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Abstract

Drought is a global and recurrent natural phenomenon, the inevitable consequence of mete-
orological variability. This natural hazard brings about devastating effects because water is
one of the most fundamental commodities for human survival, and a lack of water can result
in varying consequences, from mere inconvenience to life threatening instances. Drought
cannot be prevented but its effects can be mitigated through the design of appropriate water
resource infrastructure and management strategies. The goal of this thesis is to model the
spatial and temporal characteristics of drought occurrence in Australia, the driest continent.
In doing so predictions can be made, levels of risk can be evaluated and conditional estimates
of drought can be based on climatic state variables.

For insight into the nature of drought in Australia, multivariate models of drought charac-
teristics are developed. Preliminary analysis demonstrates high correlations between several
drought characteristics, these are the drought severity, intensity and duration. This the-
sis applies the copula concept, which is a versatile means of modelling their dependence
structure. Copulas are multivariate uniform distributions, which allow the joint behaviour
of variables to be modelled independently from their marginal distributions. This research
extends the application of copulas by investigating the effect of climate variability on copula
models and subsequent drought characteristics. Two different copula families are fitted to
the drought characteristics to demonstrate the importance of tail dependence when mod-
elling extreme climatic events. An important application of these models is the calculation
of return periods of extreme drought events exceeding certain thresholds, taking account of
variability in climatic indices.

A second objective is to forecast drought at various spatial resolutions. The most straight-
forward method are regression and arma models that incorporate global climatic indicators.
The effect of climatic variation on Australia’s precipitation is examined by investigating the
association between climatic indices and the multivariate distribution of drought at numerous
sites across Australia. Two classification strategies for forecasting rainfall are compared
using significance testing based on multiple comparison techniques. Further to this, rainfall
forecasting relationships are explored using global sea-surface temperature anomalies.

The versatility of copula models is demonstrated through short-term rainfall predictions
for neighbouring rainfall districts, using separate copulas conditioned on antecedent climate
conditions. This technique is shown to improve rainfall predictions in neighbouring districts
and improve estimates of drought probability.

i



ii



Contents

Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . i

Publications Arising from this Thesis . . . . . . . . . . . . . . . . . . . . . . . . . . vii

Declaration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ix

Acknowledgments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xi

List of Figures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xv

List of Tables . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xviii

Glossary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xix

1 Introduction 1

1.1 Droughts . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.2 Objectives of Research . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

