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EXECUTIVE SUMMARY 

In this review we synthesize the current knowledge on the attribution of the rainfall 

changes in Victoria in recent decades, its implication for the selection of a climate 

baseline, and key issues remaining unresolved. We also provide a few preliminary results 

from the new research project that help to clarify some of the issues. 

This review fulfils Task 1: Review literature on past and projected Victorian rainfall and 

on the detection and attribution of recent multi-decadal changes in Victorian rainfall of 

a DELWP/Bureau of Meteorology Project called "Estimating and Assessing a Baseline 

for Seasonal Rainfall Relevant to Decision-Making". This project is an element of the 

Victorian Water and Climate Initiative (VicWaCI). Note that we extended the task to 

include a synthesis of literature and provide insights on the definition and use of climate 

baselines. 

A synthesis of the key issues and our main conclusions follows. 

What has happened to Victorian rainfall? 

Victoria experiences large variability in rainfall, from interannual to decadal timescales, 

including severe floods and droughts (Hope et al. 2017). Three prolonged periods of 

below-average rainfall occurred during the instrumental period: the Federation Drought 

(1896 – 1905), the World War II Drought (1936 – 1945) and the Millennium Drought 

(1997 – 2009). In fact, despite the occurrence of several wet years during the 1950s and 

1970s, and more recently in 2010-2011, annual rainfall declined by approximately 2 mm 

per decade since 1960 (Grose et al. 2015a). This decline was driven by a downward trend 

in "cool season" (April to October) rainfall. Here we show that the dry conditions from 

1997 to near-present appear extreme in the context of the instrumental record. 

What caused the observed changes in Victorian rainfall?  

On the basis of our review of research and other syntheses (e.g., CSIRO 2010, 2012; 

Timbal and Drosdowsky 2013; Cai et al. 2014; Grose et al. 2015; Timbal et al. 2015, 

2016; Hope et al. 2017) and our preliminary results, we conclude that: 

• the dry conditions in Victoria from 1997 to near-present appear to be partially 

caused by anthropogenic climate change and partly caused by natural climate 

variability.  

• a major focus for the research to date for SE Australia has been on the 

characteristics of the drying and the impact of anthropogenic forcing on drivers 

of climate variability in Victoria (e.g., El Niño-Southern Oscillation, the 
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Subtropical Ridge, the Hadley Circulation, the Southern Annular Mode, the 

Indian Ocean Dipole, and the Interdecadal Pacific Oscillation).  

• research directly examining the changes in Victorian precipitation in climate 

models under anthropogenic and natural forcing has been limited. 

• the relative importance of anthropogenic forcing and natural climate variability to 

the recent drying is unclear. Further research is needed to clarify the magnitude 

of their relative contribution.  

We will provide an estimate of the relative importance as part of our DELWP/Bureau 

project in the future. 

How well do climate models simulate Victorian rainfall? 

Recent studies have shown that the performance of models varies regionally and that 

performance also depends on which climatic variable is considered and the scoring 

measure used.  In general, CMIP5 climate models – the models used in the IPCC (2013) 

report and the NRM report (CSIRO and Bureau of Meteorology 2015) - show an overall 

improvement in simulating several climate variables (e.g. temperature and rainfall) and 

large-scale climate drivers compared with the previous generation of climate models. 

Despite these improvements, CMIP5 models still exhibit deficiencies in regions and 

phenomena that influence Victorian climate. In line with previous research our 

preliminary research shows that the CMIP5 models: 

• provide a reasonably accurate simulation of the timing of the observed seasonal 

cycle of temperature. However, the overwhelming majority of CMIP5 models 

overestimate the annual cycle of temperature, with the multi-model mean slightly 

too high year round.  

• simulate the timing of seasonal rainfall pattern adequately, but the models tend to 

be too dry over most of Victoria in all seasons except summer. 

Bhend and Whetton (2015) found that fewer than 10 per cent of CMIP5 models reproduce 

the significant drying in Victoria in autumn while the majority of the models are not able 

to reproduce the observed rainfall trends across Victoria over the last 30 years. However, 

they noted that the extent of the areas for which these discrepancies exist is not larger 

than expected due to the pronounced variability on inter-annual to decadal scales.  

CMIP5 models have also been assessed on their ability to simulate key features of 

atmospheric circulation and modes of climate variability that affect Victorian rainfall. For 

example, Timbal et al. (2016) found that many CMIP5 models adequately simulate the 

broad characteristics (strength and location) of the subtropical ridge, including its 

seasonal cycle. Similarly, Grose et al. (2015b) found that CMIP5 models simulate an 
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intensification and poleward shift of the STR under global warming, contributing to 

reduced rainfall in the cool season over Victoria. However, they found that the models 

underestimate the historical trends in the STR intensity and the magnitude of the 

correlation coefficient between inter-annual STR intensity and Victorian rainfall. The 

authors inferred that CMIP5 rainfall projections for Victoria during the cool season in 

response to the STR changes may be underestimated. 

Some studies suggest that the models underestimate natural, internally generated decadal 

climate variability in the tropical Pacific - a region of high importance for climate 

variability in Australia (Kociuba and Power 2015; Power et al. 2017; Henley et al. 2017; 

England et al. 2014). 

Given the limitations of current models, it will be worthwhile for us to consider those 

models that best simulate Victorian climate as part of our future investigations, as well as 

trying to include new models if they show improvements in their simulation of Victorian 

climate or improvements more broadly. 

What is projected for Victorian rainfall? 

To better understand whether the recent dry decades are consistent with the 'fingerprint' 

of climate change as projected under greenhouse gas forcing increases in the future, we 

reviewed the findings of several previous studies that examined projections for Victorian 

rainfall. A summary is given in the body of the report for SEACI Phases 1 and 2, VicCI, 

and NRM reports. A brief summary of some of this information is given here.  

VicCI, for example, provided projections from CMIP5 models for late 21st century, 

relative to 1986-2005, under a high greenhouse gas emissions scenario called RCP8.5. A 

decline in cool season rainfall of -13% (–34% to +4%) in the Murray Basin in Victoria 

and -15% (–31% to +4%) in south-west Victoria is being projected. Better performing 

models exhibited a stronger rainfall decline for all Victoria under RCP8.5, from a median 

of –8% to –14%.  

Statistically and dynamically downscaled results exhibit greater agreement in median 

rainfall changes during winter and spring, whereas the projections for other seasons look 

rather different. A clear explanation for why the different downscaling techniques give 

such great differences in projected rainfall is an important subject for further research. 

The NRM Southern Slopes Cluster Report (Grose et al. 2015a) – that also focussed on 

CMIP5 models - found that almost all models project a reduction of mean annual rainfall 

across the Southern Slopes which largely consists of southern Victoria. They also 

concluded that natural climate variability may remain "the major driver" of rainfall 

changes by 2030 even as anthropogenic changes become apparent. Grose et al. (2015a) 

also found that there is high confidence in projected rainfall decreases in winter and spring 

in the Southern Slopes under higher emissions (RCP8.5) from 2050 to 2090, but with 

some differences within the region and between seasons. By 2090, spring rainfall is 
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projected to decrease across the Southern Slopes by around -25 to +5 % under RCP4.5 

and -45 to +5 % under RCP8.5 relative to 1986 - 2005.  

On the other hand, there is no clear agreement among the models on the sign of future 

rainfall change during summer. Also, most models project little change in autumn across 

the Southern Slopes Cluster. However, this disagrees with post-1960 trends as autumn 

declines have been more significant than spring changes.  Besides, there are known 

deficiencies in the simulation of the current climate in autumn. This observation-model 

discrepancy lowers the confidence we have in both projections and in our ability to 

quantify the relative importance of anthropogenic forcing and natural changes in the 

recent multidecadal drying that has occurred in Victoria. 

What is a baseline, and what factors need to be considered when choosing a 
baseline? 

A baseline is generally regarded in climate science as an historical period which is chosen 

to best represent the current climate of a region. A baseline in climate science typically 

serves two main purposes: 1) it is used as a reference against which recent observations 

are compared and 2) it can be used as a benchmark to evaluate projected changes in 

climate for planning and management processes. The World Meteorological Organization 

(WMO) recommends using a period of at least 30 years (e.g. 1981–2010) as a baseline to 

compute the climatological standard normals, while IPCC has used the 1986–2005 period 

as a baseline in its fifth assessment report (IPCC 2013) as a reference period in its 

assessment of climate change.  

Water managers appear to use the term "baseline" and "current climate" interchangeably, 

even though their "baseline" data is actually used as a source of information for what the 

range of possible climatic conditions might be over coming years for planning purposes. 

From this perspective, this use of "baseline" is a form of persistence projection, assuming 

that climatic conditions over coming years will be drawn from a population with the 

statistics of climatic conditions experienced during the baseline period. This is a different 

form of "baseline" to what is usually used in climate science. 

Key requirements for a baseline defined in the way water managers do are that it should 

be of sufficient duration to encompass the wide range of natural climate variability, but 

should also be short enough so as to include the impact of a change arising from global 

warming. When this is the purpose of a baseline, the approaches taken by WMO and 

IPCC might not be optimal. For example, a number of studies have found that 30 years 

or less is not long enough to adequately represent the range of rainfall variability, 

especially when it is used as a predictive indicator of the conditions likely to be 

experienced in a given location. Hence, the Guidelines for Assessing the Impact of 

Climate Change on Water Supplies in Victoria developed by the Department of 

Environment Land, Water and Planning (DELWP) recommends using 1975 to near-

present as a current baseline period for water resources planning and management 

(DELWP 2016a).  
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The Bureau of Meteorology (BoM) recently began research on baselines for the Victorian 

water sector as part of a new program co-funded by the DELWP and the Bureau. As part 

of this project we will also provide information on the pros and cons of various baseline 

choices, and we also aim to provide advice on how choosing baselines might be improved. 

This research will be described at a later date. 
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1. INTRODUCTION: THE DELWP – BOM BASELINE 
PROJECT  

Prior to a series of research projects co-funded by DELWP over the last 15 years, 

stakeholders were using the full climate record (about 100 years) as the baseline climate 

for future planning and management of water resources with an assumption of a stationary 

(i.e. a non-changing average to continue into the future). However, this assumption of 

stationarity has been challenged by persistently dry conditions over the last twenty years, 

which raises the issue as to whether the baseline climate (as previously defined by the 

historical record) is changing.  

If the baseline is changing, it is helpful to understand the causes of that change, if these 

changes are here to stay, and whether there is now the need to allow for the influence of 

climate change in future planning processes. Given the concerns above, the current 

guidelines for Assessing the Impact of Climate Change on Water Supplies in Victoria 

developed by the DELWP recommends using the period from 1975 to near-present as the 

current baseline period for water resources planning and management (DELWP 2016a). 

Similarly, some agencies (e.g. energy industries) use the start of Millennium Drought to 

current (post 1997) period as a baseline, however using post 1997 alone will omit 

important aspects of the climate variability experienced previously during 1900 – 1996. 

The question of which baseline climatology to use depends on the context for which it 

will be used and has often been governed by availability of the required climate data. For 

example, the baseline climate may be used to gauge observed change over time — for 

this application, a number of considerations apply — for example,  if tracking climate 

change, then it makes sense to use a fixed baseline and reference all change to that 

climatology (generally covering the most recent period of good observations prior to 

1900, termed  a 'pre-industrial' period) and referencing all change to that climatology. 

However, if we are looking at changes with respect to some application, operational 

system or, infrastructure, then it makes sense to choose a baseline that is defined in 

relation to that asset. Typically, this means using a more recent baseline, since most assets 

are not benchmarked 50 years ago. Similarly, if the baseline is for probabilistic seasonal 

prediction, it makes sense to use the most recent period/experience, rather than a median 

from many decades ago.  

For rainfall, however, a number of studies have found that 30 years or less is not long 

enough to adequately represent the range of natural variability, especially when it is used 

as a predictive indicator of the conditions likely to be experienced in a given location. 

Victoria just experienced its driest cool season (April – October) rainfall for the last 30 

years compared to any 30-year period in the historical record from 1900–2016 (Timbal 

et al. 2016). Research undertaken during the South-East Australian Climate Initiative 

(SEACI) Phase 1 (CSIRO 2010) and Phase 2 (CSIRO 2012) and the Victorian Climate 

Initiative (VicCI; (Hope et al. 2017)) have shown that the baseline climate is likely to be 

changing as the assumption of a stationary climate has been challenged by the recent 

persistently dry conditions. Victorian rainfall trends include a known influence from 
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climate change, thus this recent period could better represent the current baseline. 

However, the projected rainfall reductions for 2030 across the region (CSIRO and Bureau 

of Meteorology 2015) are smaller than the observed declines over the last three decades, 

which highlights that baseline selection poses a significant source of uncertainty in the 

projection of Victoria’s climate. 

To best characterise the baseline climate, the following questions need to be addressed 

• Do the recent decades represent a true baseline, and a good estimate of the climate 

over the future period considered in key decision-making?  

• Is any historical period truly representative of the current state of the climate or 

the expected climatic conditions over the coming decade?  

