pitman, & Ukkola, 2022for example, heatwaves occurring during
long droughts exacerbate water scarcity by depleting already diminished water supplies and increasir
demand. Growing regions with limited irrigation also suffer disproportionate yield losses due to increasec
exposire to drought and heat str§@engchao. Hao et al., 202Z3lobal studies indicate that cropland
exposure to CDHEs will increase 1178 times by the end of the 21st century, posing a major threat to
global food securitfAfroz et al., 2023) Greater overlap between CDHEs and exposed populations has
also been identified, amplifying the health impastsiehydration and heat stre@idder et al., 2020)
CDHEs will likely exhibit increased return frequencies in the same regions in the future, placing a further

strain on recovery and resourg¢@droz et al., 2023)

Fig. 4 Change in CDHE Frequency between 1951984 and 1985018(Zengchao Hao et al., 2022)
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SeveralAustralian studies have quantified the spagimporal characteristics of CDHEandthe results

agree significant increases @DHE characteristics have occurred in the last two decades compared to
relatively stable historical patteriiRidder, Pitman, & Ukkola, 2022).az et al. (2023mapped CDHE
trends inSoutheastern Australia from 1971 to 2021, identifying hotspoeastern NSW an@LD. The

results found wer the past two decades, these hotspots have expanded west towards Southeastern Austra
Laz et al. (2023) also iaéfy the recent perio@001-2021 has experienced an increaseGDHES with
heatwaves and moderate drought by 63% in annual frequency and 65% iff'ther@ntile extreme.
Another study byreddy et al. (2022)entified spatietemporal trends of CDHESustraliawide from 1958

to 2020. The results indicated positive trends for southeast and west Australia, including increase
frequency (35 days/season), duration (2% days/season) and amplitude-(Z3C/season). Larger and

more widespreattends were identified for CDHEs with mild drought.

The vulnerability and risk of CDHEs are closely related to the return frequency in the same Iégation.
assessment in Australia Bydder, Pitman and Ukkola (202&jodelled the return period of CDHE events
using both observational and climaienulated data and noted that CDHES returned less than one year for
most of Australia and 0.5 years for eastern Australia betweend#9@014 Under moderate and high
emissions scenarios, the return period of CDHESs increased the most in Northern Australia (0.1 to 0.5 yee

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

While previousAustralian 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 specifisiggttors
asagriculture Understanding these impacts is essential for implementing effective disaster adaptation an
mitigation strategies. As climate change and natural variability amplify the risk of CDHESs, society is
confronted with significant challenges in adapting to these changes amidst ongoing population growth.

1.24 Potential CDHE Impacts onAustralian Agriculture
Understanding the relationship between climate extremes and crop yields is critical for ensuring foo
security and mitigatingheimpacts of CDHEs under a changing clim@&eng et al., 2019 Crop yields in
Australia are highly dynamic across regions, with both harvested area and volume produced changir
annually(Wang et al., 2015)Cereal crops are important staple crops in Australia, worth 19.31 billion in
2021:2022(ABS, 2022) Wheat i s Awuevenue adreal@rops makinggih 18.4 billion of the
total revenu€ABS, 2022)

While many studies have referred to crop production and yield interchangeably, this study distinguishe
between crop production as the total tons produced and crop yield as the total produced per unit of ar
(Bras et al., 2021)lo 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 affecte

by yield impactsTrends in crop production are largely driven by trends in \igtds et al., 2021 Most
9
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cereal crops are produced in WA (35%) which is the largest producer of wheat (36%), oats (54%) an
barley (40%). NSW is the second largest cereal crop producer, dominating the production of rice (99%
and producing moderate amounts of wheat (33%), oat®)(2@arley (24%) and sorghum (35%). QLD
produces the most sorghum (65%) &sser amountsf wheatoats,and barley. SA and VIC are also small
wheat, oats, and barley producers. TAS and the NT Gtttevcereal crops.

Table 2. Percentageof Cereal CropsGrown 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 ant
NSW experience thgreatest magnitude of crop production losses and the most significasib-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
adaptationWang et al., 2015)

0.7
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0.5
0.4
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0.2

Share of grain production
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Fig. 5 Australian Grain Production shares by State since 2002018(Kingwell, 2019

Past research on crop yield and climate interactions in Australia has focused on specific climate hazarc
For instance, using multiple linear regressidague et al. (2016hvestigated 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 variabilitgan

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 durin
severe drought conditions, suggest@®HEs have dual effects (though not specifically studied as a
CDHE). Wang et al. (2015¢onducted 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 acwissatour
regions in NSW. The results revealed that rainfall did not consistently emerge as the primary facto
influencing yield variation across all regions, with the wheat&bedtistern 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 essstargh has
extensively examined the impact of individual climate hazards on yield, there remains a notable gap i
understanding the influence of CDHEs on yield in Australia elmaracterisinghe complex spatial,

temporal, and climatmteraction.

As highlighted in Section 1.23, understanding the risk of compound events is crucial, as it necessitate
studying not just the individual hazards but also their combined effects. Developing a new mode|
specifically for the combined effects of heatwaves dmaights on crop yield allows the additional risk to

be accounted for. However, this has not yet been done in Australia. Addressing this knowledge gap
essential, given that droughts and heatwaves will become more extreme in the future, drasteasiynacr

risk to the agricultural sector.

1.3 Summary of Knowledge Gaps, Aims and Objectives

The proposed research endeavours to generate significant new knowledge about CDHESs, patrticular
focusing on their impacts on cereal crop yield in Austraji@wing regionsA notableknowledgegap has

been identified in regional studies within Australia, particularly regarding the assessment of CDHE impact
on agriculture and crop yield. While existing research in Australia has concentrated on conventioral single
hazard risk assessments in cabmate impacts, it hagverlookedthe 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 tguantifythe spatietemporal trends of CDHES across growragionsin Australia and
evaluatehe impacts of CDHESs on cereal crgiplds This will be achieved through the following
objectives:
1) Explore historical (19162022) trends inheatwavesand droughtsncluding frequency,severity,
duration extent,and seasonalitpustraliawide and for eaclyrowing region
2) Develop ahistorical (19162022) griddedCDHE data set for Australia
3) Quantify gridded spatitemporal heatwave and CDHE characteristics (frequency, severity)
4) Analyse trends and statistics in CDHESs for each regigmaVing area
5) Quantify impacts of CDHESs on cereal crop yields u§legrsots Correlatiorand 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 impitwazatdmitigation.
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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 areagréoving regions in Australia from 1990 to 2P2

were obtained from the Australian Bureau of Agricultural and Resource Economics and Seeoks
(ABARES, 2023).The crops used for this study include wheat, barley, oats, and sorglnich, were
selected due to being grown in multiple regions in different climates in Ausi¥aid. was calculated by
dividing the total crop production (tons) by the sowing area (hectarbs) ABARES dataset had no
missing production datddowever,there wereminimal cases ofissing sown area valuefeyer than %,

which were filled using the most frequently occurnraguesto ensure valid yield calculationhe yield

data was also filtered to remove regions with less than 30 years of data, includgr@worg areas in the