1.3 Thesis outline . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

2 Defining drought and global climatic phenomena 9

2.1 Measuring drought . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

2.1.1 Standardized Precipitation Index (SPI) . . . . . . . . . . . . . . . . . 11

2.1.2 Palmer Drought Severity Index (PDSI) . . . . . . . . . . . . . . . . . 12

2.1.3 Other drought classification . . . . . . . . . . . . . . . . . . . . . . . . 14

2.2 Global climatic phenomena . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

2.2.1 El-Niño Southern Oscillation (ENSO) . . . . . . . . . . . . . . . . . . 15

2.2.2 Inter-decadal Pacific Oscillation (IPO) . . . . . . . . . . . . . . . . . . 16

2.2.3 Other global climatic phenomena . . . . . . . . . . . . . . . . . . . . . 17

2.3 Measuring global climatic phenomena . . . . . . . . . . . . . . . . . . . . . . 18

2.3.1 Southern Oscillation Index (SOI) . . . . . . . . . . . . . . . . . . . . . 19

2.3.2 Multivariate ENSO Index (MEI) . . . . . . . . . . . . . . . . . . . . . 20

2.3.3 Sea-surface temperatures (SST) . . . . . . . . . . . . . . . . . . . . . 21

2.4 Summary of chapter . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

iii



iv Contents

3 Literature Review 23

3.1 Univariate modelling of drought . . . . . . . . . . . . . . . . . . . . . . . . . . 23

3.2 Multivariate modelling of hydrological events . . . . . . . . . . . . . . . . . . 27

3.3 Long-term simulation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

3.4 Short-term forecasting using global climatic phenomena relationships . . . . . 32

3.4.1 Time series and stochastic models . . . . . . . . . . . . . . . . . . . . 32

3.4.2 Drought forecasting using ENSO relationships . . . . . . . . . . . . . 34

3.4.3 Drought forecasting using sea-surface temperature relationships . . . . 37

3.5 Summary of Chapter . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

4 Regional drought modelling using copulas 41

4.1 Drought Characteristics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

4.2 Copulas . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

4.2.1 Definition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

4.2.2 Elliptical copulas . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

4.2.3 Archimedean copulas . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

4.2.4 Asymmetric Archimedean copulas . . . . . . . . . . . . . . . . . . . . 48

4.2.5 Tail dependence . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

4.3 Application to rainfall in NSW . . . . . . . . . . . . . . . . . . . . . . . . . . 51

4.3.1 Preliminary analysis of data . . . . . . . . . . . . . . . . . . . . . . . . 51

4.3.2 Fitting marginal distributions to drought characteristics . . . . . . . . 54

4.3.3 Fitting trivariate Gaussian copulas . . . . . . . . . . . . . . . . . . . . 55

4.3.4 Fitting trivariate Gumbel-Hougaard copulas . . . . . . . . . . . . . . . 56

4.3.5 Goodness-of-fit tests . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58

4.3.6 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

4.4 Summary of chapter . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

5 Regional drought modelling using copulas conditional on climatic states 63

5.1 Study Region . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64

5.2 Categorization of drought characteristics . . . . . . . . . . . . . . . . . . . . . 64

5.3 Statistical Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

5.3.1 Rainfall and Droughts . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

5.3.2 Inter-drought duration . . . . . . . . . . . . . . . . . . . . . . . . . . . 67

5.4 Marginal distributions of drought variables . . . . . . . . . . . . . . . . . . . 68

5.5 Fitting Trivariate Gumbel-Hougaard Copulas . . . . . . . . . . . . . . . . . . 72



Contents v

5.6 Fitting Trivariate t-copulas . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76

5.7 Measures of goodness-of-fit . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76

5.8 Trivariate Return Periods and Probability of Exceedance . . . . . . . . . . . . 80

5.9 Summary of Chapter . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83

6 Single site drought forecasting using adaptive stochastic models 87

6.1 Preliminary analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87

6.1.1 Statistics of monthly rainfall data . . . . . . . . . . . . . . . . . . . . 87

6.1.2 Statistics of climatic indicators . . . . . . . . . . . . . . . . . . . . . . 88

6.2 Short-term forecasting for one-month ahead . . . . . . . . . . . . . . . . . . . 89

6.2.1 ARMA Model for SPI(3) . . . . . . . . . . . . . . . . . . . . . . . . . 90

6.2.2 Regression Model for SPI(3) . . . . . . . . . . . . . . . . . . . . . . . 93

6.2.3 Regression Model for rainfall . . . . . . . . . . . . . . . . . . . . . . . 95

6.2.4 Summary of results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95

6.3 Forecasting several months ahead . . . . . . . . . . . . . . . . . . . . . . . . . 97

6.3.1 Autoregressive model . . . . . . . . . . . . . . . . . . . . . . . . . . . 97

6.3.2 Autoregressive model with climatic indicators . . . . . . . . . . . . . . 97

6.3.3 Weighted regression model . . . . . . . . . . . . . . . . . . . . . . . . 98

6.3.4 Summary of longer term forecasting . . . . . . . . . . . . . . . . . . . 98

6.4 Summary of chapter . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99

7 Predicting low rainfall for pixels throughout Australia with climatic indi-
cators 103

7.1 Study area and data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104

7.2 SOI phases . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106

7.3 Predicting drought using SOI . . . . . . . . . . . . . . . . . . . . . . . . . . . 108

7.3.1 Categorization using SOI phases . . . . . . . . . . . . . . . . . . . . . 108

7.3.2 Categorization using SOI May . . . . . . . . . . . . . . . . . . . . . . 112

7.3.3 Categorization based on ENSO classification . . . . . . . . . . . . . . 113

7.4 Summary of results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 116

7.5 Predicting drought using SST anomalies . . . . . . . . . . . . . . . . . . . . 117

7.5.1 Model and Application . . . . . . . . . . . . . . . . . . . . . . . . . . . 117

7.5.2 Coefficient of determination . . . . . . . . . . . . . . . . . . . . . . . . 120

7.5.3 Results and predictions . . . . . . . . . . . . . . . . . . . . . . . . . . 120

7.6 Summary of Chapter . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 125



vi Contents

8 Improving drought predictions using copulas 129

8.1 Study area and data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 129

8.2 Methodology and Application . . . . . . . . . . . . . . . . . . . . . . . . . . . 131

8.2.1 Identifying and categorizing of copula variables . . . . . . . . . . . . . 131

8.2.2 Fitting marginal distributions to copula variables . . . . . . . . . . . . 132

8.2.3 Modelling dependence structure using trivariate Gumbel-Hougaard cop-
ula . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 133