• What is the relative contribution of anthropogenic forcing and internal variability 

to Victorian rainfall? 

• How best to combine climate change projections with observed climate records 

to define a baseline that represents the current state of climate? 

The Bureau of Meteorology recently began research on baselines for the Victorian water 

sector as part of a new research program co-funded by the DELWP and the Bureau. We 

are analysing baselines over the historical period and for coming years and decades to 

examine the impact of natural climate variability and anthropogenic forcing on the past 

climate, future climate, and baseline choices.  

The purpose of this review is to help inform this research, to synthesize what is already 

known and what key issues remain unresolved. We will also use this review as a source 

of information for future research papers we will write as part of the same 

DELWP/Bureau project. We also provide a few preliminary results from the new research 

project that help to clarify some of the issues. 

A synthesis and interpretation of existing research on the following five issues are given 

below: 

i. What has happened to Victorian rainfall? 

ii. What caused the observed changes in Victorian rainfall?  

iii. How well do climate models simulate Victorian rainfall? 

iv. What is projected for Victorian rainfall? 

v. What is a baseline, and what factors need to be considered when choosing a 

baseline? 
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2. WHAT HAS HAPPENED TO VICTORIAN RAINFALL? 

Historical records show that rainfall over Victoria exhibits a great deal of variability. The 

annual rainfall map (Fig. 1a) shows that areas associated with higher elevations receive 

the highest amount of rainfall, followed by the southern coastal regions. Substantially less 

rainfall occurs over the north-west of Victoria. Rainfall over Victoria occurs 

predominantly in the" cool season" (Fig. 1b; defined here as April to October) compared 

to the "warm season" (Fig. 1c; November to March), except in the eastern part of the state 

where a weaker seasonal cycle dominates. The warm and cool seasons for Victoria consist 

of the months in which long-term average temperatures are above and below the annual 

average temperature (Timbal et al. 2016). 

 

Fig. 1: Spatial distribution of mean (a) annual (b) cool season (April-October) and (c) warm season 

(November- March) rainfall (mm) across Victoria using AWAP 5 km X 5km gridded rainfall product for 1900 

– 2016 periods 

The long-term average annual rainfall (1900-2016) across Victoria is approximately 660 

mm/year. However, it varies considerably from year to year, decade to decade and on 

longer timescales (Fig. 2) in response to a complex interplay of several large-scale climate 

drivers and other sources of natural variability (see next section). Victoria has 

experienced below average rainfall on average since the 1970s (blue dashed line in Fig. 

2) due, at least in part, anthropogenic forcing (Timbal et al. 2016; Hope et al. 2017). 

Despite the occurrence of several wet years during the 1950s and 1970s, and more 

recently in 2010-2011, Grose et al. (2015a) found a generally negative trend in mean 

annual rainfall over Victoria. They estimated that the annual rainfall is declining by 

approximately 2 mm per decade since 1960, with seasonal rainfall trends varying by 

region. However, Timbal et al. (2016) found that the annual drying trend over Victoria is 

not statistically significant when the full instrumental record is considered, but 

strengthens when the recent 50 or 30 years alone are considered. 

The instrumental records, which began in 1850s, as well as paleoclimate proxy records 

from a range of sources (Gallant and Gergis 2011; Gergis et al. 2012) show that Victoria 

has experienced numerous flooding and several drought episodes. Three prolonged 

periods of below-average rainfall occurred during the instrumental period (Timbal and 

Fawcett 2013): the Federation Drought (1896 – 1905), the World War II Drought (1936 

– 1945) and the Millennium Drought (1997 – 2009), each with different characteristics 

(Verdon-Kidd and Kiem 2009; Timbal and Fawcett 2013). To characterize and improve 



A LITERATURE REVIEW OF PAST AND PROJECTED CHANGES IN VICTORIAN RAINFALL AND THEIR CAUSES, AND CLIMATE BASELINES 

 

 

9 
 

understanding of past hydro-climate variability and change in the wider south-eastern 

Australia and Victoria the South-Eastern Australia Climate Initiative (SEACI, (CSIRO 

2010, 2012)) and the Victorian Climate Initiative (VicCI; (Hope et al. 2017)) were 

established in 2006 and 2013, respectively. 

 

Fig. 2: Time series of the observed mean annual rainfall (grey colour) and the 10-year running mean (black 

colour) in mm month-1 over Victoria, Australia. The horizontal black dashed and dotted lines represent the 

rainfall averages corresponding to the WMO baseline periods 1961 – 1990 and 1981 – 2010. Similarly, 

rainfall averages for the CSIRO/BoM baseline period 1986 – 2005 and DELWP adopted baseline period 

1975 – current are shown in green and blue dashed lines while for the post 1997 baseline period is shown 

in red dashed line. 

Research undertaken during the SEACI Phase 1 (2006 – 2009) and Phase 2 (2009 – 2012) 

and during the VicCI (2013 – 2016) showed that the Millennium Drought was the most 

severe protracted drought of the instrumental record (Timbal et al. 2016). It was also the 

longest drought observed in the historical record (Kiem and Verdon-Kidd 2010; Grant et 

al. 2013; Cai et al. 2014; DELWP 2016b). It lasted for 13 years with particularly large 

rainfall shortages compared to any previous historical droughts. The event exhibited 

lower year-to-year rainfall variability, with a complete absence of wet years or months. 

Unlike the other droughts that were extended over most of the continent, the Millennium 

Drought was confined to southern Australia. During the Millennium Drought, much of 

the continent (except south-west Western Australia) received above average rainfall (Fig. 

3). The Millennium Drought also contrasted with other droughts in terms of the seasonal 

timing of the rainfall reductions. It was characterised by a large decline in late autumn 

and early winter rainfall, whereas the previous droughts exhibited a larger reduction in 
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winter-spring rainfall. In addition, there has been a significant warming trend in Victoria 

over the last 100 years, and the Millennium Drought thus occurred in warmer conditions 

than the earlier droughts. The combination of higher temperatures and lower rainfall prior 

to the start of the runoff season (i.e. winter) led to a larger than anticipated decline in 

streamflow (25 – 75 % relative to pre 1997 period) during the traditional filling season 

for water storages in Victoria (Timbal et al. 2009).  

 

Fig. 3: (Left): annual rainfall deciles map for the Millennium Drought (1997 – 2009) using 1900 – 2016 period 

as climatology; (Middle): the same as in left, but for the cool season (April – October) only; (Right): the same 

as in middle, but for the post Millennium Drought period (2010 – 2016).. 

In spring/summer of 2010 – 2011 and 2011 – 2012, La Niña-driven extreme rainfall 

resulted in widespread flooding across the region (and throughout Australia) which ended 

the Millennium Drought. During these periods, all the three key large-scale drivers for 

rainfall, namely the El Niño-Southern Oscillation (ENSO), the Indian Ocean Dipole 

(IOD), and the Southern Annular Mode (SAM), were in phases historically linked to wet 

conditions in south-eastern Australia, causing the above average annual rainfall totals 

across the region. However, the late autumn and winter rainfalls continued to be below 

average even after breaking of the long drought. These characteristics are likely to place 

the past 30 years rainfall totals outside what would be expected based on internal climate 

variability only. Internal variability is due to the instabilities that occur naturally within 

the climate system itself, without any form of external forcing.  

Figure 4 shows early results from this new project to detect whether the last 30 years are 

unusually dry, and outside of what we might expect from internal variability alone. The 

probability distribution of mean rainfall differences of recent 20-year period (1997 – 

2016) and first 60-years (1900 – 1959) of rainfall for cool and warm seasons calculated 

using re-sampling the full historical period (117 years; 1900 – 2016) 10000 times. The 

vertical dashed grey lines from left to right show the distribution percentiles at 1%, 5% 

and 50% level of significance. The position of the observed difference of rainfall (red 

dashed line) between the average of recent 20-years with the first 60-years periods 

suggests that the recent decline in cool season rainfall is extremely unusual and is very 

unlikely (less than 1 % chance) to occur due to the internal variability alone. It is thus 

likely that there was a response to external forcing, be that human-induced (e.g. rising 

levels of atmospheric greenhouse gases or aerosol emissions) or natural (solar variability 

or tropical volcanic eruptions). In contrast, no remarkable change is observed in the warm 

season rainfall.  
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Fig. 4: Probability distribution of mean rainfall differences of recent 20-year period (1997 – 2016) and first 

60-years (1900 – 1959) of rainfall for (left) cool and (right) warm seasons calculated using re-sampling the 

full historical period (117 years; 1900 – 2016) 10000 times. Grey dotted lines from left to right represent 1%, 

5% and 50% significance levels while red dashed lines are the difference of rainfall between the recent 20-

years period with the first 60-years period. 

These rainfall declines and their seasonal signature have important implications for water 

resources. Cool-season rainfall declines are amplified in the runoff resulting from rainfall, 

but the choice of a downscaling model can influence the estimate of a runoff response to 

a rainfall decline (Potter et al. 2016). The rainfall-runoff relationship in the catchment 

itself can change due to extended drought (Saft et al. 2015), in some cases biasing the 

projections based on rainfall-runoff models developed prior to the drought (Saft et al. 

2016). 

The location of Victoria between the tropics to the north and the mid-latitudes to the south 

means that a range of drivers are important for rainfall trends over different parts of 

Victoria. These drivers can influence warm or cool season rainfall in different ways. Thus, 

if the trends in each season differ, this can provide insight into the causes of those trends. 

In the next section we describe the key modes of climate variability that affect Victorian 

rainfall and how these have been changing over recent years due to anthropogenic forcing 

and internal fluctuations, and what that means for the recent dry decades. 

 

3. WHAT CAUSED THE OBSERVED CHANGES IN 
VICTORIAN RAINFALL? 

3.1 Introduction 

To define an accurate baseline, it is important to understand whether any recent trends 

are due to an external forcing that might continue into the future, or simply due to an 

internal climate variability after which the climate is likely to shift back to rainfall totals 

seen prior to the dry decades. 
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External forcing of the climate system can be from human-induced factors such as 

increasing levels of atmospheric greenhouse gases, sulphate aerosols in the atmosphere 

(emitted from, for instance, industry), land cover change and the Antarctic ozone hole. 

External forcing can also arise from natural factors such as variability in the solar input 

and volcanic eruptions. Of particular interest is knowing the extent to which trends or 

changes are due to human-induced forcing or natural variability, be it internally generated 

or externally forced (e.g. volcanoes). In climate science we call this climate change 

attribution (IPCC 2013).  

To help address this, it is useful to establish whether or not the change of interest – in this 

case multidecadal drying - is unusual in terms of the variability that might have occurred 

previously. We saw above that this seems to be the case, as the cool season rainfall 

averaged over the most recent twenty years is very unusual in the relative to the range 

estimated by the Monte Carlo experiments (Fig. 4). This suggests that the recent drying 

might be at least partially driven by external forcing.  

On the other hand, the instrumental period is relatively short and it is possible that 

previous twenty-year periods were as dry or drier as the recent period, during pre-

instrumental times. Paleoclimate studies have addressed this issue and they concluded 

that there have indeed been other significant drought periods (Gergis et al. 2012; Freund 

et al. 2017). Other studies suggest that there may have been longer dry periods in the last 

600 years (Ho et al. 2015).  

In trying to establish the cause of change, it is also useful to examine the processes 

responsible for the drying. This includes a description of all the weather and climate 

variability factors at play during this period, and whether there are known changes in 

those factors due to increasing levels of greenhouse gases. Literature taken this approach 

for the Millennium Drought is reviewed below.  

An additional way of determining the extent to which human-induced forcing has caused 

a change is to use mathematical models of the climate system, with and without human-

induced forcing included in the simulations. The difference between the two simulations 

can then be used to try and quantify the impact of human-induced forcing on the climate 

system, including Victorian rainfall changes.  

Clarifying the extent to which human-induced forcing caused a particular change is called 

climate change attribution in climate science. Early attribution studies (Karoly and 

Braganza 2005) used above mentioned methods to assess temperature trends in Victoria. 

They found that the warming trends in Victoria can be attributed to human-driven 

increases in the concentration of atmospheric greenhouse gases. Individual broad-scale 

month-long heat events have also been attributed to greenhouse gas increases (Black et 

al. 2015; Hope et al. 2016).  

There have been few attribution studies of this nature on the causes of the recent dry 

decades in Victoria. However, if climate projections based on climate models forced with 



A LITERATURE REVIEW OF PAST AND PROJECTED CHANGES IN VICTORIAN RAINFALL AND THEIR CAUSES, AND CLIMATE BASELINES 

 

 

13 
 

anticipated future enhanced levels of greenhouse gases also show changes similar to what 

has been observed, then this can also suggest a human role in the change of interest.  So, 

while projections can provide information on what might happen in the future, that can 

also assist with explaining what has already occurred. We will return to this point below. 

