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[bookmark: _Toc58397481]Executive summary
The Victorian Water and Climate Initiative (VicWaCI) is a partnership between the Victorian Department of Environment Land, Water and Planning (DELWP), the Bureau of Meteorology, The University of Melbourne and the Commonwealth Scientific and Industrial Research Organisation (CSIRO). VicWaCI is managed by the Hydrology and Climate Science team of DELWP’s Water and Catchments Group who worked closely with researchers and water sector stakeholders to design the program.
VicWaCI sought to answer questions and better understand our climate and water resource situation. The findings from the initiative are presented in this report, with some of the new findings highlighted on page 7. This initiative continues on from earlier work by the South Eastern Australian Climate Initiative and the Victorian Climate Initiative.
[bookmark: _Toc58397482]Water in Victoria
Findings from VicWaCI are helping to better understand how the climate has and will continue to change and the impacts on Victoria’s water resources, allowing better preparation for the future. 
Victoria’s water resources are under pressure from increasing demand and decreasing supply.
Victoria’s already highly variable rainfall and streamflow are now occurring against a backdrop of climate change, with the drying trend of recent decades projected to continue into the future.
The water sector, including water-dependent industries and water entitlement holders, need to continue managing and planning for large variability along with increasingly hotter and drier conditions.
[bookmark: _Toc58397483]Victoria’s changing climate 
Victoria’s climate is highly variable; however, the trend in recent decades is towards warmer and drier conditions.
The decline in cool-season rainfall in recent decades is unlikely to have been as large without the influence from increasing levels of atmospheric greenhouse gases.
The majority of climate models project a drier climate future for Victoria, particularly later this century under a high emissions scenario.
Most global climate models underestimate the magnitude of the observed decline in rainfall. This lowers confidence in projections based on the same models.
Changes in the global circulation are associated with an increased frequency of high-pressure systems and reduced frequency of low-pressure systems across Victoria.
Large-scale climate drivers, such as El Niño and the Indian Ocean Dipole, that are largely responsible for Victoria’s climate variability are themselves subject to climate change, with consequent effects on rainfall. 
Rainfall from cold fronts and low-pressure systems in the cooler half of the year has declined across Victoria, while thunderstorm-related rainfall has increased in northern Victoria in the warmer half of the year.
Extreme, short-duration rainfall events are generally becoming more intense in Victoria, a trend that is expected to continue into the future.
[bookmark: _Toc58397484]Implications for the water sector
Most of the rainfall and runoff in Victoria occurs during the cooler half of the year. The reductions in rainfall during this part of the year have a disproportionately large impact on water availability because this is the time of year when a larger proportion of rainfall becomes runoff. 
From a runoff perspective, possible increases in rainfall during the warmer months are unlikely to offset the impact of rainfall declines during the cooler time of the year.
A significant reduction in the number of very wet months since 1997, particularly during the cooler time of the year, has also reduced water availability. The wetter catchment conditions during these very wet months generally result in a larger proportion of rainfall becoming runoff and provide improved resilience for water users or environmental systems to cope during any subsequent dry periods. Changes in rural hydrology and rural flooding will depend on the conditions in any given catchment.
The intensity of short-duration (hour-long) rainfall events is increasing in some places but is not expected to offset the water availability impact of overall declines in rainfall. However, it is likely to have implications for urban hydrology and urban flooding, depending on the influence of overall drier catchment conditions and other factors, including the capacity of drainage systems to accommodate these short-duration rainfall events.
[bookmark: _Toc58397485]Victoria’s changing hydrology
Average runoff has declined over recent times, largely due to rainfall declines. 
Runoff reductions in some catchments are larger than expected from reduced rainfall.
There was a downward shift in the rainfall–runoff relationship in many Victorian catchments in the Millennium Drought.
Catchments can respond to and recover from drought in distinctly different ways.
The shifts in the rainfall–runoff relationships were largely governed by catchment resilience or vulnerability to drought, rather than differences in drought severity. 
Changes in weather systems may be less important in determining if a catchment is more likely to experience a shift in rainfall–runoff relationship compared to internal catchment characteristics, such as catchment mean slope.
Groundwater–surface water disconnection is an important feature of catchments with shifted rainfall–runoff relationship during the drought.
The rainfall–runoff relationship in some catchments can recover even if they don’t receive all of the ‘missing’ rainfall that they went without in the drought years.
During the Millennium Drought, more than half of the Victorian catchments analysed experienced an extra 20–40% decline in their annual streamflow due to the shift in rainfall–runoff relationships.
The current generation of hydrologic models do not replicate well the observed changes in the rainfall–runoff relationship during and after extended drought.