8.2.4 Goodness-of-fit tests . . . . . . . . . . . . . . . . . . . . . . . . . . . . 134

8.2.5 Simulating from the Gumbel-Hougaard Copula . . . . . . . . . . . . . 135

8.2.6 Forecasting using copula . . . . . . . . . . . . . . . . . . . . . . . . . . 136

8.3 Summary of chapter . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 137

9 Conclusions and future research directions 139

9.1 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 139

9.2 Future research directions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 142

9.2.1 Further modelling of drought characteristics using copulas . . . . . . . 142

9.2.2 Improving predictions of climatic indices and the inclusions of other
indices . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 144

9.2.3 Producing predictions for wider spatial extent and applications of
drought predictions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 145

9.3 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 146

A Derivation of Conditional Archimedean copula 147

B Regression results of annual drought impact from Chapter 5 150

C Copula parameter estimation 152

D Regression results from Chapter 6 155

E Statistical significance tests 157

References 159



Publications Arising from this

Thesis

G. Wong, A. Osti, M. F. Lambert and A. V. Metcalfe. Drought Forecasting using

adaptive stochastic models in New South Wales. In Proceedings of the 30th Hydrology

and Water Resources Symposium, Hobart, Tasmania, 2006.

G. Wong, S. Need, P. Adamson, M. F. Lambert and A. V. Metcalfe. Modelling Mul-

tivariate Extreme Flood Events. In Proceedings of the 30th Hydrology and Water

Resources Symposium, Hobart, Tasmania, 2006.

G. Wong, M. F. Lambert and A. V. Metcalfe. Trivariate copulas for characterisation

of droughts. The ANZIAM Journal, 49: C289-306, 2008.

G. Wong, M. Leonard, M. F. Lambert and A. V. Metcalfe. Forecasting Drought in

Eastern Australia. In Proceedings of Water Down Under 2008 Conference, Adelaide,

Australia, 2008.

G. Wong, A. V. Metcalfe and M. F. Lambert. The Role of ENSO in the Characteri-

zation of Drought in Australia. In Proceedings of HydroPredict, Czech Association of

Hydrogeologists, pages 281-284, Prague, Czech Republic, 2008.

G. Wong, M. Leonard, A. V. Metcalfe and M. F. Lambert. Drought analysis using

trivariate copulas conditional on climatic states. Journal of Hydrologic Engineering

(Accepted for Publication), 2009.

vii



viii Contents



Declaration

I hereby declare this work contains no material which has been accepted for the award

of any other degree or diploma in any university or other tertiary institution and, to

the best of my knowledge and belief, contains no material previously published or

written by another person, except where due reference has been made in the text.

I give consent to this copy of my thesis, when deposited in the University Library, being

made available for loan and photocopying, subject to the provisions of the Copyright

Act 1968. I also give permission for the digital version of my thesis to be made available

on the web, via the Universitys digital research repository, the Library catalogue, the

Australasian Digital Theses Program (ADTP) and also through web search engines,

unless permission has been granted by the University to restrict access for a period of

time.

Signature. . . . . . . . . . . . . . . . . . . . . Date. . . . . . . . . . . .

ix



x Contents



Acknowledgments

“Trust in the LORD with all your heart and lean not on your own understanding; in

all your ways acknowledge Him, and He will make your paths straight.”

Proverbs 3:5-6

This three-year journey has finally reached its ‘destination’ and I would like to give

God all the glory and thanks, for His faithfulness and providence during this time.

The result of this dissertation would not have been possible without the guidance

and support of the following people. Firstly, my heartfelt thanks to my supervisors,

Associate Professor Andrew Metcalfe and Professor Martin Lambert for their advice,

patience and support throughout this entire project and for teaching me to be confident

in taking charge of the direction of this project. I am also grateful to my mentor, fellow

colleague and friend, Michael Leonard for his generosity in imparting his knowledge

and his patience.