3.2 The cause of Victorian rainfall variability and its impact 
on recent dry decades 

Victorian rainfall mostly stems from synoptic weather systems such as cold fronts, cut-

off low-pressure systems, east-coast lows and north-west cloud bands (Pook et al. 2006; 

Risbey et al. 2009; Gallant et al. 2012). Smaller-scale systems such as thunderstorms can 

also bring rainfall, and are linked to daily rainfall extremes (Dowdy and Catto 2017). The 

contribution of each system to the total amount of rainfall varies across Victoria (Murphy 

and Timbal 2008; Hope et al. 2017; Dowdy and Catto 2017). These rain-bearing systems 

interact with both tropical (e.g. the El Niño-Southern Oscillation (ENSO), the Indian 

Ocean Dipole (IOD), the Interdecadal Pacific Oscillation (IPO)) and extra-tropical (e.g., 

SAM) modes of large-scale natural climate variability. These large-scale climate drivers 

modulate the frequency and intensity of the weather systems of relevance to Victorian 

rainfall (Risbey et al. 2009; Hope et al. 2017). The large-scale drivers also interact with 

each other (e.g., La Niña promotes high SAM), and the background trend in tropical ocean 

temperatures (Lim et al. 2016a). In addition, the meridional (i.e., north-south) 

atmospheric circulation that transports heat from the tropics through mid-latitudes 

towards Antarctica, has a large influence on the seasonal variation of Victorian rainfall 

through its impact on the location and intensity of the sub-tropical ridge (STR). There is 

also climate variability that occurs on the scale of a decade or more, some of which is 

linked to the Interdecadal Pacific Oscillation (IPO; (Power et al. 1999a). All these weather 

systems of relevance to Victorian rainfall and how the large-scale modes of internal 

climate variability influence these features are shown schematically in Fig. 5 and are also 

discussed below. 

3.2.1 Internal Modes of Climate Variability 

3.2.1a The ENSO: 

ENSO is the most dominant interannual coupled atmosphere-ocean variability in the 

tropics (Trenberth and Stepaniak 2001; Curtis 2008), and ENSO has a major impact on 

rainfall over almost all of Victoria (Power et al. 1999a; Risbey et al. 2009; Timbal et al. 

2016). The positive phase of ENSO or the El Niño events are characterised by the 

occurrence of the coldest sea surface temperature (SST) around northern Australia and 

the warmest SST in the central equatorial to eastern Pacific Ocean (see e.g., (Australian 

Bureau of Meteorology and CSIRO 2011, 2014)). The existence of anomalously cold 

SST surrounding northern Australia leads to an increase in mean sea-level pressure, large-

scale subsidence (downward motion of the air) and anomalous flow of easterly winds 

mostly over the eastern part of Australia. As a result, below average rainfall tends to occur 

over most of eastern Australia, including much of Victoria. The opposite tends to occur 
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during the La Niña phase of ENSO, when the warmest SST and region of generally 

upward air motion are located over the top end of Australia. As a consequence, convection 

over northern Australia is enhanced and the eastern half of Australia including Victoria 

tends to receive above average rainfall during La Niña.  

 

 

Fig. 5: Schematic representation of the key climate drivers of relevance to Victorian rainfall. Thick arrows 

show the influence of each climate mode has upon either synoptic weather types affecting Victoria or another 

climate mode. Thin arrows indicate wind directions associated with certain synoptic weather types. (Updated 

from Hope et al. 2017). 

The greatest impact of ENSO1, 2 on Victorian rainfall is primarily felt from winter through 

spring and into summer seasons only (McBride and Nicholls 1983; Risbey et al. 2009; 

Hope et al. 2017). Autumn rainfall is less affected by ENSO (Timbal et al. 2016). The 

fact that the recent multidecadal rainfall decline occurred most strongly in autumn and 

winter suggests that the drying cannot be explained in terms of ENSO alone. However, 

the drought breaking rains in spring and summer 2010/11 were strongly dominated by La 

Nina, enhanced by the observed trend in tropical ocean temperatures (Lim et al. 2016a). 

 
1 http://www.bom.gov.au/info/leaflets/nino-nina.pdf  
2 http://www.bom.gov.au/climate/about/?bookmark=enso  

http://www.bom.gov.au/info/leaflets/nino-nina.pdf
http://www.bom.gov.au/climate/about/?bookmark=enso
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3.2.1b The IOD: 

The IOD is another dominant mode of the coupled ocean-atmosphere system which 

influences the Victorian rainfall at interannual time scales (Murphy and Timbal 2008; 

Risbey et al. 2009; Hope et al. 2017). However, while El Niño-Southern Oscillation is 

centred in the tropical Pacific, the IOD is centred in the tropical Indian Ocean (Saji et al. 

1999). The IOD is generally derived using the dipole mode index (DMI), which is defined 

as the difference between SST in the western and eastern equatorial Indian Ocean around 

Indonesia (Saji et al. 1999). The positive IOD is characterised by the cooler than normal 

SST around Indonesia which results in an increase in the easterly winds across the Indian 

Ocean. This condition suppresses the formation of northwest cloud bands by limiting the 

availability of moist tropical air over Australia, and as a result rainfall is significantly 

reduced across Victoria (Risbey et al. 2009). Conversely, the negative IOD is 

characterised by warmer than average SST in the eastern Indian Ocean, resulting in 

stronger westerly winds across the Indian Ocean. This provides more moisture for frontal 

systems and lows crossing Victoria and hence widespread and often heavy rainfall prevail 

across Victoria during the negative IOD phase. The IOD typically starts to develop in 

early winter, tends to peak in October-November and then rapidly decay around the end 

of spring. Thus, its greatest impact on Victoria is limited to rainfall during the winter and 

spring season only. See refs for further details. 

Research has shown that the IOD events are generally not independent of ENSO 

variability (Cai et al. 2011). Hendon et al. (2014a) found that most positive IOD events 

tend to occur during El Niño events while negative IOD events dominate during La Niña. 

Victoria experiences widespread rainfall and its wettest conditions when La Niña aligns 

with a negative IOD as happened during the spring and summer of 2010 - 2011 that ended 

the Millennium Drought (Lim et al. 2016b; Hendon et al. 2014a). Conversely, the driest 

condition prevails when a positive IOD co-occurs with El Niño. Hence, they act together 

either to significantly reduce or amplify rainfall over Victoria.  

Interannual variability of Victorian rainfall associated with the ENSO and the IOD also 

exhibits marked decadal and multi-decadal variability which are linked to the phases of 

Inter-decadal Pacific Oscillation (IPO). During the cold phase of the IPO, as we have seen 

since 2000. Lim et al. (2017) found that the likelihood of a positive IOD co-occurring 

with a La Nina event is higher, which limits the otherwise enhanced rainfall over Victoria 

due to La Niña conditions. Such conditions occurred during the La Nina of 2007-8 during 

the Millennium Drought, which probably suppressed the otherwise wet La Niña 

conditions during the spring of 2007. Thus, decadal variability likely played a role in the 

dry conditions since the turn of the century. It is assumed that the IPO is internally driven 

by the climate system's own variability and not forced, but this is an area for further 

research. 
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3.2.1c SAM and other high-latitude drivers of variability 

In addition to the tropical modes of variability, Victorian rainfall is also modulated by the 

dominant mode of atmospheric variability in the mid- and high latitudes of the Southern 

Hemisphere, known as the Southern Annular Mode (SAM, (Thompson and Solomon 

2002)).  The SAM reflects the north-south shifts in atmospheric mass between the pole 

and mid-latitudes portraying the expansion and contraction of weather systems 

circulating Antarctica. While SAM varies from days to weeks and years, it is also being 

driven towards its high phase by increasing greenhouse gases in all seasons and by an 

increasing size of the Antarctic ozone hole in summer (Kirtman et al. 2013). It is 

monitored using a SAM index (Marshall 2003). One example of which is the difference 

in normalized monthly zonal-mean sea-level pressure between 40° S and 65° S. The 

influence of SAM3 on Victorian rainfall is dependent on the season and the location 

(Hendon et al. 2007; Risbey et al. 2009; Timbal et al. 2016). High values of SAM are 

generally associated with a lower amount of winter rainfall across the western part of 

Victoria due to a poleward shift of rain-bearing low pressure systems. However, high 

SAM during spring and summer tends to bring above average rainfall over the eastern 

coastal region of Victoria by allowing increased incursion of moist air from the Coral Sea 

and stronger easterly onshore moisture-laden winds and a poleward shift of the downward 

branch of the Hadley cell (Hendon et al. 2014b). A number of studies (e.g. (Hendon et al. 

2007; Timbal et al. 2016; Hope et al. 2017; Nicholls 2010)) have shown that the SAM 

has exhibited an underlying trend to higher values since the late 1950s with the largest 

trend in summer and extending to the early part of the autumn (due to the increased size 

of ozone hole during that time of the year). This may partially be contributing to the 

recent, observed multidecadal decline in the cool season rainfall, at least during early 

months of the cool season. Timbal et al. (2016) pointed out that this contribution of high 

SAM during autumn season may not be independent of the contribution from the STR 

intensification as a higher SAM also implies an increase in intensity of the zonal belt of 

high pressure. 

As mentioned above, spring-summer season SAM can also respond to ENSO, which can 

amplify the rainfall response to the strong signals of these climate modes (Hendon et al. 

2014a; Lim and Hendon 2015). Variations of the stratospheric polar vortex over 

Antarctica can also drive swings of the SAM, thereby influencing south-east Australia's 

late spring-early summer climate (Lim et al. 2018). 

3.2.1d Mean Meridional Circulation (MMC) and sub-tropical ridge (STR) 

In addition to the large-scale modes of tropical and extra-tropical variability, Victorian 

rainfall is greatly influenced by the variations in the location of the descending branch of 

the mean meridional (north-south) circulation (MMC, Fig. 6) and its interactions with the 

rain-bearing weather systems at higher latitudes (Hope et al. 2017). As shown in Fig. 6, 

the tropical portion of the MMC - which is referred as the Hadley circulation - plays a 

key role in transferring the excess heat from the tropics towards high latitudes. The 
 

3 http://www.bom.gov.au/climate/about/?bookmark=sam 

http://www.bom.gov.au/climate/about/?bookmark=sam
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descending arm of the Hadley circulation, which tends to reside over Victoria, exhibits 

strong north-south shifts with season. This is evident as a region of high-pressure systems 

called the sub-tropical ridge (STR). The STR is associated with relatively dry air and low 

rainfall. In summer, the STR weakens and it moves southward up to 40° S, while during 

winter the STR is stronger and moves north to around 30° S. An intense STR is associated 

with a decline in cool season rainfall, which is exacerbated by the poleward shift of the 

STR (Timbal et al. 2016).  

Research during SEACI and VicCI showed that the MMC and the STR have been 

changing over the last 50 years. The STR, for example, tended to extend further poleward 

in the Southern Hemisphere in recent decades than it did previously (Timbal et al. 2016). 

Lucas et al. (Lucas et al. 2012) showed that the edge of the tropical tropopause has been 

trending poleward in recent decades with an approximate rate of 0.41 ± 0.37 deg per 

decade. Nguyen et al. (2013) showed that the Hadley cell is expanding and the position 

of descending branch of the circulation has shifted further south during the last 30 years. 

On analysing several climate reanalysis datasets, Nguyen et al. (2013) found that the 

largest trend in MMC occurred in summer and autumn while smallest in winter.. 

Furthermore, Nguyen et al. (2015) showed that the CMIP5 models are able to simulate 

the observed Hadley Cell expansion, but exhibit weaker magnitude (i.e. one-fourth of 

observed) and only when they are run with the observed greenhouse gas forcings as 

opposed to natural forcings. These changes have been implicated in the observed 

reduction in cool-season rainfall and greater potential for increases in warm season 

rainfall (Post et al. 2014).  

 

Fig. 6: Conceptual diagram of the mean meridional circulation represented as a north-south cross-section 

across the Southern Hemisphere above eastern Australian longitude. H and L denote regions of high and 

low pressure at the surface and other features are discussed in the text (from Timbal et al. 2016). 
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3.2.1e The Interdecadal Pacific Oscillation (IPO) 

The Interdecadal Pacific Oscillation (IPO) is a natural, internally generated source of 

interdecadal variability in the Pacific and beyond (Power et al. 1999a, 2006; Henley et al. 

2015) that influences Australia – including Victoria - and many other locations around 

the world. The IPO modulates ocean temperature, precipitation, river flow, severe 

weather, flood risk and agricultural production in many parts of the world (Power et al. 

1999b,a; McKeon et al. 2004; Callaghan and Power 2011; Power and Callaghan 2016). 

The IPO also modulates the rate at which the planet warms in response to increasing 

GHGs (Kosaka and Xie 2013; England et al. 2014; Dai et al. 2015; Gillett et al. 2016).  

The IPO SST pattern is very similar to the ENSO SST pattern. This arises because the 

IPO is, at least in part, a residual of decadal changes in ENSO activity (Power et al. 2006; 

Power and Colman 2006). This also helps to explain why IPO variability is similar to 

interdecadal variability in ENSO indices (Power et al. 2006). However, there are robust 

differences in the IPO and ENSO SST patterns, indicating that this simple explanation is 

not the entire story. For example, the tropical node of the IPO pattern extends further 

poleward than its ENSO equivalent. This is thought to arise because ocean physics in the 

subtropical ocean becomes more important for the IPO than it is for ENSO (Power and 

Colman 2006).  