NT, WA Pilbara, and sorghum regions in Tasmania, South Australia, and Victoria, as regions that did nc
cultivate the crops for enoughars.Regions with at least 30 years of data were usedsore a sufficiently

large sample size for meaningful statistical analysis and to avoid underfittstly, 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)

19902022 Selected ABARES Regions Abbreviated Name Wheat | Barley | Oats | Sorghum
1. NSW Central West

2. NSW Far West
3.NSW North West S| op| NSW NorthWest
4 . NSW Riverina
5.NSW Tabl el ands ( Nor  NSWTablelands
Sout hern)
6.QLD Eastern Darling

QLD Southern Coastal 2002,
7.QLD SouthefCor€Cbasta 2019| 2007

.QLD Western Downs a QLD Western Downs
.SA Eyre Peninsul a

©| 0

SA Murray LandsYorke
0SA Mukbamdgs and Yor ki(Pen
1SA Northern Pastor a
2SA South East
3TAS Tasmani a
4VI C Centr al North
5VI C Mal l ee
6VI C Sout hern and Ea VIC Southern and Eastern
7VI C Wi mmer a
8WA Centr al and Sout | WA CentralSouthern WB.
9WA Northern and Eas| WA NorthernEastern WB.
OWA South West Coast

NRR R R R R R R RR

Total Missing None 2yrs | 6yrs | none
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115°E  120°E  125°E  130°E  135°E  140°E  145°E  150°E

10°S- -10°S
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20°5+ 5008
25°5 2505
30°S 30°5
35°5 3505
40°5- -40°S

Fig. 6 Spatial Distribution of Selected Australian ABARES Growing Regions

The yield data was detrended consistent with previous st(idague et al., 2016; Wang et al., 2015)
Detrending removes the influence of confounding effesiish as increasing trends due to technology,
leaving only the inteannual variability. A common approach is to subtract linear regressionditipels

of eachgrowing region from the yield data. This method was applied to the Australian cereal crop yield
data in this study. An example tife effects of theletrendingapproach on yields shown in Fig.7. The

raw yielddata(brown series)displays anncreasing trenavhich is very common as production increases
with demand and improved technologies. However, afibtracting the linear trend, the detrended series

has a centre of zero and correctly shows yield anomaliasig thedetrended series shows yielaration

115°E  120°E 125°E 130°E 135°E 140°E 145°E  150°F

) 0 400 900
Kilometers m———)

I 1. NSW Central West [ 11. SA Northern Pastoral

I 2. NSW Far West [ 12. SA South East

B 3. NSW North West Slopes and Plains B 13. TAS Tasmania

[ 4. NSW Riverina [ 14. VIC Central North

- 5. NSW Tablelands (Northern Central and Southern) [:] 15. VIC Mallee

I 5. QLD Eastern Darling Downs B 16. VIC Southern and Eastern Victoria
[ 7. QLD Southern Coastal - Curtis to Moreton [ 17. vic Wimmera

:] 8. QLD Western Downs and Central Highlands - 18. WA Central and Southern Wheat Belt
D 9. SA Eyre Peninsula E 19. WA Northern and Eastern Wheat Belt
[ 10. SA Murray Lands and Yorke Peninsula [ 20. WA South West Coastal

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

2.2 Derivation of Historical CDHE Dataset for Australia

2.21 Measuring andefining Droughts and Heatwaves
Defining both heatwaves and droughts involves considerable complexity due to varying characteristics ar
lack of universally observed conditions, leading to several mei#odsieso et al., 2015; Ndayiragije &
Li, 2022). For heatwaves, approaches relying on fixed thresholds, such as the 95th percentile or day
exceeding 40 °C, primarily reflect trends in the hottest regions during suierkins & Alexander, 2013)
However, this limits the applicability to assessing heatwavesrpeiad and considering regional climate
variations. Dynamic thresholds allow a more detailed understanding of what constitietseane evedt
over time(Perkins & Alexander, 2013The Excess Heat Factor (EHF) propose&bskins and Alexander
(2013)has been adopted as the preferred metric and standard Australian heatwave definition, accountir
for both the minimum and maximum temperatures and separating -saod longterm temperature
anomalies. The EHF involves the accumulation of excess heat over three and 30 days, coupled with t

difference between the threlay average and a threshold percentage baseadclimatological baseline.

For droughts, there are multiptefinitions and indiceslepending on where water shortagesl the
resulting impactsliscussed in section 1.2Given 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 droughtWhile 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 precipitatianakided in the derivation of the
index (Laz et al., 2023; Reddy et al., 202Zp improve agricultural drought attribution, the Standzdli
Precipitation Evapotranspiration Index (SPEI) andsilécalibrating Palmer Drought Severity Index-(sc
PDSI) have been employed in CDHE studies, offering a more comprehensive measure of agricultur:
drought(Laz et al., 2023; Tripathy et al., 2023he SPEIncorporategvaporation alongside rainfall (via

a temperature relationshipndis useful for delineating shetérm drought dynamic&hao 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, whic
significantly influence water availability for crops over ¢@am periodgNdayiragije & Li, 2022) The se

PDSI incorporates additional hydroclimate factoeplicating water balancejaking it a powerful tool for

measuring agricultural droughts over longer periMislls. et al.; Zhao et al., 2017)

The derivation of both thieeatwavedrought,and combined events (CDHE$tasets are further detailed

in the following sections.

2.22 Drought Dataset
For the drought component of CDHES, this study utilisegppseessed monthl§.5°gridded sePDSI data
from theClimatic Research Unit (2021ThescPDSlis based on a water balance model tmatsiders
precipitation, temperature, and local soil moisture conditions. It estimates the departure of moisture fror
normal conditions, which is crucial in determining whether an area is experiencing drought or excessivel
wet conditions(Wells. et al.) A summary of the composition of the-BOSI is shown in Fig8 for
completeness. Droughts were classified into mild, moderate, severe, and extreme based on the threshc
outlined in Table 5.
Table 4. PDSI/secPDSI Drought Classification(Wells. et al.)