This journey has been made more enjoyable with great friends that I’ve made over

this 3 years. I would like to thank the ‘geeky’ postgraduate bunch for your company

over coffees, suppers and games, the OCF group who keeps me in constant prayer, the

ACJC SB6 group for taking time out to catch up over dinners, suppers and chill-out

times whenever I’m home and to all the other awesome friends that I’ve met along the

way.

Finally, I am grateful to Mum and Pa for their financial support, confidence and trust in

me to do whatever I’m interested in pursuing. Thanks Pa for being my personal courier

service and Mum for her constant phone calls to check on my well-being. Thanks also

to my awesome and cool sister, Gwendo, for being a listening ear over MSN and my

fashion consultant. And lastly to Steven, for all the intellectual discussions we have

and just being you.

xi



xii Contents



List of Figures

1.1 Annual rainfall of Australia with 5-year moving averages shown in black

curve, 1900-2008 [11]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

1.2 Population of the world according to different projections, 1950-2050

[130]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

1.3 Trends in number of international migrants (in millions) for the world,

1960-2005 [129]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

1.4 Variations of the Earth’s surface temperature for the past 140 years,

1860-2000 [53]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

1.5 Global precipitation trends, 1900-2000 [54]. . . . . . . . . . . . . . . . . 4

1.6 Outline of thesis structure . . . . . . . . . . . . . . . . . . . . . . . . . 8

2.1 Possible overlap of drought phases (categories) . . . . . . . . . . . . . . 10

2.2 Time series plots of rainfall and corresponding spis . . . . . . . . . . . 12

2.3 Rainfall deciles maps of Australia . . . . . . . . . . . . . . . . . . . . . 14

2.4 Ocean-atmospheric circulation mechanism . . . . . . . . . . . . . . . . 16

2.5 Ocean-atmospheric interaction during enso . . . . . . . . . . . . . . . 16

2.6 Time series of ipo . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

2.7 Schematic figures of phases of the iod . . . . . . . . . . . . . . . . . . . 18

2.8 Time series plot of soi . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

2.9 Time series plot of mei . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

2.10 Time series plot of sst anomalies . . . . . . . . . . . . . . . . . . . . . 22

4.1 Definition of drought characteristics. . . . . . . . . . . . . . . . . . . . 42

4.2 District 63 location and histogram of inter-drought duration . . . . . . 52

4.3 spi(3) time series plot of District 63 . . . . . . . . . . . . . . . . . . . . 52