While the Pacific Decadal Oscillation (PDO; (Mantua et al. 1997; Newman et al. 2003) 

is defined in terms of SST that extends well into the North Pacific, interdecadal variability 

in the PDO index is also closely related to that of the IPO (Power et al. 2006). In fact, the 

PDO can regarded as the North Pacific expression of the IPO, with other sources of 

variability, e.g. variability in the North Pacific's Aleutian Low that is independent of the 

tropics, included. 

Recent studies (e.g. (Zhao et al. 2016; Lim et al. 2017)) show that the IPO can modulate 

the strengths and spatial patterns of ENSO and IOD and their teleconnection strengths to 

south-eastern Australian rainfall. Lim et al. (2017) showed that the ENSO and IOD 

amplitudes were greater during the warm phase of the IPO in 1980s-90s while the same 

were weaker during the cold phase of the IPO in 2000s-2010s. However, the impacts of 

ENSO and IOD on south-eastern Australian rainfall including Victorian rainfall appeared 

to be greater during the recent cold IPO period because the locations of the maximum 

SST and convection anomalies during ENSO and IOD were closer to Australia. 

 

3.2.2 Summary of process-based examination of the recent dry decades 

There have been many studies describing the drivers of the Millennium drought (See 

references in (Hope et al. 2017)). However, few have considered that the drought is 

simply part of a shift to on-going dry conditions, as has been seen in south-west Western 

Australia. There are parallels in the weather between the two regions, particularly in 
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Victoria's west (Hope et al. 2010). The winter drying in the south-west of Australia is one 

of the most robust signals projected under enhanced levels of greenhouse gases (IPCC 

SPM 2013). From our assessment of the processes that dominated Victoria's climate over 

the last few decades, there are some that appear to be internally driven (e.g., decadal 

variability reducing the influence from the La Niña of 2007/08), but some do not (e.g., 

expansion of the Hadley Cell and a higher SAM). The changes in the Hadley Cell and 

SAM are both projected as a response to greenhouse gas forcing, and as the rainfall 

changes occurred in the presence of such changes, some of the decline appears to be 

anthropogenic climate change, especially the large decline in autumn rainfall.  

On the basis of our assessment and other research and syntheses (e.g., CSIRO 2010, 2012; 

Timbal and Drosdowsky 2013; Cai et al. 2014; Grose et al. 2015; Timbal et al. 2015, 

2016; Hope et al. 2017) we conclude that: 

• aspects of the drying in parts of Victoria is unusual in terms of the historical 

record; 

the drying appears to have been partly caused by anthropogenic climate change 

and partly caused by natural climate variability.  

• a major focus for the research to date for SE Australia has been on the 

characteristics of the drying and the impact of anthropogenic forcing on drivers 

of climate variability in Victoria (e.g., El Niño-Southern Oscillation, the 

Subtropical Ridge, the Hadley Circulation, the Southern Annular Mode, the 

Indian Ocean Dipole, and the Interdecadal Pacific Oscillation).  

• research directly examining the changes in Victorian precipitation in climate 

models under anthropogenic and natural forcing has been limited. 

• the relative importance of anthropogenic forcing and natural climate variability to 

the recent drying is unclear. Anthropogenic climate change has likely exacerbated 

drying from natural variability, though the magnitude of the anthropogenic drying 

is uncertain, and further research is needed to clarify the magnitude of the 

contribution.  

• There is scope to provide an estimate of the magnitude of the contribution of 

anthropogenic forcing to the recent multidecadal drying through the use of climate 

models and observations. We will provide this estimate in a future study. 
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4. HOW WELL DO MODELS SIMULATE VICTORIAN 
RAINFALL? 

In order to use climate models to assess the contribution of external forcing to the recent 

cool-season drying, we must first assess if they are fit for purpose. There are a range of 

metrics used to assess the ability of climate models to simulate Victorian rainfall. These 

include an assessment of the local seasonal cycle and also large-scale features of 

importance to Victoria's rainfall such as the representation of SAM and ENSO. 

Many studies have evaluated the skills of climate models in simulating a wide range of 

climate features by comparing their outputs against a set of high quality observations both 

internationally (e.g. as part of the IPCC AR5 process), nationally (e.g., (CSIRO and 

Bureau of Meteorology 2015)) and regionally (e.g., (Moise et al. 2015)). Models were 

assessed with respect to the observed climatological characteristics (e.g. historical mean 

and its spatial structure, annual cycle) using the 1986 – 2005 baseline period. In addition, 

over Australia, how the models simulate the large-scale drivers that influence these 

characteristics and their teleconnections, and long-term trends were also evaluated (e.g., 

(Bhend and Whetton 2015; Grose et al. 2015b,a; Timbal et al. 2015)). These studies have 

shown that the performances of models vary regionally and that performance also 

depends on which climatic variable is considered. Similarly, the model skill also depends 

on the scoring measure used. Nevertheless, CSIRO and Bureau of Meteorology (2015) 

have produced a summary of CMIP5 models (Taylor et al. 2012) scoring low on various 

skill metrics, by evaluating them over different clusters of Australia as defined in the 

Natural Resources Management (NRM) project. 

In general, model evaluation studies across Australia have found that CMIP5 models 

show an overall improvement compared with CMIP3 models (e.g., (Murphy et al. 2015; 

CSIRO and Bureau of Meteorology 2015; Moise et al. 2015)). Increases in horizontal and 

vertical resolution, an improved representation of climatic processes and the availability 

of a larger set of ensemble members in CMIP5 are thought to be the main reasons behind 

the improvement in overall skill. Despite these improvements, CMIP5 models still exhibit 

the cold tongue bias in the tropical Pacific (Brown et al. 2016) and deficiencies in ENSO 

(Power et al. 2013; Bellenger et al. 2014), and deficiencies in their simulation of the 

diurnal cycle of rainfall and the Madden Julian Oscillation (MJO). 

Over Victoria, VicCI research (Hope et al. 2017) found that most climate models provide 

a reasonably accurate simulation of the timing of the observed seasonal cycle of 

temperature (Fig 7). However, most the overwhelming majority of models (38 out of 46) 

overestimate the annual cycle of temperature, with the multi-model mean slightly too 

high year round. This systematic model warm bias is robust and persists irrespective of 

baseline periods (e.g. 1911 – 2005; 1961 – 1990; 1986 – 2005; not shown). A similar 

statistic was reported in the NRM Southern Slopes Cluster which includes southern part 

of Victoria and Tasmania (Grose et al. 2015a). However, it was attributed to poorly 

resolved Tasmania in the models.  
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New research in this project, indicates that the warm bias still exists in most of the models 

even if Tasmania is excluded in the computation. On comparing the annual cycle of pre-

industrial (pi-control) runs using 500 years of simulation with the observation over 

Victoria, we found that most of the pi-control models also simulate warmer annual cycle. 

On average, the multi-model mean for the pi-control and historical runs are respectively 

0.25 °C and 0.60 °C warmer than the observations for the baseline period 1911 – 2005. 

This finding suggests that approximately 40% of the warm bias in the historical model 

runs is inherited from the pi-control runs (Fig. 7). 

 

Fig. 7: Mean annual cycle of (a) surface air temperature over Victoria as simulated by cmip5 models with 

historical runs (red lines) for the period 1911 – 2005 and with pre-industrial control runs (green lines) using 

last 500 years of simulation. Ensemble means of historical and pre-industrial runs are shown respectively, 

in dark red and dark green colours while the observed climatology based on AWAP for the period 1911–

2005 is shown in black line. (b) annual cycle of warming/cooling as simulated by the cmip5 historical runs 

compared to pre-industrial runs. 

A similar comparison was performed for the annual cycle of Victorian rainfall (Fig. 8). It 

is well known that the timing and magnitude of rainfall tends to be poorly simulated in 

models with coarser resolutions (CSIRO and Bureau of Meteorology 2015), as rainfall 

involves small-scale processes which are not well resolved in climate models (Flato et al. 

2013). VicCI research found that the majority of CMIP5 models simulate the timing of 

seasonal rainfall pattern adequately, but with some exceptions. For example, a few 

models show a reversed annual cycle (i.e., a summer peak in rainfall for Victoria) and 

there exists large inter-model spread. Moreover, the models with summer maximum 

rainfall poorly simulate observed year-to-year variability in rainfall. Nevertheless, the 

multi-model ensemble mean exhibits a seasonal evolution similar to its observed 

counterpart. However, the multi-model mean rainfall is lower than observed in all seasons 

except summer. Our analysis shows that the annual cycle of rainfall under historical 

conditions is slightly drier in the cool season and wetter in the warm season compared 

with pre-industrial runs of the same models. This indicates that the dry bias and warming 

bias evident in the historical runs are at least partially linked. Note that the magnitude of 
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cool season drying in the historical runs with respect to pi-control runs is small compared 

with the observed decline.  

 

Fig. 8: Mean annual cycle of (a) rainfall over Victoria as simulated by cmip5 models with historical runs (red 

lines) for the period 1900 – 2005 and with pre-industrial control runs (green lines) using last 500 years of 

simulation. Ensemble means of historical and pre-industrial runs are shown respectively, in dark red and 

dark green colours while the observed climatology based on AWAP for the period 1900–2005 is shown in 

black line. (b) annual cycle of drying/wetting as simulated by the cmip5 historical runs compared to pre-

industrial runs. 

It is also of interest to know if the models replicate observed trends (Chowdhury and 

Beecham 2010; Power et al. 2017; CSIRO and Bureau of Meteorology 2015). The 

magnitude of the observed temperature trend between 1910 and 2005 is fairly well 

matched by the multi-model mean, but with large model spread around this mean (Grose 

et al. 2015a; Timbal et al. 2016). Similarly, the acceleration of warming since 1960s is 

also closely matched by the multi-model mean. However, the models failed to capture the 

distinct seasonal variation in observed temperature trends (i.e. high in winter and low in 

summer). Grose et al. (2015a) found that rainfall trends in CMIP5 models for 1960 – 2005 

are also not statistically different compared to the observed trend, except in autumn where 

the rainfall decline is not matched by models. Bhend and Whetton (2015) found that fewer 

than 10 per cent of CMIP5 models reproduce the significant drying in Victoria in autumn, 

and majority of the models are not able to reproduce the observed rainfall trends across 

Victoria over the last 30 years. However, they noted that the extent of the areas for which 

these discrepancies exist is not larger than expected due to the pronounced variability on 

inter-annual to decadal scales.  

CMIP5 models have also been assessed on their ability to simulate key features of 

atmospheric circulation and modes of climate variability that affect Victorian rainfall as 

described in Section 2. Studies undertaken during the VicCI and the NRM projects have 

shown that most of the CMIP5 models are generally able to simulate the major climate 
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features (ENSO, IOD, SAM, sub-tropical jet, circulation) and their relationship with 

Victorian rainfall, however, some systematic errors are evident. For example, Timbal et 

al. (2016) found that many CMIP5 models adequately simulate the broad characteristics 

(strength and location) of the STR, including its seasonal cycle. Similarly, Grose et al. 

(2015b) found that CMIP5 models simulate an intensification and poleward shift of the 

STR under global warming, contributing to reduced rainfall in the cool season over 

Victoria. However, they found that the models underestimate the historical trends in the 

STR intensity and the magnitude of the correlation coefficient between inter-annual STR 

intensity and Victorian rainfall. These issues suggest that CMIP5 rainfall projections for 

Victoria during the cool season in response to the STR changes may be underestimated, 

and this lowers confidence in Victorian rainfall projections using the same models. 

VicCI research showed that CMIP5 models are able to simulate the broad characteristics 

of the SAM, including the observed positive trend in SAM in recent decades. However, 

there are issues with the finer details of its location and behaviour in climate models. 

Furthermore, there exists a substantial bias in modelling the impacts of the trend of the 

SAM on Victorian rainfall. Some models underestimate the winter rainfall decline 

associated with high SAM, while overestimating the increase in summer rainfall. 

In general, there has been an improvement in the simulation of ENSO in climate models 

archived in CMIP5 compared to CMIP3 models (Guilyardi et al. 2009; Christensen and 

Al. 2013; Power et al. 2013), mostly due to the reduction in number of poor performing 

models (Flato et al. 2013). Nevertheless, Catto et al. (2012a,b) found that CMIP5 models 

are still failing to capture the strength of negative correlations between the equatorial 

Pacific SSTs and north Australian SSTs during the second half of the year. Weller and 

Cai (2013) found no substantial improvements in the simulation of IOD pattern and/or 

amplitude during austral spring in CMIP5 models compare to CMIP3 models. They found 

that most of the CMIP5 models produce a larger variance of SST over the tropical eastern 

Indian Ocean near Sumatra-Java region and an IOD amplitude that is far greater than is 

observed. However, they found that the relationship between rainfall and tropical Indian 

Ocean SSTs is well simulated.  