0.49 t0-0.49 Normal

-0.50 to0-0.99 Incipient Drought
-1.00 to-1.99 Mild Drought
-2.00 to-2.99 ModerateDrought
-3.00 t0-3.99 Severe Drought
Bellow -4.00 Extreme Drought
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<" Load Data >
i temperature, precipitation, and available water capacity data =

Hydrodynamic Factors e
Aggregate by month:
- Evapotranspiration (ET), Recharge (R), Runoff (RO) Loss (L),
- Potential Values (PE, PR, PRO, P "
R —f{’
,/ -

(" = Calculate Water Balance Coem (/lTaIJate Moisture Departure (d) 5
— a=(ET,/PE), B =(R,/PR), y=(RO,/PRO), 6= (L, / PL) — ~ d=P-(GXPE+BxPR+VXPRE;§:E£)/,
S T
SIS
et
Calculate Calibration Coefficient (K) and K'
K'=1.5 x log1g((PE + R + RO) + 2.8) /d + 0.5
DK =D x K' for each month
Kw = 17.67 / DK, K4 = Ky, K =Ky x K'
.

Calculate Z Index (2)
Z=dxK

Adjust k Coefficient
Dryratio = -4 / 2nd percentile Z
Wetyatic = 4 / 98th percentile Z
d <0, Kg = Kg * Dryratio
d20, Ky = Ky, x Wetratio

st Z Index
Z x Welratio

Calculate Calibration Parameters
i = (mt + b) x X

Classify spell
Wet (X4), dry (X2) or established (X3)

Compute Final sc-PDSI
sc-pdsi = X x K

Fig. 8 Flow Chart Methodology for the SelfCalibrating Palmer Drought Severity Index

2.23 Heatwaves Dataset
Previous CDHE studies modified the EHF to consider and tweday heatwaves as crop yield is sensitive
to shortextremeheat(Hague et al., 2016)herefore, the adapted EHF method was implemdiitague
et al., 2016; Perkins & Alexander, 201@8gfer toEqn. 1) using0.05 AGCD gridded temperature data
(BOM, 2023)andPythonsource code fromArglieso (2024)
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Fig. 9 Flow Chart Methodology for Heatwave FCT Threshold
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Calculate Average Temperature
Avg Temp = (Trin + Tmax/2

Calculate 3-Day Moving Average Temp Calculate 30-Day Moving Average Temp
3-Day Average = (T; + Tiq + Ti2)/3 30-Day Average = (T;3 + ... + T;55)/30

Calculate Calculate
EHlg;q = 3-Day Average - Pcto0 EHl ¢ = 3-Day Average - 30-Day Average

Calculate
EHF = max(1, EHlgeq) * EHlgig

Y

Detect Heatwave Events

(EHF = 0)
Calculate 85th Percentile
EHchtﬂs

Calculate Ratio for heatwave day i
Ratio=EHF; / EHF 585

Subset EHF into Spells of
Consecutive Heatwave Days:
1,2,34,56 and =7 days

Classify Heatwaves:
- Low-Intense: Ratio < 1
- Severe: 1 = Ratio <3
- Extreme: Ratio =2 3

Fig. 10 Flow Chart Methodology for EHF and Severity Classification
2.24 CHDE Dataset

CDHEsin this studyare defined asstances where heatwavasd drought conditiongccur atthe same
time and location. Tachieve thisthe monthly sé?DSI drought time seriatatawasfiltered to values

p (corresponding to mild drought and belo¥® remove nordrought events. Thelata was then
reprojected to Australian Albers CR&dresampledo daily (by simply assigning the same monthly value
of scPDSI to each day of the montto) align with theh e at wa v e 6.3o0 find tha pimtoeuirrence
of droughts and heatwavdbe classified EHF data was flattened into a csv, where each row contained the
event attributes, including the time (date), locationitdde, longitudg ABARES region, severity, and
EHF (see Figl1, Panel A) Next, heat event®r each severity grougeresummarised by the start date,
end dateand duratiorusing R coddsee Fig.11, Panel B) A similar process was applied to droughts,
reshaping the sPDSI into a flattened csv by coordinates and severity classificatr@ndrought data was
matched to the daily heatwave data, ensuring that only the overlapping events were included, while ever
with just drought or just heatwave were excluded. To calculate the daily CDHE magnitudePt8Isc
values were first multipliey anegative one (to reverse theake so drought intensity is positive)d 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, CDHEswere categorised into 12 different heat and drought combinationsextreme drought and
extreme heatwave to mild drought and {miense spe#l For both heatwaves and CDHEs, each day was
assigned two tags containing the coordinates, a unique event ID tracking each event group, aaya multi
ID tracking the specific event dayhe event ID was also used to classify heatwave and CDHE days into
udi d aFig,11, 2 d

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

seven duration categories incl ng 1

be assessed separately.

Lat Lon Time ABARES Region Severity EHF
-43.25 146.25 25/03/1910 | TAS Tasmania low intense 1.74
A
-43.25 146.25 25/05/1910 | TAS Tasmania low intense 0.02
Lat Lon Start date End date Duration | ABARES Region Severity
B| -27.75 150.75 | 11/10/1922 | 14/10/1922 4 | QLD Eastern Darling Downs | severe
-28.25 | 151.75 | 12/10/1922 | 12/10/1922 1 | QLD Eastern Darling Downs | severe
Multi day ID Event id Event D | Duration | ABARESR. | CDHE cat EHF scpdsi | CDHE mag
2017-11-22-1-2017- 2017-11-22-2-2017- 1| 2days TAS Extreme HW - 37.83 -4.07 153.99
C | 11-23 -43.25 146.25 | 11-23 -43.25_146.25 Tasmania | Extreme Drought
2017-11-22-2-2017- 2017-11-22-2-2017- 2 | 2days TAS Extreme HW - 41.14 | -4.07 167.46
11-23_-43.25_146.25 | 11-23_-43.25_146.25 Tasmania | Extreme Drought

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 variabili
of heatwaves an@DHESs including frequency,intensity,and impact measurdgefer to Table 6)These
were analysed over a range of spatial scéitesn the smallest level of a grid cell throughAastralia
wide.
The followingdefinitions andmethods were used generatehese metrics:

Spatial scales

1 Gridddhbhleadeovaaves faowrd eGxHhEscoor di nate (0.5A
T Aust-waldlegha s I ncedadwasC®BHEandn Australia
T ABARES Re ¢ nohhsedaetswaal®@HEanavi th the centregi oh

boundary
T Area (numb®er ofhmhomb&led ) s i n
6 Qa b Qikn Qa

a Gle@uQE & @l cul

Temporal Scales
T Cal ande€Srt aynedaarr :d dates.