4.4 Correlation plots of inter-drought time and drought characteristics . . . 53

4.5 Weibull probability plots of drought characteristics . . . . . . . . . . . 55

xiii



xiv List of Figures

4.6 Empirical contour plots of variables from Gaussian copula . . . . . . . 56

4.7 Plot of back-transformed simulations from Gaussian copula . . . . . . . 57

4.8 Empirical contour plots of variables from Gumbel-Hougaard copula . . 58

4.9 Plot of back-transformed simulations from Gumbel-Hougaard copula . . 59

4.10 Figure comparing goodness-of-fit between Gumbel-Hougaard and Gaus-

sian copula . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

5.1 New South Wales (NSW) rainfall districts . . . . . . . . . . . . . . . . 64

5.2 Yearly rainfall time series plots . . . . . . . . . . . . . . . . . . . . . . 66

5.3 Histograms and fitted distributions of drought characteristics in District

58 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70

5.4 Histograms and fitted distributions of drought characteristics in District

63 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

5.5 Marginal bivariate pdf contours from Gumbel-Hougaard copula in Dis-

trict 58 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74

5.6 Marginal bivariate pdf contours from Gumbel-Hougaard copula in Dis-

trict 63 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75

5.7 Marginal bivariate pdf contours from t-copula in District 58 . . . . . . 77

5.8 Marginal bivariate pdf contours from t-copula in District 63 . . . . . . 78

5.9 Fitted Gumbel-Hougaard copula against empirical copula . . . . . . . . 79

5.10 Fitted t-copula against empirical copula . . . . . . . . . . . . . . . . . 79

6.1 Figure of Williams River Catchment . . . . . . . . . . . . . . . . . . . 88

6.2 Monthly rainfall time series plot of Clarence town . . . . . . . . . . . . 90

6.3 Monthly rainfall time series plot of Dungog . . . . . . . . . . . . . . . . 90

6.4 Monthly rainfall time series plot of Blackville . . . . . . . . . . . . . . . 91

6.5 Time series plot of monthly soi . . . . . . . . . . . . . . . . . . . . . . 91

6.6 Time series plot of monthly mei . . . . . . . . . . . . . . . . . . . . . . 92

6.7 Plots of correlogram and partial autocorrelogram . . . . . . . . . . . . 93

6.8 Correlogram plots of residuals from arma models . . . . . . . . . . . . 94

6.9 Times series plots comparing predictions from various stochastic models 100

6.10 Time series plot of spi(12) predictions from ar model . . . . . . . . . . 101

6.11 Time series plot of spi(12) predictions from regression model . . . . . . 101

6.12 Time series plot of spi(12) predictions from weighted regression model 101

7.1 Figure showing nnual mean precipitation across Australia . . . . . . . . 105



List of Figures xv

7.2 Time series plot of soi data from LongPaddock website . . . . . . . . . 105

7.3 Autocorrelogram plot of soi . . . . . . . . . . . . . . . . . . . . . . . . 106

7.4 Figure showing mean monthly global sea-surface temperatures . . . . . 107

7.5 Figure showing Stone’s classification of soi phases . . . . . . . . . . . . 108

7.6 Cumulative probability distribution plot of rainfall from rapid rise, rapid

fall and overall phases . . . . . . . . . . . . . . . . . . . . . . . . . . . 108

7.7 Figure showing parts of Australia with statistically significant rainfall

difference given soi phase . . . . . . . . . . . . . . . . . . . . . . . . . 109

7.8 Figures showing difference in rainfall means from extreme phases as

compared to overall distribution . . . . . . . . . . . . . . . . . . . . . . 110

7.9 Figures showing ratio of mean rainfall from extreme phases against over-

all distribution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110

7.10 Figure showing significant difference using Kruskal-Wallis test . . . . . 111

7.11 Figure showing parts of Australia with significant rainfall difference

given soi May . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113

7.12 Figures showing difference in rainfall means as compared to overall dis-

tribution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114

7.13 Figures showing ratio of mean rainfall from extreme soi May categories

against overall distribution . . . . . . . . . . . . . . . . . . . . . . . . . 114

7.14 Significance tests between rainfall from El-Niño and La-Niña years in

Australia . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115

7.15 Density plot of rainfall distributions from extreme soi phases . . . . . . 116

7.16 Figure showing Warragamba Dam location . . . . . . . . . . . . . . . . 118

7.17 Correlation plots between sst and rainfall over the year . . . . . . . . . 119

7.18 Time series and correlation plots of observed and predicted rainfall . . 125

8.1 Figure showing location of Districts 62 and 64 . . . . . . . . . . . . . . 130

8.2 Time series plot of rainfall sum in District 62 and 64 . . . . . . . . . . 130

8.3 Figure showing goodness-of-fit of the Gumbel-Hougaard copula given

soi April . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 135

8.4 Copula density plots between District 62 rainfall and soi May . . . . . 136

8.5 Copula density plots between District 64 rainfall and soi May . . . . . 136

9.1 Grid rainfall diagram for a small region . . . . . . . . . . . . . . . . . . 145



xvi List of Figures



List of Tables

2.1 Drought categories and their common drought indices . . . . . . . . . . 10

4.1 Bivariate Archimedean copulas and their corresponding generators . . . 47

4.2 Means and Standard deviations of drought characteristics in District 63. 52

4.3 Correlations of drought characteristics. . . . . . . . . . . . . . . . . . . 53

4.4 Correlations of inter-drought time and drought characteristics. . . . . . 53

4.5 Estimated parameters of Weibull distributions. . . . . . . . . . . . . . . 54

4.6 Correlations of drought variables after transformation . . . . . . . . . . 55

4.7 Descriptive statistics of simulations from Gumbel-Hougaard and Gaus-

sian copulas . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

5.1 Means and Standard deviations of drought by enso state . . . . . . . . 65

5.2 Correlations between drought characteristics given enso state . . . . . 66

5.3 Means and Standard deviations of drought characteristics . . . . . . . . 67

5.4 Correlations of drought variables without segregating into enso states . 67

5.5 Means and Standard deviations of inter-drought durations . . . . . . . 67

5.6 aic values of fitted distributions to inter-drought durations. . . . . . . 68