Timbal and Hendon (2011) developed a tripole index to summarise the tropical influences 

of both ENSO and IOD on rainfall across Australia. This index takes into account average 

SSTs over the central Pacific, northern Australia and north western Indian Ocean, 

providing a stronger relationship with Victorian rainfall compared to ENSO or the IOD 

index alone. Timbal et al. (2017) analysed the ability of 36 CMIP5 models to reproduce 

tropical SST variability (tripole index) and its relationship to Victorian rainfall. They 

found that the climate models produce a realistic annual cycle of tripole index but 

majority of models systematically overestimate the magnitude of the tropical variability 

all year round. On the other hand, most of the models tend to underestimate the strength 

of the relationship of tripole index with Victorian rainfall despite they capture the 

seasonality of this relationship reasonably (i.e. strongest in spring).  
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On decadal scales, Kociuba and Power (2015) found that interannual MSLP variability 

in CMIP5 models was too high while decadal variability was too weak compared to the 

observations. Similarly, Henley et al. (2017) found that CMIP5 models underestimate 

decadal-scale IPO tripole index (TPI) variance and the ratio of the decadal-to-total 

variance compared to observations. Nevertheless, they found that the models credibly 

represent the observed spatial pattern of Pacific SSTs associated with the IPO, however 

with an overall bias in the duration of simulated IPO phases. They found that most models 

overestimated the number of IPO events per century as those models tend to 

underestimate persistence (Kociuba and Power 2015). Nguyen et al. (2015) found that 

the change in the IPO phase over the past 30 years has promoted the recent expansion of 

the Hadley circulation, and it is likely that the lack of such an IPO signature among the 

climate models may have contributed to the underestimation of the recent expansion in 

the models. 

Given the limitations of current models, it will be worthwhile for us to consider those 

models that best simulate Victorian climate separately as part of our future investigations, 

as well as trying to include new models if they show improvements in their simulation of 

Victorian climate or improvements more broadly. 

 

5. WHAT IS PROJECTED FOR VICTORIAN RAINFALL? 

To better understand whether the recent dry decades are consistent with the 'fingerprint' 

of climate change as projected under greenhouse gas forcing increases in the future, we 

summarise the findings of several previous studies that examined projections for 

Victorian rainfall as follows. 

5.1 SEACI Phase 1 (CSIRO 2010) 

Based on projections from global climate models and associated downscaling, research 

undertaken during SEACI phase 1 found that south-eastern Australia is likely to be 

warmer and drier in future decades, especially in the winter. The large majority of the 

global climate models (out of 15 CMIP3 models) agreed on a reduction in future winter 

rainfall despite existence of considerable uncertainty in the projections. Chiew et al. 

(2009) pointed out that the large uncertainty may primarily arise from the different 

sensitivities of different global climate models to greenhouse gases. Mpelasoka and 

Chiew (2009) used alternative methods for scaling global climate model output to drive 

a high-resolution hydrological model. They found that while most models project a wetter 

future for northern Australia, they project a drier future for southern Australia. Post et al. 

(2008) estimated that the future mean annual runoff is likely to change by between -30 % 

and 10 % in the southern Murray Darling Basin (MDB) and Victoria for a global warming 

of 0.9°C (2030 relative to 1990). In contrast, they found little agreement in the 15 
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modelling results in northern MDB with projected future streamflow to be between ±30 

%.  

5.2 SEACI Phase 2 (CSIRO 2012) 

During SEACI Phase 2, climate change projections of climate and streamflow for south-

eastern Australia for 1 °C and 2 °C of global warming for determining the impacts of a 

changing climate on future water availability, using improved methods. The best estimate 

of annual average warming for Australia is 1°C by 2030 relative to 1990 and between 0.8 

to 1.8 °C (low emission scenario) and 1.5 to 2.8 °C by 2050 (high emission scenario). 

These improved results also indicated the likelihood of a warmer and drier future in the 

southern Murray Darling Basin and Victoria, although there is a large range of uncertainty 

in the magnitude of the projected reductions in rainfall. Averaged over the southern part 

of the SEACI region (south of 33° S) mean annual rainfall is projected to reduce by 0 to 

9 percent (median of 4 percent) and mean annual runoff by 2 to 22 percent (median of 12 

percent) for a 1 °C warming (by approximately 2030 relative to 1990).  

The projections indicate a rainfall decline in the cool season (April to October) consistent 

with expected changes in the large-scale atmospheric and oceanic influences on rainfall 

in a warmer world. In particular, the models typically show a further intensification of 

pressure in the sub-tropical ridge and the southward movement of this ridge, resulting in 

a further southward movement of the westerly wind belt and associated mid-latitude 

storm tracks. In addition, model results showed that the SAM will trend towards more 

positive values in a warmer world, leading to drier conditions across south-eastern 

Australia in winter. There may also be an increase in the number of positive IOD events, 

bringing drier conditions to south-eastern Australia from winter to spring. There is less 

agreement among climate models in the northern part of the region. Averaged over the 

region north of 33° S, for a 1 °C warming, the mean annual rainfall is projected to change 

by –11 to +4 percent (median of –3 percent) and the mean annual runoff is projected to 

change by –29 to +12 percent (median of –10 percent). Projected changes for 2 °C of 

global warming are approximately double those for 1 °C of global warming.  

5.3 VicCI Synthesis Report (Hope et al. 2017) 

VicCI, researchers analysed projections of plausible future climates for Victoria using 

model output from the CMIP5 model ensemble under two greenhouse gas emissions 

scenarios: RCP8.5 representing business as usual increases in greenhouse gases, and 

RCP4.5 representing substantial emissions reduction. In broad terms, they found that the 

range in projected runoff using information from the latest models is similar in magnitude 

to those from earlier CMIP3 models used in SEACI phases 1 and 2 (Hope et al. 2017). 

Also, in line with the previous studies, VicCI research further strengthened the conclusion 

that future runoff and streamflow in Victoria is likely to decline, driven by projected 

declines in future rainfall - particularly cool season rainfall when most of the runoff 

occurs. By the end of the 21st century, it is projected (relative to 1986–2005) that the 

magnitude of cool season rainfall decline from –34% to +4% in the Murray Basin Victoria 
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and –31% to +4%, with a median of –15% in south-west Victoria for RCP8.5 emission 

scenario. Furthermore, better performing models result in a stronger rainfall decline for 

all Victoria under RCP8.5, from a median of –8% to –14%.  

Using empirical downscaling, the runoff projections for a future with little curbing of 

emissions (median of climate models under RCP8.5) show annual runoff decreases of 5–

15% over most of Victoria by 2040 and 10–30% by 2065 (relative to 1975-2014), with 

comparatively larger reductions in south-west Victoria. Plausible runoff futures by 2065 

across all emission scenarios range from little change in runoff over most of Victoria 

under the low-impact scenario, through to runoff decreases exceeding 40% in most 

regions, with a proportionally larger impact in western Victoria. Statistically and 

dynamically downscaled results exhibit greater agreement in median rainfall changes 

during winter and spring, whereas the projections for other seasons look rather different. 

A clear explanation for why the different downscaling techniques give such great 

differences in projected rainfall is an obvious subject for further research. 

5.4 NRM Southern Slopes Cluster Report (Grose et al. 2015a) 

Grose et al. (2015a) found that almost all CMIP5 models project a reduction of mean 

annual rainfall across the Southern Slopes which largely consists of southern Victoria. 

They indicated that there is high confidence that natural climate variability will remain 

"the major driver" of rainfall changes by 2030 even as anthropogenic changes become 

apparent. They estimated that changes in 20-year annual mean rainfall by 2030 relative 

to 1986 – 2005 are about - 10 to +5 % annually and about -20 to +15 % seasonally. The 

ranges for 2030 primarily reflects uncertainty arising from natural variability.  

Similarly, Grose et al. (2015a) also found that there is high confidence in projected 

rainfall decreases in winter and spring in the Southern Slopes under higher emissions 

(RCP8.5) from 2050 to 2090, but with some differences within the region and between 

seasons. This high confidence stems from a good understanding of the driving 

mechanisms and high agreement between models means. By 2090, spring rainfall is 

projected to decrease across the Southern Slopes by around -25 to +5 % under RCP4.5 

and -45 to +5 % under RCP8.5. Most models project a decrease in winter rainfall in 

Victoria of up to -15 % under RCP4.5 and up to -30 % under RCP8.5 relative to 1986 - 

2005. Summer rainfall is projected to either increase or decrease over Victorian regions 

and there is no clear agreement among the models on the sign of future rainfall change. 

Most models project little change in autumn in all regions with in the Southern Slopes. 

However, this disagrees with post-1960 trends and there are known deficiencies in the 

simulation of the current climate in autumn. The changes in spring and autumn are the 

reverse of those observed in recent decades, where autumn declines have been more 

significant than spring changes. This discrepancy is sometimes referred to as the ‘seasonal 

paradox’ and it is the subject of ongoing research.  
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The existence of this discrepancy lowers the confidence we have in projections of autumn 

rainfall and our ability to quantify the relative importance of anthropogenic forcing and 

natural changes in the recent multidecadal drying that has occurred in Victoria.  

5.5 NRM Murray Basin Cluster Report (Timbal et al. 2015) 

Timbal et al. (2015) found that the changes in mean rainfall across the NRM Murray 

Basin Cluster, which largely consists of northern Victoria, are not strongly different 

relative to 1986 - 2005 to those due to natural variability under any RCP scenarios by 

2030. If there is a signal at this stage then it is small compared to natural variability. Under 

all RCPs, they found that the changes in mean rainfall are around -10 to +5% changes 

annually, and around -15 to +10 % in winter, and -15 to +15 % in summer. By 2090, 

changes in winter rainfall span -20 to +5 % under RCP4.5 and -40 to +5 % under RCP8.5, 

and those in summer rainfall span -15 to +10 % under RCP4.5 and -15 to +25 % under 

RCP8.5. Recent studies have found similar results (e.g., Hope et al. 2015).  

The NRM Murray Basin Cluster report concluded that "considering (1) the physical 

understanding of the relationship between the Mean Meridional Circulation, the sub-

tropical ridge and rainfall across Victoria; (2) the projections of MSLP increase and STR 

strengthening, (3) the difficulties that the models have in adequately capturing the 

observed relationship between STR and rainfall, and (4) the results from downscaling, 

there is high confidence that cool season rainfall across Victoria will decline in the future. 

The magnitude of this decline is, however, very uncertain given the large spread in models 

results. For the warm season, there is medium confidence that future rainfall will remain 

unchanged. There is also high confidence that natural variability will remain large 

relative to any anthropogenic changes, at least for the near future (2030)". 

5.6 More recent studies 

It is sometimes argued that confidence in projections can be improved by selecting only 

climate models that best simulate the weather and climate features that have a strong 

influence on Australian rainfall. Grose et al. (2015a) adopted this approach and found that 

15 climate models passed tests on their representation of local circulation features. The 

resulting projected change in rainfall for 2080–2099 (relative to 1986–2005) under 

RCP8.5 showed that the rainfall reductions in winter (July) is even stronger in both the 

south-west and the south-east of the continent than previously indicated using the full 

group of climate models. This is consistent with the observed rainfall declines in winter 

over the last several decades being at the drier end of model projections to 2030. 

5.7 Summary 

In summary, all the above studies that examined projections for Victorian rainfall suggest 

a greater likelihood of a drier climate for Victoria in response to increased anthropogenic 

forcings. A decline in cool season rainfall of 8% for late 21st century, relative to 1986 – 
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2005, is projected by CMIP5 models under a high greenhouse gas emissions scenario 

called RCP8.5. Across the south western part of Victoria, a larger decline in rainfall is 

projected compared with northern Victoria. Models which simulate key climate features 

relevant to Victorian rainfall (e.g., the subtropical ridge, jets, atmospheric blocking, 

baroclinic instability and storm tracks) more accurately, exhibit a larger rainfall decline 

for Victoria under RCP8.5. The studies also conclude that natural climate variability may 

remain "the major driver" of rainfall changes prior to 2030, even as anthropogenic 

changes become more apparent.  

On the other hand, there is no clear agreement among the models on the sign of future 

rainfall change during summer. Statistically and dynamically downscaled results exhibit 

greater agreement in median rainfall changes during winter and spring, whereas the 

projections for other seasons look rather different. For autumn, most host models also 

project little change in rainfall across Victoria. However, this disagrees with the post-

1960 observed trends as observed autumn declines have been more significant than 

observed spring changes.  Deficiencies in the simulation of the current climate in autumn 

are also apparent. We therefore conclude that these observation-model discrepancies 

lower the confidence we have in both projections and in our ability to quantify the relative 

importance of anthropogenic forcing and natural changes in the recent multidecadal 

drying that has occurred in Victoria. 

 

6. WHAT IS A BASELINE, AND WHAT FACTORS NEED TO 
BE CONSIDERED WHEN CHOOSING A BASELINE? 

6.1 What is a "baseline"? 

A baseline is a period which has been chosen to best represent the current climate of a 

region with which climate change information is usually combined to create a climate 

scenario (IPCC 2013). It is used for many purposes, for example: 1) it is used as a 

reference against which recent observations are compared, 2) it is widely used (implicitly 

or explicitly) for predictive purposes, as an indicator of the conditions likely to be 

experienced in a given location (Trewin 2007) and 3) it is also used as a benchmark to 

evaluate the future changes in climate for planning and management processes. 