Jul

January to December

f Heat waveY¥¥a@aams and bet ween
T GrowYeagr DagTshe

t he t he

days adjusted

mont hs of t he when

fi

year crop.

year of rst harvest (marketing ye
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Techniques

Regioral Aggregation Region aggregation#&(straliawide and by ABARES Regions) for heatwaves and

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

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

Heatwave and CDHE Seasonality Year Adjustméiot calculate the first heatwave and CDHE event of

the year, the day of the year wascemtred to align with heatwave years (July to June). Each day was
represented as an integer, starting from July 1 a®d@gnd 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 1¢
(part of 1910) and 2022 (part of 2023) were excluded due to incomplete data.

Growing yearadjustment foHeatwaves an@€DHEs The impact of CDHEs is likely to be the greatest
during the growing season of the ciéfague et al., 2016Lrop production from ABARES is recorded by
the marketing year for consistency (when harvesting begins) and includgsl t(wing 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 eactiocraggregation
including:

1 Wheat: April - October

1 Barley: May - November

1 Oats: March- November

1 Sorghum: September March
Consequently, in the CDHE growing season aggregated metrigsr@tnum, 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)

Daily
CDHE Days o Qe ‘000 Bool ean
pQRO00
Daily MagHhE t ude i &0 OYm A€per day
N QO ©é GiE ED
Heat wave Duration QAN QL Q¢ QU Q¢
CDHE Dur ati on o PRVNUN p Event Length
Y Y P QYN p
T Yearly
()
s Heatwave FrequencThe sum of heatwaveDays/year
©
_|CDHE Frequency The sum of CDHE day
(o CDHE Severity The year sum of CDHA&year
Daily
% ArEev@nt (Heatwa 0L OQBOWI % Amea day
T oA v P TUTT
0 Quaa@ii Qw
Year |l y
s Total BWentea( Heat P! OADAT O % Areal yr
2 oQu
5 CDHEs) ®
g Total CDHE Severi B 6 0090Q0 QI Q0w |A&Ar ea pCerl lyse.
- 0 Qadii Q&
2Tota| CDHE Freque B 6§ 000i Q6 Q¢ ®w Days [/ /Areaa y(
<« 0 Qadii Q®
Year |l y
Heat wave Ti mming Day of theb))ydafr sl hHeat wave yeart
Yearly, growing period and Monthly
o Regional Hea(BdR)e B "Y¢ 0@A'TD JOTO 1 B opoeir |,y e
© 0 Qoadii Qw moneahd growi
> Regional CDHE Sev B "Y¢ 0GO@OWQUL QIO & I F! OAAIpled , vy e
() o~ L v o~
o 0 Qaaii Qw montaahd growi
n Regional Heatwave B O0Q®a@wi CDHE Days/ Ar ¢
&-‘Regional CDHE Fre 0 Qamii Qw year and gr o\
< Regional TotAarleaHe P! OADAIT O % Ampea year
< Regi on &£DHEAW®Ia 0 QIL wi growing peric

! Some resultfor RegionalHeatwave Severity va been expressed the previous unit ofC%/Ha
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2.3Methods for Part 1: Spatio-temporal Trendsin Heatwaves

Heatwave and CDHE metrics from 1910 to 2022 covering all of Australis@eaific ABARES regions
werevisuake d using ROs ggpl ot .IThelgoakof this eapiochtorAdata &malysis S ¢
was to understand the statistical and spatial distribution of both heatwaves and CDHEs, including the
variability, spread, centre, and location of extremes. The resulpdtiotemporal trendand statistics in
heatwaves are presented in Chapter 3 (Part 1) and CDHESs in Chapter 4 Rgp@mentarfigures and

data may also be referred to in the results

2.31 Methods Heatwave Trends and Statistfasstralia-Wide
To analyse the composition of the heatwave dataset, frequency and stacked bar charts were used
summarse 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
heatwaves as probability density.

To assess spatial trends on the gridded heatwave freqbgnoyatwaveseverityand for all heatwave
events the Sen Slope and Mann Kendall p valwese calculated usingr ¢ Pr o 6 s gfanctom at e
The Sefs slope, also known as the Th8#&n estimator, is a ngrarametric method used for estimating

the slope of a trend in a time series and is particularly useful for climatednee where data often exhibit
nortlinear patterns and contain outliefSen, 1968) The MannKendall (MK), also norparametric,
evaluates the significance of the trend, accommodating skewedMatm, 1945) Spatial averages
between 1914999 and 2002022 were also calculated to compare the H@mmn trends irheatwave
frequencywith the recent period. The average and Sen Slope frequency trends were arranged into a 4Xx
panel mapusing consistent colour scales. This included creating the same colour symbology for both
averageperiods andpplying standard deviation classification to the Sen Slope trends. Standard deviation
is often used in spatial analysis to highligbtv areas with unusually high or low values, as values beyond

+1 standard deviatiofiom the mearfReveiu & Dardala, 2011)

To investigate temporal variation in heatwaves, time series plots of the spatial extargg(Xvere
generated, highlighting both the yearly contribution of each severity level and thenesalandnaximum

area covered (the yearlyeanand 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 characteriseegional variatiorand spreadoxplots oboth the daily heatwave magnitude (EHF), yearly
regional frequency and severitgnd duration for each heatwave category agcwing region were
visualised A heatmap chart was created to show the extreme regional heatwave severity for each year al
ABARES regions, with colours representing quantildss approach highlights which regions and years
experienced the most extreme events and provides a detailed view of how the frequency of extremes f
changed over tim@.ime series plots of annual area percent covevagrealso 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 heatway
severity from 19902022 was examined for each heatwave category using polar plots. These plots
effectively display both annual and interannual varigiarheatwave patterns. Summary statistics for the
average monthly heatwave severity are provided in Supplementary Data Table ii. Trends in the timing c
the first heatwave of the year by region and severity were analysed using regression models. T8& respot
variable, year (indexedi 113), was regressed against the day of the yé&68) for the first heatwave
occurrence ( HWMdfunctionu(see Rigg 12R & snap showing regional trends where the
difference between intercept and slope exceedeathyd was produced, and the full regression results are
available in Supplementary Data Table iii.

Early Summer
Late Summer
agudetid. . * Non Summer

o vy
LS N ." .-" A 2 .‘.