5.7 Estimated parameters of marginal distributions, District 58 . . . . . . . 69

5.8 Estimated parameters of marginal distributions, District 63 . . . . . . . 69

5.9 Correlations of transformed uniform drought variables given enso state 72

5.10 Estimated parameters of trivariate Gumbel-Hougaard copula . . . . . . 73

5.11 Test statistic and corresponding p value . . . . . . . . . . . . . . . . . . 73

5.12 1-r between empirical and theoretical copula . . . . . . . . . . . . . . . 80

5.13 rmse values between empirical and theoretical copula . . . . . . . . . . 80

5.14 enso and drought rate per year . . . . . . . . . . . . . . . . . . . . . . 81

5.15 Probabilities of exceedance . . . . . . . . . . . . . . . . . . . . . . . . . 82

5.16 Return period using a trivariate Gumbel-Hougaard copula . . . . . . . 83

xvii



xviii List of Tables

5.17 Return period using trivariate t-copula . . . . . . . . . . . . . . . . . . 84

6.1 Basic statistics of monthly rainfall from rainfall gauges. . . . . . . . . . 89

6.2 Results from regression models with fitted linear trend. . . . . . . . . . 89

6.3 Basic statistics of climatic indicators . . . . . . . . . . . . . . . . . . . 89

6.4 aic values of fitted arma models . . . . . . . . . . . . . . . . . . . . . 92

6.5 Comparison of rmse from stochastic models in Clarence Town . . . . . 96

6.6 Comparison of rmse from stochastic models in Dungog . . . . . . . . . 96

6.7 Comparison of rmse from stochastic models in Blackville . . . . . . . . 96

6.8 Comparison of spi(12) models in Clarence Town . . . . . . . . . . . . . 98

7.1 Number of observations corresponding to each phase . . . . . . . . . . 109

7.2 Number of observations corresponding to each enso state . . . . . . . . 112

7.3 Number of observations corresponding to each enso state . . . . . . . . 115

7.4 Summary table for significance testing between soi phases . . . . . . . 117

7.5 Adjusted R-squared values from regression models without interaction

terms. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 122

7.6 Adjusted R-squared values from regression models with interaction terms.123

7.7 Summary table of Warragamba March rainfall predictions . . . . . . . 125

7.8 Number of years in each categorization . . . . . . . . . . . . . . . . . . 126

8.1 Means and Standard deviations of copula variables given soi April state 131

8.2 Correlations between copula variables given soi April state . . . . . . . 132

8.3 Parameters of marginal distributions of copula variables . . . . . . . . . 133

8.4 Correlations between transformed variables given soi state . . . . . . . 133

8.5 Parameters of trivariate Gumbel-Hougaard copula given soi state . . . 134

8.6 Correlations between simulated variables given soi April state . . . . . 135



Glossary of Technical Terms and

Abbreviations

Climate terminology

ENSO El-Niño Southern Oscillation

IOD Indian Ocean Dipole

IPO Inter-decadal Pacific Oscillation

MEI Multivariate ENSO Index

PDO Pacific Decadal Oscillation

SLP Sea Level Pressure

SST Sea-surface temperature

SOI Southern Oscillation Index

Drought terminology

PDHI Palmer Drought Hydrololgical Index

PDSI Palmer Drought Severity Index

SPI Standardized Precipitation Index

St SPI at time t

Statistical terminology

AIC Akaike’s Information Criterion

AEP Annual Exceedance Probability

ARMA Auto-regressive Moving Average

xix



xx Glossary of Technical Terms and Abbreviations

ARIMA Auto-regressive Integrated Moving Average

R2 Coefficient of determination

ϕ(t) Copula generator

θ Copula parameter

cdf Cumulative Distribution Function

IFM Inference Function of Margins

λL Lower tail dependence

MLE Maximum Likelihood Estimation

C(u1, . . . , un) n-dimensional copula

pdf Probability Density Function

λU Upper tail dependence


	TITLE: Drought Predictions: Applications in Australia
	Abstract
	Contents
	Publications Arising from this Thesis
	Declaration
	Acknowledgments
	List of Figures
	List of Tables
	Glossary of Technical Terms and Abbreviations