Irrespective of purposes, key requirements for a baseline are that it should be of sufficient 

duration to encompass the range of natural climate variability (e.g., severe droughts or 

cool seasons), but, given that the climate is likely to be changing due to 

anthropogenically-driven climate change, the baseline should also be of short enough 

duration so as to represent the current state of the climate, and minimise the chance of 

any climate shifts within the baseline period. 
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6.2 What factors need to be considered when choosing a 
baseline? 

Various baseline periods are currently being in use to estimate and extrapolate the climate 

statistics, mainly climate normals (e.g., (Huang et al. 1996; Wilks 1996; Livezey et al. 

2007; Arguez and Vose 2011; Wilks 2013; Wilks and Livezey Robert E. 2013; Hawkins 

and Sutton 2016; Hawkins et al. 2017). These climate normals have been found useful in 

an enormous number of many long-term planning and design applications. The World 

Meteorological Organization (WMO) recommends using a period of at least 30 years 

(e.g., 1961–1990, 1981 - 2010) as a baseline to compute the climatological standard 

normals and suggests updating its 30-years baseline every decade with a view to 

providing a measure of the local climate at a given time (WMO 2017). Intergovernmental 

Panel on Climate Change (IPCC) has used the 1986–2005 period as a baseline in its fifth 

assessment report (IPCC 2013) as a reference period in its assessment of climate change. 

The same period has been used as baseline by the NRM project and BoM for the 

assessment of climate change over Australia (CSIRO and Bureau of Meteorology 2015). 

Similarly, National Centers for Environmental Information (NCEI) designed alternative 

ways of defining “normal” to provide a better estimate of current or future climate 

conditions in an era of climate change4 which include Optimal Climate Normal (OCN) 

approach (Huang et al. 1996) and the Hinge Fit (Livezey et al. 2007). Recognizing SEACI 

and VicCI research findings, the current guidelines for Assessing the Impact of Climate 

Change on Water Supplies in Victoria developed by the DELWP recommends using a 

current climate baseline from July 1975 to date for water resources planning and 

management across Victoria (DELWP 2016a). Few high-impact assessment agencies use 

the start of Millennium Drought to current (post 1997) period as a baseline. 

If tracking climate change, then it makes sense to use a fixed baseline and reference all 

change to that climatology (generally covering a period of good observations, or 

alternatively a 'pre-industrial' period). However, several studies (e.g., Huang et al. 1996; 

Livezey et al. 2007; Wilks and Livezey Robert E. 2013) have found that WMO-

recommended 30-yr normals, even updated every decade, are no longer robust for the 

design, planning, and decision-making purposes as they are becoming unrepresentative 

of the current climate due to rapid changes in the global climate. The key problem is that 

climate normals are calculated retrospectively, but are often utilized prospectively as 

pointed out by (Arguez and Vose 2011). Specifically, climate normals are calculated 

using data from a recent N-year period assuming that the climate statistics of a variable 

is time invariant (stationary) but one of their primary utilities is to provide stakeholders 

and decision makers with a metric of future climate conditions that can be taken into 

account in long-term planning considerations. However, recent studies (e.g., Solomon et 

al. 2007; Milly et al. 2008) have shown that many climate variables (e.g., temperature 

and rainfall) exhibit significant trend in time series both globally and regionally which 

violates the assumption of stationarity and a retrospective 30-yr average becomes 

considerably less useful as an indicator of current and future climate conditions. 

 
4 https://www.ncdc.noaa.gov/news/defining-climate-normals-new-ways 

https://www.ncdc.noaa.gov/news/defining-climate-normals-new-ways
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Similarly, using most recent and shorter period baseline alone will omit important aspects 

of the climate variability experienced previously. 

6.3 Climate Normals in the literature 

There has been extensive literature on ‘optimal climate normals (OCN)’ or "optimal 

sampling period" developed as an aid to making long lead seasonal predictions and for 

best depiction of the current climate. Huang et al. (1996) and Wilks (1996) found that 

annually updated climate normals averaged over shorter periods (10 years for temperature 

and 15 year for rainfall) are better than the WMO specified 30-yr normal, in terms of skill 

in seasonal temperature prediction in the upcoming year over USA. However, Livezey et 

al. (2007) found that the OCN method implemented with flexible averaging periods only 

begins to fail for very strong underlying trends or for longer extrapolations with more 

moderate background trend. They found that least squares linear trend fits to the period 

since the mid-1970s could be viable alternatives to OCN when it is expected to fail. 

According to them an even better alternative are hinge-fit normals (Fig. 9) which are 

based on modelling their time dependence on the known temporal evolution of the large-

scale climate and are implemented with generalized least squares. Livezey et al. (2007) 

suggested a ‘‘hybrid’’ procedure for defining climate normals, in which the hinge 

function is used to extrapolate recent trends in cases in which the fitted hinge model is 

sufficiently strong, with OCN being used otherwise. They also recommended that linear 

or other trends should never be fit to whole time series and suggested to gain insight about 

the functional form of regional and sub-regional trends from state-of-the-art qualifying 

climate models. They also suggested using these models as a tool to test competing 

empirical methods for estimating and projecting these trends. 

Wilks (2013) argued that simply averaging a large number of previous years of data may 

not be the best method for estimating normals in a changing climate. In his paper, he 

examined the performance of eight formulations for computing climate normals in both 

artificial- and real-data settings. Wilks and Livezey (2013) extend the work of Wilks 

(2013) to address the impact of the data used on the conclusions about alternatives to the 

standard WMO climate normals. They considered eleven alternatives to the annually 

updated 30-yr average for specifying climate normals for the purpose of projecting 

nonstationarity in the mean U. S. temperature climate during 2006 – 12. Their results 

suggested that the hinge function, although is attractive conceptually for representing 

accelerating climate changes simply, its use is in general not yet justified for divisional 

U.S. seasonal temperature or precipitation. They found that averages of the most recent 

15 and 30 years have performed better during the recent past for U.S. divisional seasonal 

temperature and precipitation, respectively. 
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Fig. 9: January – March mean temperatures for western Colorado, and the ordinary least squares hinge fit 

to the data; fig.5 of Livezey et al. (2007). 

Arguez and Vose (2011) argued that possible alternative climate normals can be devised 

by altering one or more of five fundamental attributes of the standard WMO climate 

normal. According to them, the five important attributes of the normal metric are: 1) it is 

a temporal average, 2) the average is unweighted, 3) the averaging period is 30 

consecutive years, 4) it is a casual filter (using past and current values only), and 5) it is 

updated once per decade. They pointed out that the standard 30-yr WMO climate normal 

(e.g. 1981 – 2010) is an indication of typical climate conditions for 1995/1996 which is 

the midpoint of the averaging range. On this basis, they argued that the WMO standard 

climate normals will always be at least 15 years out of date even a new product is released 

every decade. They suggested a 30-yr average cantered on today could be computed from 

the most recent 15 years of observations along with the forecast for the next 15 years 

using statistical methods or from downscaled climate model projections. 

6.4 Summary 

A baseline is a historical period which is chosen to best represent the current climate of a 

region and serves two main purposes: 1) it is used as a reference against which recent 

observations are compared and 2) it can be used as a benchmark to evaluate future 

changes in climate for planning and management processes. The World Meteorological 

Organization (WMO) recommends using a period of at least 30 years (e.g. 1981–2010) 

as a baseline to compute the climatological standard normals, while IPCC has used the 

1986–2005 period as a baseline in its fifth assessment report (IPCC 2013) as a reference 

period in its assessment of climate change.  
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While baseline is defined in terms of "current climate", it is sometimes used as a source 

of information what the range of possible climatic conditions that could unfold over the 

coming decade. Key requirements for a baseline defined in this way are that it should be 

of sufficient duration to encompass the wide range of natural climate variability, but 

should also be short enough so as to include the impact of changing arising from global 

warming.  

When this is the purpose of a baseline, the approaches taken by WMO and IPCC might 

not be optimal. For example, a number of studies have found that 30 years or less is not 

long enough to adequately represent the range of rainfall variability, especially when it is 

used as a predictive indicator of the conditions likely to be experienced in a given 

location. Hence, the Guidelines for Assessing the Impact of Climate Change on Water 

Supplies in Victoria developed by the Department of Environment Land, Water and 

Planning (DELWP) recommends using 1975 to near-present as a current baseline period 

for water resources planning and management. Victorian rainfall varies at all temporal 

scales, and it includes a known influence from climate change.  

Victoria just experienced its driest cool season (April – October) rainfall for the last 30 

years compared to any 30-year period in the historical record from 1900–2016 (Timbal 

et al. 2016). It is thus not clear if any historical period is truly representative of the current 

state of climate or the range of possible climatic conditions will be over the coming 

decade. 

Hope et al. (2017) pointed out that baseline selection poses a significant source of 

uncertainty in the future projections of Victoria’s climate. The Bureau of Meteorology 

recently began research on baselines for the Victorian water sector as part of a new 

program co-funded by the DELWP and the Bureau. We are analysing baselines over the 

historical period and for coming years and decades to examine the impact of natural 

climate variability and anthropogenic forcing on the baselines. We have begun to examine 

baselines in both the observations and a large number of climate models from around the 

world. This research will be described at a later date. As part of this project we will also 

provide information on the pros and cons of various baseline choices, and we also aim to 

provide advice on how choosing baselines might be improved.  



A LITERATURE REVIEW OF PAST AND PROJECTED CHANGES IN VICTORIAN RAINFALL AND THEIR CAUSES, AND CLIMATE BASELINES 

 

 

33 
 

REFERENCES 

Arguez, A., and R. S. Vose, 2011: The definition of the standard WMO climate normal: The 
key to deriving alternative climate normals. Bull. Am. Meteorol. Soc., 
doi:10.1175/2010BAMS2955.1. 

Australian Bureau of Meteorology and CSIRO, 2011: Climate Change in the Pacific: Scientific 
Assessment and New Research. Volume 1: Regional Overview. Volume 2: Country 
Reports. 

——, 2014: Cimate Variability, Extremes and Change in the Western Tropical Pacific: New 
Science and Updated Country Reports 2014. 

Bellenger, H., E. Guilyardi, J. Leloup, M. Lengaigne, and J. Vialard, 2014: ENSO 
representation in climate models: From CMIP3 to CMIP5. Clim. Dyn., 42, 1999–2018, 
doi:10.1007/s00382-013-1783-z. 

Bhend, J., and P. Whetton, 2015: Evaluation of simulated recent climate change in Australia. 
Aust. Meteorol. Oceanogr. J., 65, 4–18, doi:10.22499/2.6501.003. 

Black, M. T., D. J. Karoly, and A. D. King, 2015: The contribution of anthropogenic forcing to 
the adelaide and Melbourne, Australia, heat waves of January 2014. Bull. Am. Meteorol. 
Soc., doi:10.1175/BAMS-D-15-00097.1. 

Brown, J. R., A. F. Moise, R. Colman, and H. Zhang, 2016: Will a warmer world mean a wetter 
or drier Australian monsoon? J. Clim., 29, 4577–4596, doi:10.1175/JCLI-D-15-0695.1. 

Cai, W., P. van Rensch, T. Cowan, and H. H. Hendon, 2011: Teleconnection pathways of 
ENSO and the IOD and the mechanisms for impacts on Australian rainfall. J. Clim., 
doi:10.1175/2011JCLI4129.1. 

——, A. Purich, T. Cowan, P. Van Rensch, and E. Weller, 2014: Did climate change-induced 
rainfall trends contribute to the australian millennium drought? J. Clim., 27, 3145–3168, 
doi:10.1175/JCLI-D-13-00322.1. 

Callaghan, J., and S. B. Power, 2011: Variability and decline in the number of severe tropical 
cyclones making land-fall over eastern Australia since the late nineteenth century. Clim. 
Dyn., 37, 647–662, doi:10.1007/s00382-010-0883-2. 

Catto, J. L., N. Nicholls, and C. Jakob, 2012a: North Australian sea surface temperatures and 
the El Niño-Southern Oscillation in observations and models. J. Clim., doi:10.1175/JCLI-
D-11-00311.1. 

——, ——, and ——, 2012b: North australian sea surface temperatures and the Elño-southern 
oscillation in the CMIP5 models. J. Clim., doi:10.1175/JCLI-D-12-00214.1. 

Chiew, F. H. S., J. Teng, J. Vaze, and D. G. C. Kirono, 2009: Influence of global climate model 



A LITERATURE REVIEW OF PAST AND PROJECTED CHANGES IN VICTORIAN RAINFALL AND THEIR CAUSES, AND CLIMATE BASELINES 

 

34 
 

selection on runoff impact assessment. J. Hydrol., doi:10.1016/j.jhydrol.2009.10.004. 

Chowdhury, R. K., and S. Beecham, 2010: Australian rainfall trends and their relation to the 
southern oscillation index. Hydrol. Process., doi:10.1002/hyp.7504. 