1910 1930 1950 1970 1990 2010

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

2.4 Methods for Part 2: Spatio-temporal Trendsin CDHESs

2.41 Methods CDHE Trends and Statistiésistralia-Wide
The composition of the CDHE dataset, across the twelve types, severity, and duration, was analysed usi
the same methods as for heatwaves, including frequency tables and violin plots. Due to the low frequen
of severe and extreme droughts and extreragNaves, it was decided to present most of the CDHE results
by heatwave category and all events together, which was common in other Australian CDHElstadies
et al., 2023) Supplementary figuresiiv include statistics of CDHEs by the respective heatwave and
drought categorie® complement the results presented.
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The time series of yearly CDHE spatial extent (% areapdisplayedby heatwave categorglong with

the mean and maximum daily extentcacoverage for all CDHE¢data for the CDHE area statistiiss
presentedh Supplementary Data Table)iihe CDHE severity across the twelve categories and years was
also visuaked using a heatmap to highlight the range of values ah#tec. Finally, Spatial trend analysis

of gridded CDHE frequency and sevelfity all eventsincluding averages between 191099 and 2022,

as well as Sen Slope trends and MK significance, was contuctdie 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 191099 and 202022 using each category. The remaining regional analysis
used the total CDHE metrics, includimggional boxplots for CDHE daily magnitude, yearly regional
frequency and severityand duration In addition, supplementary resul{éig 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 polatrelctute as heatwaves.
Summary statistics for average monthly heatwave severity are provided in Supplementary Data Table v.

2.5 Methodsfor Part 3: CDHE impact on cereal crops and Yield

Preliminary exploratiorof the detrended yield dafar each crop (wheat, oats, barley awighum) was
conducted to contextualise variation and the years associated with reduced yields. The regional variabili
of detrended crop yield was first analysed using boxplotse series plots were generated for the wheat
growing season, showing CDHE area percentage and severity with markers for years when yield anomali
(below one standard deviation) coincided with CDHE area or severity above'thgei@®ntile. These
visualisations illustrate the relationship between CDHE events and yield fluctuations. SepfgnData

Table V presents a detailed list of years and regions with all crop yield anomalies, along with correspondin
CDHE area and severity values. Tisezies plots of each detrended crop yield and yield anomalies defined
in the same way ®reproduced 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,
assess the strength of the relationship between CDHESs and yieldjpaie Pear sonds corr
the regional CDHE severity and area across the growing season and detrended yield was conducted

each cropSupplementary Fig. vii displayed the total yield anomalies by year and region.
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Chapter 3 Results Part 1:Spatio-temporal Trendsin Heatwaves

This chapter presents the findings from the analysis of heatwave trends and statistics (Part 1). The tren
and statistics in compound drougdtgatwave events (CDHES) will be explored in Chapter 4 (Part 2), and

therelationship between these events and cereal crop yields will be discussed in C{iagte8pb

3.1 HeatwaveTrends and StatisticsAustralia-Wide

The frequency of heatwasearies considerably across duration aaderity levelDuration was calculated

for each heatwave category separately to assegsindividuallyIn Fig 13, Panel A shows that the most
frequent events are shattration (13 days) and mido-l ong dur at i o-4ntengeOspellsd ay
comprising 50.68% and 34.32% of events, respectividlis aligns with findings oNairn et al. (2018)

which reported 85% of heatwaves in Australia, defined using the EHFowyatensespells Severe
heatwaves account for 12.95%, with3dd ay event s mak i ndgy ewepts cOntribuiing a |
2.98%. Extreme heatwaves are the least common, representing 2.07% of events. Panel B, focusing
duration alone, reinforces that d&nd 2day heatwavevents 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, wit
low-intensamaking up 8800%, severe around 5% and extreme <5%. Overall, shorter heatwave events
are most prevalent, however, longer events still make up a notable pohaa.is als@high presence of

extremeshortevents supporting thi inclusion in this analysis

A 700000 B
19.36%
600000
15.52% 15.80% 1 day
500000 13.91% 19.23% 2 days
(NN
&5 400000 3 days
o 9.42% AT% 4 days
3 300000 2365%  10.93%
] 6.38% . 5 days
200000 4.61% 18.75% 6 days
338% 394% - P W oo
. 0 -
100000 134% oo K. B =70y
o 0 . 0
o B Ll D T Bt oton B eex
1 day 2days 3days 4days Sdays 6days >=7days
C
100
)
g ) 80.7% 81.9% 84.3% 86.2% 89% 91.4% 91.2%
o
o

]

1-da‘,f 2 days 3 days 4 days 5 days 6 days >= 7 days
low_intense W severe l extreme
Fig. 13 Percentages of Heatwave Events by Severity and Duration::ABar Chart of Group

PercentagesB: Pie Chart by Duration, C: 100% Stacked Chartof HeatwaveSeverity Proportions
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Daily heatwave intensity (represented by the EHF) varies significantly across heatwave severity an
duration. The violin plot in Fig.4shows that lowintense spells have the lowest variability, witinimal
variationacrossduration, concentrated between-@.@nd up to 20In contrast, severe heatwaves exhibit
greater variability, particularly after four days, with a higher spread of EHF veduneentrated between
10-30, and exceeding 100 in thE53day rangeSevere heatwaves also exhibit a stabilisation pattern where
after 6 days, the values decredsSetreme heatwaves have the highest and most variable daily intensity,

with most values between 4B0 andoeakingat 297for heatwaves lasting seven or more days.
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Fig. 14 Violin plot of EHF by Duration and Severity
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Fig. 15illustrates the density histogram of EHF values across different heatwave durations and severitie:
All panels display rightkewed, Paretbike distributions, with a wide spread of values above thH& 90
percentile.The density for lowintense spellsemains concentrated in lower EHF values, even as duration
increases suggesting these event slin dootrad,tsevaecand ertreme t e
heatwaves exhibit a broader distribution of EHF values, particularly in longer durdtioesireme
heatwaves lasting 6 or more days, the 90th percentile threshold rises significantly, indicating a greate
likelihood of exceptionally high heatwave intensity in prolonged extrenis. heatwave severity

categories effectively partition events, capturingrtbieg intensity across each level
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Fig. 15 Density Histogram of EHF by Severity and Duration (dotted linedepictsthe 90" percentile)
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Fig. 16 shows the spatial distribution and trends in heatwave frequency across Australia by severity. Th
first two columns indicate an increase in mean annual frequency betweérn999@nd 2002022 across

all categoriesAcross all of Australia, the mean frequencylaf-interse 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 daysheldiglaere
frequencies occun the uppeNorthern Territory (NT), Queensland (QLD), and Western Aust(s\a),

with extreme heatwaves also prominent in NW South Australia (SA). The third column of Fig. 16 shows
Sen Slopes indicatingtatisticallysignificant positive trends for loamtense spells (0.07.09 days/year)

and severe heatwaves (0.0153 days/year) across most regions, except in parts of the NT and WA where
decreases are observed. For severe heatwaves, significant positive trersdsrddeipread, while extreme
heatwaves have too few events for statistical significance. Regions with trenésliegc2 standard
deviations for lowintensespells (0.411.09 days/year) and severe heatwavesi (0SB days/year) are
found in central WA, northern NT, and northern QLD. Extreme heatwave frequency trends above z
standard deviations are higher in magnitude {333 days/ear) andare observeth EastWA, NW SA,

and SW NT.
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Fig. 16 Heatwave FrequencyTrends by Severity

