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More extreme events under climate change 

 Record breaking rain in Pakistan 

 Drought gripped 

East Africa  

 Record breaking heatwaves in Europe 



More extreme events under climate change 

Credits: NASA's Goddard Space Flight Center 



Increased flooding in a warming climate? 

Global warming will result in increased floods because: 

 

• The air’s water holding capacity increases by ～7%/◦C 

• Warmer ocean evaporates more water into the air 



Increased flooding in a warming climate? 

A positive response of rainstorm-induced floods to extreme precipitation increase 



Rainfall trend (1950 to present) 

1986–2015 rainfall 

relative to long-term 

[SEACI, MDBA, 2010] 

[Potter & Chiew, WRR, 2011] 

[IOCI, 2009] 

Perth reservoir inflows 

Murray River Basin inflows 

Rainfall trend amplified in runoff  

1997–2009 

Millennium 

Drought 



Potential drivers and hydrological responses 

Perth Reservoir Inflows Murray River Basin Inflows 

Rainfall Decile (1986–2015) relative to long-term average 

….. due to decline in winter rainfall ….. 
Winter Summer 

Declining trend in water availability in the far south-west and far south-east ….. 

….. caused by expanding Hadley cell 
pushing winter storm tracks further south. 
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Murray Inflows 
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[SEACI, 2012] 
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Other interactions 

Unattributed 

Climate attribution 

of unprecedented 

streamflow decline 

[Potter & Chiew, WRR, 2011] 

[Potter et al., JHydrol, 2010] 

Change in dominant processes (hydrologic non-stationarity) 

[Petheram et al., MODSIM, 2011] 

[Chiew et al., SERRA, 2014] 

Millennium Drought ：attribution analysis 



Stationarity assumption 

• Stationarity means that the statistical properties of hydrologic variables in  the 

future will be similar to the past. 

Past 

Future 



“Milly et al., 2008, Science 



Hydrologic non-stationarity: Victorian examples 

Peterson et al., (2021), Science 



Fowler et al., (2022), HESS 

Hydrologic non-stationarity: Victorian examples 



Nonstationarity: from detection to management 

Slater et al (2021), HESS 



Fowler et al., (2022), HESS 

Hydrologic non-stationarity: diagnostic analysis 



Fowler et al., (2022), HESS 

Hydrologic non-stationarity: causality analysis 

Geomorphology Climate variables Human factors 

Causality analysis based on hydrological knowledge 

Identify potential effects 



• Calibration: 1989-1994; Prediction: 2000-2006 

• A good calibration, but poor prediction for the Millennium drought . 

“past” 

Hydrologic non-stationarity: implications 
 

“future” 

Bias is up to 87% 



How to reduce uncertainty in future runoff projection？ 



How to reduce the effect of  non-stationarity on 
runoff projection？ 

We recommend future studies to avoid least squares approaches (e.g., NSE or KGE) 

and adopt the Refined Index of Agreement or Split KGE. 

Fowler et al., (2018), WRR 

 Better objective function? 



Fowler et al., (2018), WRR 

 Pareto front? 

How to reduce uncertainty in future runoff projection？ 



Considering Pareto front 

Carbon cycle Water cycle 

Zheng et al., (2022), JHM 

Traditional calibration Pareto optimum 



Zheng et al., (2022), JHM 

Effect of non-stationarity on future runoff projection 

Wetter Future Drier Future 

Effect of non-

stationarity 



How to reduce uncertainty in future runoff projection？ 

 Improve hydrological model 

Effect of elevated CO2 

 

Surface-groundwater 

linkage 

 

Differential effect of soil 

moisture on runoff and ET 



 

 

Summary： 

• The Murray-Darling Basin has experienced increased 

extreme events, significantly affecting ecosystem health 

and environment. 

 

• Extreme events such as droughts can result in 

hydrological non-stationarity increasing uncertainty in 

future runoff projection. 

 

• Current hydrological models need to be improved in 

order to provide more robust future runoff projection. 
 



Thank you! 