Christensen, J. H., and C. et Al., 2013: Climate phenomena and their relevance for future 
regional climate change. Climate Change 2013 the Physical Science Basis: Working 
Group I Contribution to the Fifth Assessment Report of the Intergovernmental Panel on 
Climate Change, Vol. 9781107057 of, 1217–1308. 

CSIRO, 2010: Climate variability and change in south-eastern Australia: A synthesis of 
findings from Phase 1 of the South Eastern Australian Climate Initiative (SEACI). 36 pp. 
http://www.seaci.org/publications/documents/SEACI-
2Reports/SEACI_Phase2_SynthesisReport.pdf. 

——, 2012: Climate and water availability in south-eastern Australia: A synthesis of findings 
from Phase 2 of the South Eastern Australian Climate Initiative (SEACI). 41 pp. 
http://www.seaci.org/publications/documents/SEACI-
2Reports/SEACI_Phase2_SynthesisReport.pdf. 

——, and Bureau of Meteorology, 2015: Climate Change in Australia Information for 
Australia’s Natural Resource Management Regions: Technical Report. Melbourne, 
Australia, 222 pp. www.climatechangeinaustralia.gov.au. 

Curtis, S., 2008: The El Niño–Southern Oscillation and Global Precipitation. Geogr. Compass, 
2, 600–619, doi:10.1111/j.1749-8198.2008.00105.x. https://doi.org/10.1111/j.1749-
8198.2008.00105.x. 

Dai, A., J. C. Fyfe, S. P. Xie, and X. Dai, 2015: Decadal modulation of global surface 
temperature by internal climate variability. Nat. Clim. Chang., 5, 555–559, 
doi:10.1038/nclimate2605. 

DELWP, 2016a: Guidelines for assessing the impact of climate change on water supplies in 
Victoria. Department of Environment, Land, Water and Planning. December. 
https://www.water.vic.gov.au/climate-change. 

——, 2016b: Managing extreme water shortage in Victoria: Lessons from the Millennium 
Drought. 124 pp. 
https://www.water.vic.gov.au/__data/assets/pdf_file/0029/67529/DELWP-
MillenniumDrought-web-SB.pdf.pdf. 

Dowdy, A. J., and J. L. Catto, 2017: Extreme weather caused by concurrent cyclone, front and 
thunderstorm occurrences. Sci. Rep., 7, doi:10.1038/srep40359. 

England, M. H., and Coauthors, 2014: Recent intensification of wind-sriven circualtion in the 
Pacific and the ongoing warming hiatus. 1–6, doi:10.1038/NCLIMATE2106. 

Flato, G., and Coauthors, 2013: Chapter 9: Evaluation of Climate Models. Climate Change 



A LITERATURE REVIEW OF PAST AND PROJECTED CHANGES IN VICTORIAN RAINFALL AND THEIR CAUSES, AND CLIMATE BASELINES 

 

 

35 
 

2013: The Physical Science Basis. Contribution of Working Group I to the Fifth 
Assessment Report of the Intergovernmental Panel on Climate Change. 

Freund, M., B. J. Henley, D. J. Karoly, K. J. Allen, and P. J. Baker, 2017: Multi-century cool- 
and warm-season rainfall reconstructions for Australia’s major climatic regions. Clim. 
Past, 13, 1751–1770, doi:10.5194/cp-13-1751-2017. 

Gallant, A. J. E., and J. Gergis, 2011: An experimental streamflow reconstruction for the River 
Murray, Australia, 1783-1988. Water Resour. Res., doi:10.1029/2010WR009832. 

Gallant, A. J. E., A. S. Kiem, D. C. Verdon-Kidd, R. C. Stone, and D. J. Karoly, 2012: 
Understanding hydroclimate processes in the Murray-Darling Basin for natural resources 
management. Hydrol. Earth Syst. Sci., doi:10.5194/hess-16-2049-2012. 

Gergis, J., and Coauthors, 2012: On the long-term context of the 1997-2009 “Big Dry” in 
South-Eastern Australia: Insights from a 206-year multi-proxy rainfall reconstruction. 
Clim. Change, 111, 923–944, doi:10.1007/s10584-011-0263-x. 

Gillett, N. P., and Coauthors, 2016: Making sense of the early-2000s warming slowdown. Nat. 
Clim. Chang., 6, 224–228, doi:10.1038/nclimate2938. 

Grant, S. B., and Coauthors, 2013: Adapting urban water systems to a changing climate: 
Lessons from the millennium drought in southeast Australia. Environ. Sci. Technol., 
doi:10.1021/es400618z. 

Grose, M., and Coauthors, 2015a: Southern Slopes Cluster Report, Climate change in Australia 
projections fro Australia’s natural resource management regions. 

Grose, M., B. Timbal, L. Wilson, J. Bathols, and D. Kent, 2015b: The subtropical ridge in 
CMIP5 models, and implications for projections of rainfall in southeast Australia. Aust. 
Meteorol. Oceanogr. J., 65, 90–106, doi:10.22499/2.6501.007. 
http://www.bom.gov.au/jshess/docs/2015/grose2.pdf. 

Guilyardi, E., A. Wittenberg, A. Fedorov, M. Collins, C. Wang, A. Capotondi, G. J. van 
Oldenborgh, and T. Stockdale, 2009: Understanding El Niño in ocean-atmosphere general 
circulation models: Progress and challenges. Bull. Am. Meteorol. Soc., 
doi:10.1175/2008BAMS2387.1. 

Hawkins, E., and R. Sutton, 2016: Connecting climate model projections of global temperature 
change with the real world. Bull. Am. Meteorol. Soc., doi:10.1175/BAMS-D-14-00154.1. 

——, and Coauthors, 2017: Estimating changes in global temperature since the preindustrial 
period. Bull. Am. Meteorol. Soc., doi:10.1175/BAMS-D-16-0007.1. 

Hendon, H. H., D. W. J. Thompson, and M. C. Wheeler, 2007: Australian rainfall and surface 
temperature variations associated with the Southern Hemisphere annular mode. J. Clim., 
doi:10.1175/JCLI4134.1. 



A LITERATURE REVIEW OF PAST AND PROJECTED CHANGES IN VICTORIAN RAINFALL AND THEIR CAUSES, AND CLIMATE BASELINES 

 

36 
 

——, E. P. Lim, J. M. Arblaster, and D. L. T. Anderson, 2014a: Causes and predictability of the 
record wet east Australian spring 2010. Clim. Dyn., doi:10.1007/s00382-013-1700-5. 

——, ——, and H. Nguyen, 2014b: Seasonal variations of subtropical precipitation associated 
with the southern annular mode. J. Clim., doi:10.1175/JCLI-D-13-00550.1. 

Henley, B. J., J. Gergis, D. J. Karoly, S. Power, J. Kennedy, and C. K. Folland, 2015: A Tripole 
Index for the Interdecadal Pacific Oscillation. Clim. Dyn., 45, 3077–3090, 
doi:10.1007/s00382-015-2525-1. 

——, and Coauthors, 2017: Spatial and temporal agreement in climate model simulations of the 
Interdecadal Pacific Oscillation. Environ. Res. Lett., doi:10.1088/1748-9326/aa5cc8. 

Ho, M., A. S. Kiem, and D. C. Verdon-Kidd, 2015: A paleoclimate rainfall reconstruction in the 
Murray-Darling Basin (MDB), Australia: 2. Assessing hydroclimatic risk using 
paleoclimate records of wet and dry epochs. Water Resour. Res., 51, 8380–8396, 
doi:10.1002/2015WR017059. 

Hope, P., B. Timbal, and R. Fawcett, 2010: Associations between rainfall variability in the 
southwest and southeast of Australia and their evolution through time. Int. J. Climatol., 
doi:10.1002/joc.1964. 

Hope, P., and Coauthors, 2015: Seasonal and regional signature of the projected southern 
Australian rainfall reduction. Aust. Meteorol. Oceanogr. J., 65, 54–71, 
doi:10.22499/2.6501.005. 

Hope, P., G. Wang, E. P. Lim, H. H. Hendon, and J. M. Arblaster, 2016: 24. What caused the 
record-breaking heat across Australia in October 2015? Bull. Am. Meteorol. Soc., 
doi:10.1175/BAMS-D-16-0141.1. 

Hope, P., B. Timbal, H. Hendon, M. Ekström, and N. Potter, 2017: A synthesis of findings from 
the Victorian Climate Initiative (VicCI). http://www.bom.gov.au/research/projects/vicci/. 

Huang, J., H. M. Van den Dool, and A. G. Barnston, 1996: Long-lead seasonal temperature 
prediction using optimal climate normals. J. Clim.,. 

IPCC, 2013: Climate Change 2013: The Physical Science Basis. Contribution of Working 
Group I to the Fifth Assessment Report of the Intergovernmental Panel on Climate 
Change. V.B. and P.M.M. (eds. . Stocker, T.F., D. Qin, G.-K. Plattner, M. Tignor, S.K. 
Allen, J. Boschung, A. Nauels, Y. Xia, Ed. Cambridge University Press, Cambridge, 
https://www.cambridge.org/core/books/climate-change-2013-the-physical-science-
basis/BE9453E500DEF3640B383BADDC332C3E. 

IPCC SPM, 2013: Summary for policymakers. Climate Change 2014: Impacts, Adaptation, and 
Vulnerability. Part A: Global and Sectoral Aspects. Contribution of Working Group II to 
the Fifth Assessment Report of the Intergovernmental Panel on Climate Change. 

Karoly, D. J., and K. Braganza, 2005: Attribution of recent temperature changes in the 



A LITERATURE REVIEW OF PAST AND PROJECTED CHANGES IN VICTORIAN RAINFALL AND THEIR CAUSES, AND CLIMATE BASELINES 

 

 

37 
 

Australian region. J. Clim., doi:10.1175/JCLI-3265.1. 

Kiem, A. S., and D. C. Verdon-Kidd, 2010: Towards understanding hydroclimatic change in 
Victoria, Australia - Preliminary insights into the “big Dry.” Hydrol. Earth Syst. Sci., 14, 
433–445, doi:10.5194/hess-14-433-2010. 

Kirtman, B., and Coauthors, 2013: Near-term climate change: Projections and predictability. 

Kociuba, G., and S. B. Power, 2015: Inability of CMIP5 models to simulate recent 
strengthening of the walker circulation: Implications for projections. J. Clim., 
doi:10.1175/JCLI-D-13-00752.1. 

Kosaka, Y., and S. Xie, 2013: Recent global-warming hiatus tied to equatorial Pacific surface 
cooling. Nature, 501, 403–407, doi:10.1038/nature12534. 

Lim, E.-P., H. H. Hendon, and D. W. J. Thompson, 2018: On the Seasonal Evolution and 
Impacts of Stratosphere-Troposphere Coupling in the Southern Hemisphere. J. Geophys. 
Res. Atmos., doi:10.1029/2018JD029321. 

Lim, E. P., and H. H. Hendon, 2015: Understanding and predicting the strong Southern Annular 
Mode and its impact on the record wet east Australian spring 2010. Clim. Dyn., 
doi:10.1007/s00382-014-2400-5. 

——, ——, J. M. Arblaster, C. Chung, A. F. Moise, P. Hope, G. Young, and M. Zhao, 2016a: 
Interaction of the recent 50 year SST trend and La Niña 2010: amplification of the 
Southern Annular Mode and Australian springtime rainfall. Clim. Dyn., 47, 2273–2291, 
doi:10.1007/s00382-015-2963-9. 

——, ——, ——, F. Delage, H. Nguyen, S. K. Min, and M. C. Wheeler, 2016b: The impact of 
the Southern Annular Mode on future changes in Southern Hemisphere rainfall. Geophys. 
Res. Lett., doi:10.1002/2016GL069453. 

——, ——, M. Zhao, and Y. Yin, 2017: Inter-decadal variations in the linkages between 
ENSO, the IOD and south-eastern Australian springtime rainfall in the past 30 years. Clim. 
Dyn., 49, 97–112, doi:10.1007/s00382-016-3328-8. 

Livezey, R. E., K. Y. Vinnikov, M. M. Timofeyeva, R. Tinker, and H. M. van den Dool, 2007: 
Estimation and extrapolation of climate normals and climatic trends. J. Appl. Meteorol. 
Climatol., doi:10.1175/2007JAMC1666.1. 

Lucas, C., H. Nguyen, and B. Timbal, 2012: An observational analysis of Southern Hemisphere 
tropical expansion. J. Geophys. Res. Atmos., doi:10.1029/2011JD017033. 

Mantua, N. J., S. R. Hare, Y. Zhang, J. M. Wallace, and R. C. Francis, 1997: A Pacific decadal 
climate oscillation with impacts on salmon. Bull. Am. Meteorol. Soc., 78, 1069–1079. 
http://dx.doi.org/10.1175/1520-0477(1997)078%3C1069:APICOW%3E2.0.CO%5Cn2. 