The first two columns show the average gridded heatwave frequency (days/year) froaB291dhd200Q 2022

using the same inferno colour scale. The third column displays the Sen Slope trend magnitude, with kenifielhn
significance (p < 0.05) overlaid as a mesh. The trend is represented using a-gnaptediverging colour scale,
where white indiates changes within +1 standard deviation, purples indicate increases of more than +1 standard

deviation, and greens represent decreases of more-thstandard deviation.
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Fig. 17 shows annual trends in heatwave coverage across Australia by severity. Panel A reveals that lo
intense spells cover the largest land area, followed by severe and extreme heatwaves. The affected area
notably increased since the 1980s, with psakere and extremgears in1940, 1970, 1990, 1995, 1998,
2003, 2009, 2013, 2015, 202019, and 2022022. Panel B shows the yearly mean (blue) and maximum
singleday coverage (black). In recent years, the mean coverage spiked, peaking in 2019 (2B&&fainan

in 20212022(60%). Since the 2000s, more years haxeeeded a mean coverag®0%o, indicating more
frequent widespread heatwave events. Maximum sid@yecoverage has also increased, with April 2021
and 2022 reaching near 100%hich was mostly comprised frolow-intensespells(97%) Additionally,
mid-January 2021 saw an extreme heatwave day cover 97.6% of the land area, marking the highest recort

extent for an extreme heatwave dagnel C consolidates these trends, showing that recentrgeprently

experience a yearly coverage betweelQ%.
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Fig. 17 Yearly Heatwave Coverage (A: Coverage % by Heatwave Severity, B: Max and Mean Dai
Coverage%, C: Total coverage %)

Panel A shows the annual area percentage covered by heatsgpasated by heatwave severity the yaxis,
calculated as total heatwave days divided by the total number of gridAeedtsaliawide. Panel B illustrates the
daily area percentage affected byl heatwaveson the yaxis with theblack line representing the maximum
percentage area of a single day andheeline showing the mean percentage area across all dRgrsel C contains

the total annual area covered by all heatwa\esear trend lines are alsdisplayed oreach time series.
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3.2 HeatwaveTrends and Statisticsby Growing Region

This section focuses on the variability of heatwaves across growing regions. Fig. 18 displays the ABARE:
regional boxplots of daily heatwave intensity (EHFPanel 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 (912), and VIC (14,15, and 17) have greater magnitudes eintemse severe and extreme heatwaves
(indicated by taller boxes and extreme outliers). For severe and extreme heatwaves,-20\ g8
consistent extremes, however, the boxes are shorter and sit lower in comparison to the regions abo
Queensland @) consistently has lower EHF values. This is an expected result since the EHF and heatwav
severity is not uniform across Australia, yiag with latitude and regional temperature differences. Nairn
and Fawcett (2015) note that in southern regions, higher temperatures are required for a heatwave to re:

a severe level, whereas in the tropical north, lower temperature excursions cinadassrere heatwaves.

Fig. 18,Panel B reveals variability in heatwave occurrences across regions, with peaks in frequency ir
certain years appearing as outlidrew-intense spellare 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 heatwareobserved in nearly every year (averaging 108 out of the
113year record)andgenerally range betweerBdays per cell but can reach up te48days per cell in
periods of elevated severe heatwave activity. Extreme heatwaves are th@catgst)g in an average of

47 yearsn the recordwith frequencies primarilgonsistent acros3-3 days per cell, though occasional
outliers reach 180 days per cell, highlighting rare periods of extreme heatwave frequédrecyariability

in both the daily heatwave magnitude and yearly frequency captures diverse heatwave dynane@shwith

region experiencing fluctuations in heatwave behaviour.
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Fig. 19 shows the ABARES regional boxpl ots of
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Chapter 3 Results Part 1: Spatio-temporal Trends in Heatwaves

Fig. 20 presents &eatmap displaying the distribution of extreme heatwageerityby ABARES region
andyear, represented ligirty-two quantiles. The chart highlights a significant increase in the frequency
and spread of extreme heatwave events in recent years, particularly from 2000 paisardbserved
Australiawide. This is shown by thdenser clustering of darker tiles and fewer lighter tilesst apparent

in regions 15: NSW, 78: QLD Southern Coastal and 11: SA Northern Pastoral. Regions with the highest
frequency of extremes include 11: SA Northern PastoraW¥8CentratSouthern WB., 8: Queasland
Southern Coastal and Western Downs, 16: VIC Southern and Eastern, and 5: NSW Tablelands (>60 yeat
Notably, four recorebreaking 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 summarisebable 7 further details the year and region
records. The regional data also supports the increasing heatwave area coverage, with all growsng regio

experiencing an increase in the area affected by heatwavesufgglementary Fig. ii).
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Fig. 20 Heat map of Extreme Heatwave Severityoy ABARES Region and Year
The xaxis represents ABARES regions (numbered 1 tor20le the yaxis shows the calendar years. Tile colours
correspond to the yearly regional heatwave severity for extreme events, measured in di€ifled 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)
10: SA MurrayLandsYorke Pen (6.8) | 16: VIC Southern and Eastern (6.7)
14: VIC Central North (4.5) 5: NSW Tablelands (4.4)

20: WA South West Coastal (2.6)

12: SA South East (4.9)
15: VIC Mallee (2.7)

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 Landsrorke 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 MurrayLandsYorke 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) 2: NSW Far West (5.5)

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 Landsrorke Pen (9.8) | 12: SA South East (6.3) 14: VIC Central North (4.2)
15: VIC Mallee (4) 19: WA NorthernEastern WB(3)

2019 17: VIC Wimmera (5.1) 10:SA Murray Landsrorke Pen (3.8) | 12: SA South East (3)

16: VIC Southern and Eastern (2.4) | 9: SA Eyre Peninsula (2.4)
2015 |42 VIC Cerital Norih ()11 1. )G ViC SoiitherniandIEas @@l 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 (68) | 16: VIC Southern anBfastern (38) | 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 CentralSouthern WB(5.3) 19: WA NorthernEastern 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 HeatwaveTrends and Statisticsby Seasonalityand Growing Region

This sectiorexploresheatwave seasonality lnyonthly regional heatwave severagdfor thetiming of the

first heatwave of the year (HWTlPdar plots in Fig.21-23 illustrates in the most recent period (1990
2022), lowintense and severe heatwaves predominantly occur during the Austral summer month:
(September to March) and are most concentrated in summer, while extreme heatwaves are almc
exclusively insummer Compared to previous years, the recent period has seen a detectible increase in low
intensespell occurrences in February and March, particularly in NSW, SA, and VIC. Similarly, severe
heatwaves have increased in February in NSW and December across NSaMdSAC while extreme
heatwaves have increased in April and August (refer to SuppleméatayTableii). Furthermore, the
charts reflect that extreme heatwaves are becoming more frequent earlier and later in the heatwave sea:
indicating a broader shift iextremeclimate patterns. This shift suggests that the heatwave season is
expanding beyond the traditional summer months, posing new challenges for agriculture as heatwaves st

to occur more frequently in spring and autumn.
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Fig. 21 Polar Chart Low-IntenseMonthly Heatwave Severityby ABARES Region

18. WA Central-Southern WB.

19. WA Northern-Eastern WB.

20. WA South West Coastal

Each polarchart represents a different ABARES reg{@nto 20, The quadrants are divided by months, with January (01) at the top, progressing clockwise through

December (12). The radial axéhowsthelow-intensespell severity(°C?/hg). Coloursrepresentifferent years, ranging from 1990 to 2022, as shown in the legend.
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Fig. 22 Polar Chart SevereMonthly Heatwave Severityby ABARES Region
Each polar chart represents a different ABARES region (1 to 20), The quadrants are divided by months, with Januarye(€dp, girtigressing clockwise through

December (12). The radial axis shows the severe heatwave severity (°C%/ha). Colours rdjfesarityears, ranging from 1990 to 2022, as shown in the legend.
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Fig. 23 Polar Chart Monthly Extreme HeatwaveSeverity by ABARES Region
Each polar chart represents a different ABARES region (1 to 20), The quadrants are divided by months, with Januarg (6f) ptagressing clockwise through

December (12). The radial axis shows éixéremeheatwave 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 yearafidWT)
summarised ifFig. 24. Overall, the trends show an earlier onset of severe and extreme heatwaves acros
multiple regions, while lowintense spellsemain stable starting in July. Notable backward shifts for severe
heatwaves include 13: TAS by 55 days (fNidvember to late September),-18: WA NorthernEastern

and CentraSouthern WB by 46 days, and 16: VIC Southern and Eastern by 44 days. Fameextre
heatwaes, prominent shifts include region 9: SA Eyre Peninsula by 43 daysJémichry to late
November), 16: VIC Southern and Eastern by 38 days (froraDamkmber to midNovember), and 11.:

SA Northern Pastoral by 35 days (late November tc@utbber).
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Fig. 24HWT Linear Regression Trends
The map shows trends in the timing of the first heatwave of the year (¢&Mfgd from July to June. ABARES

regions are colar-coded by the mid, and late thirds of each mavith changesabovel4 days outlined in red.
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Chapter 4 Results Part 2:Spatio-temporal Trendsin CDHEs

In this chapter, the focus shifts to gatictemporal patternsf CDHESs.

4.1 CDHE Trends and StatisticsAustralia-Wide

In thissection the variability in frequency and magnitude of CDHE events is analysed for different drought
and heatwave level®uration is first analysed separately for each drought and heatwave pairing, with the
total event percentage presented in Table 8. This table reveals thatdagewarm spells under mild to
moderate drought conditions account for the majority of CDHES in Australia (61%), with short events (1
3 days) being the most frequent (82.6%). In contrast, CDHEs associated with severe and extren
heatwaves, especially under severe and extreme drought conditions, are much less common.

Table 7. Group Percentages of CDHE Event Counts

Low-IntenseSpelli MildD | 11.952 7732  4.426 2115 1199 0717 1452 29593
Low-Intense Spelli Moderate D | 12.807 8.421| 4.881 2409 1.325 0.791 1.549| 32.183
Low-Intense Spelli Severe D 7.004 4590, 2.679| 1321 0.717| 0.438 0.832| 17.581
Low-Intense Spelli Extreme D 1.922 1.279 0.747|, 0.353| 0.203 0.131 0.242| 4.878
Severe HWi Mild D 2.586 1.580| 0.725| 0.274, 0.121| 0.052 0.111| 5.448
Severe HWi Moderate D 2.555 1.602 0.768| 0.292| 0.114| 0.050 0.053| 5.435
Severe HWi Severe D 1.340 0.829| 0.415| 0.153| 0.061| 0.019 0.017| 2.833
Severe HWi Extreme D 0.334 0.203| 0.095| 0.037| 0.014, 0.005 0.006| 0.693
Extreme HW i Mild D 0.240 0.146| 0.085| 0.045| 0.022 0.017 0.044| 0.599
Extreme HW i Moderate D 0.216 0.119, 0.065| 0.025/ 0.016| 0.010 0.018| 0.469
Extreme HW i Severe D 0.106 0.064| 0.027| 0.014| o0.007 0.004 0.010| 0.232
Extreme HW i Extreme D 0.024 0.013| 0.010| 0.005/ 0.001| o0.001 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 dukimmsdrought and

heatwave categories are combined, there is an increased presence of longer CDHESs, though shorter eve
still dominate. This variability reflects the episodic nature of heatwaves, where periodsiofdoge

spells may be a precursor ®vere and extreme heatwaves, while tlaeealso rare episodes of

prolongedsevere and extreme heatwaves aligning with drought.

B 1day
2 days
3 days
I 4days
U 5days
. 6 days

B >=7days

19%

26%

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 anc
duration. Panel A indicates CDHEs with lomtense spells have lower overall magnitudes with limited
variability, whereas severe and extreme categoriesv shuch higher overall CDHE magnitudes and
variability. Collectively this shows that combinations of extreme heatwave and drought hazards result ir
more intense CDHE days. In Panel B, magnitudes are observed to increase with longer duration
particularlythose 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 |
CDHE magnitudes is greater for prolonged severe andragthazard spells (see supplementary Fig. vi).

This highlights both the severity and duration of heatwaves and drought strongly influence the magnitud

of CDHEs.
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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 magnitudéD "0"0i & 0 Oif30 on the yaxis andtheheatwave and
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Chapter 4 Results Part 2: Spatio-temporal Trends in CDHEs

Fig. 27 illustrates the mean yearly CDHE frequency across Australia during the period$9e®1and

2000 2022. The map shows that CDHE frequency varies widely, from 0 days on average (no colour) tc
over 50 days on average per year. CDHEs with mild, mteleaad severe drought occur across all of
Australia, while extreme drought CDHES are constrained to Eastern Australia and South West WA durin
the most recent period only (20@D22). CDHEs withow-intensewarm spells show the largest frequency
increasesver 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 10 days per year. Severe heatwave CDHEs latso increased in these areas but are more
spatially constrained, with rises of 20 days per year. Extreme heatwave CDHEs show increased
frequency in WA and Northern NT, with SW WA emerging as a{fighuency area for extreme drought

and heatwaves (387 days per year). Overall, the national average frequency increase betwder99910

and 20002022 include lowintensespells with severe drought (+8 days), lowensespells with extreme
drought (+16 days), severe heatwaves with mild drought (+9 days), and extreme heatwaves with modere
drought (+14 days).