A LITERATURE REVIEW OF PAST AND PROJECTED CHANGES IN VICTORIAN RAINFALL AND THEIR CAUSES, AND CLIMATE BASELINES 

 

38 
 

Marshall, G. J., 2003: Trends in the Southern Annular Mode from observations and reanalyses. 
J. Clim., doi:10.1175/1520-0442(2003)016<4134:TITSAM>2.0.CO;2. 

McBride, J. L., and N. Nicholls, 1983: Seasonal relationships between Australian rainfall and 
the Southern Oscillation. Mon. Wea. Rev., 111, 1998–2004. 

McKeon, G. M., and Coauthors, 2004: Historical degration episodes in Australia: global climate 
and economic forces and their interaction with rangeland grazing systems. Pasture 
Degrad. Recover. Aust. rangelands leaning from Hist. Ed. by G. McKeon, W. Hall, B. 
Henry, G. Stone I. Watson, Queensl. Dep. Nat. Resour. Mines Energy.,. 

Milly, P. C. D., M. Falkenmark, D. P. Lettenmaier, R. M. Hirsch, J. Betancourt, Z. W. 
Kundzewicz, and R. J. Stouffer, 2008: Stationarity Is Dead: Whither Water Management? 
Science (80-. )., doi:10.1126/science.1151915. 

Moise, A., and Coauthors, 2015: Evaluation of CMIP3 and CMIP5 models over the Australian 
region to inform confidence in projections. Aust. Meteorol. Oceanogr. J., 65, 19–53, 
doi:10.22499/2.6501.004. 

Mpelasoka, F. S., and F. H. S. Chiew, 2009: Influence of Rainfall Scenario Construction 
Methods on Runoff Projections. J. Hydrometeorol., doi:10.1175/2009jhm1045.1. 

Murphy, B., B. Timbal, H. Hendon, M. Ekstr?m, P. Hope, B. Timbal, H. Hendon, and M. 
Ekstram, 2015: Victorian Climate Initiative annual report 2014-15. 141 pp pp. 
http://www.bom.gov.au/research/research-reports.shtml. 

Murphy, B. F., and B. Timbal, 2008: A review of recent climate variability and climate change 
in Southeastern Australia. Int. J. Climatol., 28, 859–879, doi:10.1002/joc.1627. 

Newman, M., G. P. Compo, and M. A. Alexander, 2003: ENSO-forced variability of the Pacific 
Decadal Oscillation. J. Clim., 16, 3853–3857, doi:10.1175/1520-
0442(2003)016<3853:EVOTPD>2.0.CO;2. 

Nguyen, H., A. Evans, C. Lucas, I. Smith, and B. Timbal, 2013: The hadley circulation in 
reanalyses: Climatology, variability, and Change. J. Clim., doi:10.1175/JCLI-D-12-
00224.1. 

——, C. Lucas, A. Evans, B. Timbal, and L. Hanson, 2015: Expansion of the Southern 
Hemisphere hadley cell in response to greenhouse gas forcing. J. Clim., doi:10.1175/JCLI-
D-15-0139.1. 

Nicholls, N., 2010: Local and remote causes of the southern Australian autumn-winter rainfall 
decline, 1958-2007. Clim. Dyn., doi:10.1007/s00382-009-0527-6. 

Pook, M. J., P. C. McIntosh, and G. A. Meyers, 2006: The synoptic decomposition of cool-
season rainfall in the southeastern Australian cropping region. J. Appl. Meteorol. 
Climatol., doi:10.1175/JAM2394.1. 



A LITERATURE REVIEW OF PAST AND PROJECTED CHANGES IN VICTORIAN RAINFALL AND THEIR CAUSES, AND CLIMATE BASELINES 

 

 

39 
 

Post, D. A., F. H. S. Chiew, J. Vaze, J. Teng, J. M. Perraud, and N. R. Viney, 2008: Future 
Runoff Projections (~2030) for Southeast Australia. 

Post, D. A., B. Timbal, F. H. S. Chiew, H. H. Hendon, H. Nguyen, and R. Moran, 2014: 
Decrease in southeastern Australian water availability linked to ongoing Hadley cell 
expansion. AGU Earth’s Futur., 231–238, doi:10.1002/2013EF000194.Abstract. 

Potter, N. J., F. H. S. Chiew, H. Zheng, M. Ekström, and L. Zhang, 2016: Hydroclimate 
projections for Victoria at 2040 and 2065. CSIRO publishing. 58 pp. 
https://publications.csiro.au/rpr/pub?pid=csiro:EP161427. 

Power, S., and R. Colman, 2006: Multi-year predictability in a coupled general circulation 
model. Clim. Dyn., 26, 247–272, doi:10.1007/s00382-005-0055-y. 

Power, S., T. Casey, C. Folland, A. Colman, and V. Mehta, 1999a: Inter-decadal modulation of 
the impact of ENSO on Australia. Clim. Dyn., doi:10.1007/s003820050284. 

Power, S., F. Tseitkin, V. Mehta, B. Lavery, S. Torok, and N. Holbrook, 1999b: Decadal 
climate variability in Australia during the twentieth century. Int. J. Climatol., 19, 169–184, 
doi:10.1002/(SICI)1097-0088(199902)19:2<169::AID-JOC356>3.0.CO;2-Y. 

——, F. Delage, C. Chung, G. Kociuba, and K. Keay, 2013: Robust twenty-first-century 
projections of El Niño and related precipitation variability. Nature, 
doi:10.1038/nature12580. 

——, ——, G. Wang, I. Smith, and G. Kociuba, 2017: Apparent limitations in the ability of 
CMIP5 climate models to simulate recent multi-decadal change in surface temperature: 
implications for global temperature projections. Clim. Dyn., doi:10.1007/s00382-016-
3326-x. 

Power, S. B., and J. Callaghan, 2016: Variability in severe coastal flooding, associated storms, 
and death tolls in Southeastern Australia since the mid-nineteenth century. J. Appl. 
Meteorol. Climatol., 55, 1139–1149, doi:10.1175/JAMC-D-15-0146.1. 

——, M. Haylock, R. Colman, and X. Wang, 2006: The predictability of interdecadal changes 
in ENSO activity and ENSO teleconnections. J. Clim., 19, 4755–4771, 
doi:10.1175/JCLI3868.1. 

Risbey, J. S., M. J. Pook, P. C. McIntosh, M. C. Wheeler, and H. H. Hendon, 2009: On the 
Remote Drivers of Rainfall Variability in Australia. Mon. Weather Rev., 
doi:10.1175/2009mwr2861.1. 

Saft, M., A. W. Western, L. Zhang, M. C. Peel, and N. J. Potter, 2015: The influence of 
multiyear drought on the annual rainfall-runoff relationship: An Australian perspective. 
Water Resour. Res., 51, 2444–2463, doi:10.1002/2014WR015348. 

——, M. C. Peel, A. W. Western, J. M. Perraud, and L. Zhang, 2016: Bias in streamflow 
projections due to climate-induced shifts in catchment response. Geophys. Res. Lett., 43, 



A LITERATURE REVIEW OF PAST AND PROJECTED CHANGES IN VICTORIAN RAINFALL AND THEIR CAUSES, AND CLIMATE BASELINES 

 

40 
 

1574–1581, doi:10.1002/2015GL067326. 

Saji, N. H., B. N. Goswami, P. N. Vinayachandran, and T. Yamagata, 1999: A dipole mode in 
the tropical Indian Ocean. Nature, doi:10.1038/43854. 

Solomon, S., D. Qin, M. Manning, Z. Chen, M. Marquis, K. B. Averyt, M. T. and Miller, and 
H.L., 2007: Climate Change 2007: The Physical Science Basis. Contribution of Working 
Group I to the Fourth Assessment Report of the Intergovernmental Panel on Climate 
Change. 

Taylor, K. E., R. J. Stouffer, and G. A. Meehl, 2012: An overview of CMIP5 and the 
experiment design. Bull. Am. Meteorol. Soc., doi:10.1175/BAMS-D-11-00094.1. 

Thompson, D. W. J., and S. Solomon, 2002: Interpretation of recent Southern Hemisphere 
climate change. Science (80-. )., 296, 895–899, doi:10.1126/science.1069270. 

Timbal, B., and H. Hendon, 2011: The role of tropical modes of variability in recent rainfall 
deficits across the Murray-Darling Basin. Water Resour. Res., 
doi:10.1029/2010WR009834. 

——, and W. Drosdowsky, 2013: The relationship between the decline of Southeastern 
Australian rainfall and the strengthening of the subtropical ridge. Int. J. Climatol., 
doi:10.1002/joc.3492. 

——, and R. Fawcett, 2013: A historical perspective on Southeastern Australian rainfall since 
1865 using the instrumental record. J. Clim., doi:10.1175/JCLI-D-12-00082.1. 

——, E. Fernandez, and Z. Li, 2009: Generalization of a statistical downscaling model to 
provide local climate change projections for Australia. Environ. Model. Softw., 24, 341–
358, doi:10.1016/j.envsoft.2008.07.007. 

Timbal, B., and Coauthors, 2015: Murray Basin Cluster Report, Climate change in Australia 
projections fro Australia’s natural resource management regions. 

——, and Coauthors, 2016: Climate change science and Victoria. 94 pp pp. 

Timbal, B., S. Fiddes, and J. R. Brown, 2017: Understanding south-east Australian rainfall 
projection uncertainties: the influence of patterns of projected tropical warming. Int. J. 
Climatol., doi:10.1002/joc.5047. 

Trenberth, K. E., and D. P. Stepaniak, 2001: Indices of El Niño evolution. J. Clim., 
doi:10.1175/1520-0442(2001)014<1697:LIOENO>2.0.CO;2. 

Trewin, B. C., 2007: The role of climatological normals in a changing climate. World Climate 
Data and Monitoring Programme Rep WCMDP-No. 61 and World Meteorological 
Organization Tech. Doc. WMO-TD No. 1377. 46 pp. 
http://www.wmo.int/pages/prog/wcp/wcdmp/%0Adocuments/WCDMPNo61.pdf. 



A LITERATURE REVIEW OF PAST AND PROJECTED CHANGES IN VICTORIAN RAINFALL AND THEIR CAUSES, AND CLIMATE BASELINES 

 

 

41 
 

Verdon-Kidd, D. C., and A. S. Kiem, 2009: On the relationship between large-scale climate 
modes and regional synoptic patterns that drive Victorian rainfall. Hydrol. Earth Syst. Sci., 
doi:10.5194/hess-13-467-2009. 

Weller, E., and W. Cai, 2013: Realism of the indian ocean dipole in CMIP5 models: The 
implications for climate projections. J. Clim., doi:10.1175/JCLI-D-12-00807.1. 

Wilks, D. S., 1996: Statistical significance of long-range “optimal climate normal” temperature 
and precipitation forecasts. J. Clim., doi:10.1175/1520-
0442(1996)009<0827:SSOLRC>2.0.CO;2. 

Wilks, D. S., 2013: Projecting “normals” in a nonstationary climate. J. Appl. Meteorol. 
Climatol., doi:10.1175/JAMC-D-11-0267.1. 

Wilks, D. S., and R. E. Livezey Robert E., 2013: Performance of alternative “normals” for 
tracking climate changes, using homogenized and nonhomogenized seasonal U.S. surface 
temperatures. J. Appl. Meteorol. Climatol., doi:10.1175/JAMC-D-13-026.1. 

WMO, 2017: WMO Guidelines on the Calculation of Climate Normals. World Meteorol. 
Organ., 1203. https://library.wmo.int/opac/doc_num.php?explnum_id=4166. 

Zhao, M., H. H. Hendon, O. Alves, G. Liu, and G. Wang, 2016: Weakened Eastern Pacific El 
Niño predictability in the early Twenty-First Century. J. Clim., doi:10.1175/JCLI-D-15-
0876.1. 

 

  



A LITERATURE REVIEW OF PAST AND PROJECTED CHANGES IN VICTORIAN RAINFALL AND THEIR CAUSES, AND CLIMATE BASELINES 

 

42 
 

ABBREVIATIONS 

AWAP Australian Water Availability Project 

BoM Bureau of Meteorology 

CMIP3 Coupled Climate Intercomparison Project (Phase 3) 

CMIP5 Coupled Climate Intercomparison Project (Phase 5) 

CSIRO Commonwealth Scientific and Industrial Research Organisation 

DELWP Department of Environment, Land, Water and Planning 

DMI Dipole Mode Index 

ENSO El Nino Southern Oscillation 

IOD Indian Ocean Dipole 

IPCC Intergovernmental Panel on Climate Change 

IPO Interdecadal Pacific Oscillation 

MDB Murray Darling Basin 

MJO Madden – Julian Oscillation  

MMC Mean Meridional Circulation 

MSLP Mean Sea Level Pressure  

NCEI National Centers for Environmental Information 

NRM Natural Resources Management 

OCN Optimal Climate Normal 

PDO Pacific Decadal Oscillation 

RCP Representative Concentration Pathways 

SAM Southern Annular Mode 

SEACI South-East Australian Climate Initiative 

SST Sea Surface Temperature 

STR Sub-tropical Ridge 

VicCI Victorian Climate Initiative 

VicWaCI Victorian Water and Climate Initiative 

WMO World Meteorological Organization 

 