Fig. 28 shows the spatial distribution of mean CDHE severity for each drought and heatwave combinatio
across Australia from 1910999 and 200 022 . CDHE severity ranges f
cell, following similar spatial trends to CDHE frequendiationally, CDHE severity has increased in the
last two decades for all types, with the largest rises for extreme heatwave CDHES, particularly those wit
extreme drought (+1104 ]), mild drought (+521
(291 ] ) . Severe heatwave CDHEs havk5 & ele,n -imander laa\
CDHEs with moderate and extreme drought have risen biy11020 The. severity map highlights that
southeast, southern, and western Australia experience the most intense CDHES, with severity hotspc

expanding further west in Southeast Austraha east in Western Australia
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Chapter 4 Results Part 2: Spatio-temporal Trends in CDHEs

Fig. 27 Average CDHE Gridded Frequencyby 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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Chapter 4 Results Part 2: Spatio-temporal Trends in CDHEs

Fig. 29 summarises the percentage of the Australian landmass affected by CDHEs each year, exhibiting
marked rise across over time. Peak CDHE coverage occurred in year2@2220192012, 2009, 2005

2002, 1998, 19961995, 1990, 1981, 1973, 1958, 194939 1940, and 1928. Panel A shows all CDHESs
peaked in 2022 including 12% frotow-intensespells, 6% severe heatwaves, and 2.29% extreme
heatwaves. Panel B displays the yearly mean (blue) and maximum (black)dsipgleverage of CDHESs.

The mean CDHE cmrage and maximum singtly coverage have steadily increased. The most
wi despread single CDHE days surpass 50% of Au:
(72.8%), May 2014 (66.8%), June 1995 (58.38%), March 2016 (57.2%), July 1975 (54 .86, 2017
(52.2%), and August 1973 (51.1%). Panel C combines all CDHE categories, illustrating an overall increas
the scale of area impacted over time. Recent years have also reached ré&@f¥d ddverage (769,000
1,530,000 sgkm), highlighting CDHESs hadvecome more widespread compared to historical patterns.
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Fig. 29 Yearly CDHE Coverage(A: Coverage % by Heatwave SeverityB: Max and Mean Daily

Coverage %, C: TotalCoverage %)
Fdaliel A SIUWS UlE dilliudl died peitelildaye COveIEwlWyiES SEpdidleu Dy lledlwdve SEVEULY LIIE YdXIS,

calculated as totaCDHE dayddivided by the total number of grid cefsistraliawide Panel B illustrates the daily
area percentage affected by all CDHE events on-#rag; with theéblack linerepresenting the maximum percentage
area of a single day and tdue lineshowing the mean percentage area across all dagsel C contains the total

annual area covered by allDHESs Linear trend lines are also displayed on each time series.
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Fig. 30 presents éheatmap displaying the distribution ofearly CDHE severity of each drought and
heatwave combinatioacross AustraliaThis chart highlightsthat CDHEcombinations involving mild,
moderateand severe droughtfominate Extreme droughtand heatwavesvhile capable of producing
highly severe events, are much rarer and thus contribute less to the overall total Severityart also

shows the spread of extreme CDHESs (those in the darkest tiles) have increased in frequency sinee the 20(

CDHE Severity
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Fig. 30 Heat map ofYearly CDHE Severity by Category and Year

The xaxis represents the CDHE category while tkexis shows the calendar years. Tile colours correspond to the
yearly CDHE severit@ustraliawide, measured in °C?/Area (no. cells), divided ititoty-two quantiles.
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Fig. 31 presents the trends in CDHE frequency and severity across Australia, covering all events. The fir
two columns illustratencreases ilmean annual frequency and severity between 112499 and 2000

2022. During these periods, annual frequency rose from 18 to 35 days (+17 days), and severity increas
from 195 to 515 °Cz2 (+320 °C?). High CDHE frequency is most concentrated in southeadtaresséern
Australia, as well as northern NT and QLD. CDHE severity is most concentrasaltineastern and
wedern Australia. Hotspots of CDHE frequency and severity are also found to overlap with ABARES
growing regions outlined in blacKhe third column in Figure 31 displays the Sen Slope trends, revealing
statistically significant positive trends in CDHE frequency (01057 days/year) and severity (0i 28.36
°C?/year) across most of Australia, except in parts of WA, NT, and NSW. Reglwere CDHE frequency
trends exceed two standard deviations (0137 days/year) includ&outh Westand East WA, and
northernQLD. For severity, trends higher than 2 standard deviationsi(@3086 °C2/year) appear in WA
(South West and arid regions), SA and southern VIC.
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Fig. 31 CDHE Frequency and Severity Trends

The first two columns show the average gridded CDHE frequelagg/year) and CDHE severity (°C?/year) for the
periods 19101999 and 2002022, with a separate colour scale for each metric. The third column displays the Sen
Slope tred, with the ManrKendall 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 deidat and greens represent decreases of more-thatandard deviation.
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Chapter 4 Results Part 2: Spatio-temporal Trends in CDHEs

4.2 CDHE Trends and Statistics by Growing Region

This sectiorexamine<CDHE variability across growing regionsne of the foci of this thesiBig. 32 shows

that CDHE magnituddliffers by growing region andheatwave and drought categoB8ome regions, like

19: WA NortherrEastern WB, exhibit much higher CDHE magnitudes overall, with events exceeding
1000, whereas other regions, like 13: TAS Tasmania or 5: NSW Tablelands, show generally lowe
magnitudes. The pattern of increasing CDHE miagie with the severity of heatwaves and droughts is
consistent aass 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 ir

supplementary Fig, vi).

Fig. 32Violins for CDHE Daily Magnitude by Heatwave and Drought Category and ABARES Region
The yaxis shows CDHE magnitude ‘O 0"0i @ 0 ‘OitY30 , 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 fer98910
and 20062022. CDHE frequency increasadross all regions 20032022 also shifting to morsevere
andextremeheatwaves androught Low-intense spelCDHESs rose from 3.926.84 days per cell in 1910
1999 to 15.6533.5 days per cell in 200B022. Severe heatwave CDHESs increased from2.2%0 2.91
6.7 days per cell, and extreme CDHEs rose from-0.04 to 0.221.65 days per celteflecting a trend

towardmore frequent and severe CDHEghe recent period.
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