[bookmark: _Toc58397486]Implications for the water sector
The low-runoff conditions experienced in many catchments during and after the Millennium Drought need to be factored into water resource planning decisions.
Until there are improvements in the ability of hydrological models to represent the impact of multi-year drought and shifting rainfall–runoff relationships, selection of calibration periods will be important to ensure that model results account for shifts in rainfall–runoff relationships.
[bookmark: _Toc58397487]Victoria’s water future
Future runoff in Victoria is likely to be lower because of the projected decline in cool-season rainfall and higher potential evapotranspiration. Variability will remain high, with wet and dry years on a background of a drying trend.
The runoff projections developed through the Victorian Climate Initiative continue to be the most appropriate for the water sector in Victoria and can be considered as projected change relative to post-1975 averages.
There is considerable uncertainty in future water availability projections, largely due to the uncertainty in future rainfall projections.
Finer-scale dynamic downscaled projections (like the Victorian Climate Projections 2019) can potentially add value, particularly for local scale assessments.
Although dynamic downscaling is improving, there is significant bias in the downscaled rainfall that needs to be robustly bias corrected for hydrological application.
Projection products from different selections of global climate models and dynamic downscaled products do not necessarily converge to a narrower range of change.
Hydrological models developed and calibrated against past observations may not robustly predict the future under hotter conditions, enhanced atmospheric carbon dioxide concentration and longer dry spells not seen in the past.
Assessments focused on a systems approach that characterise resilience to climate variability and climate change can provide insights and a foundation for considering the risk versus reward of adaptation options.
[bookmark: _Toc58397488]Implications for the water industry
Given the large range of plausible climate futures, water resource planning should consider a wide range of possible futures. 
In addition to considering hydroclimate projections, approaches that consider how vulnerable a water system is to change can also be used to inform climate change adaptation. The Guidelines for Assessing the Impact of Climate Change on Water Availability in Victoria (DELWP 2020) have been developed to provide tailored guidance on how to apply hydroclimate science for water resource planning applications and to promote a consistent approach to climate change impact assessment across the water industry.
[bookmark: _Toc58397489]Research application
The findings that have emerged from VicWaCI have implications for many different parts of the Victorian water sector, particularly flooding, drainage, urban runoff, water supply and demand, water availability, infrastructure investment and water resource policy.
The Guidelines for Assessing the Impact of Climate Change on Water Availability in Victoria (DELWP 2020) draw on the science from VicWaCI in the selection of a climate reference period, in defining the range of recommended hydroclimate change projections and in recommending approaches to sensitivity and stress testing of water resources systems.
[bookmark: _Toc58397490]New research findings 
The four-year investment in the Victorian Water and Climate Initiative has continued to build on the scientific knowledge base formed since the publication of the Victorian Climate Initiative’s findings in 2017. The initiative focused on partnering with Victorian water sector stakeholders to share the knowledge for application across the sector.
VicWaCI research has:
· identified the roles of natural variability and climate change in cool-season rainfall reductions experienced since 1997, and the prospects for future cool-season rainfall (Section 2.2)
· improved our understanding of how changes in global circulation have increased the frequency of high-pressure systems and reduced the frequency of low-pressure systems across Victoria (Section 2.4 and Section 2.5)
· identified the contribution of different weather systems to the amount of rainfall received across Victoria, how this changes seasonally and observed trends in these weather systems over time (Section 2.6)
· quantified how much sub-daily rainfall intensities have increased across some parts of Victoria (Section 2.7)
· identified the catchments across Victoria where a significant shift in the runoff response to rainfall was observed during the Millennium Drought, and catchments where these reductions have continued since the end of the drought (Section 3.3)
· classified catchment response to droughts, based on timing of the change in runoff response and recovery, which may be useful to predict future runoff response (Section 3.3.3)
· assessed the possible causes of the change in runoff response to rainfall (Section 3.4) and the magnitude of reductions in runoff response during the Millennium Drought (Section 3.5)
· identified that catchment runoff response can recover after drought prior to the cumulative rainfall deficit fully recovering (Section 3.4.4)
· used high-resolution rainfall projections to project runoff, which highlighted the challenges in robustly bias correcting dynamically downscaled rainfall for hydrological application (Section 4.2.1 and Section 4.2.2)
· improved understanding of how different climate and runoff projections compare, and methods for developing improved runoff projections (Section 4.2.3).
1. [bookmark: _Toc58397491]Water in Victoria
[bookmark: _Toc58397492]Water in Victoria: at a glance
Findings from the Victorian Water and Climate Initiative are helping to better understand how the climate has and will continue to change and the impacts on Victoria’s water resources, allowing better preparation for the future. 
Victoria’s water resources are under pressure from increasing demand and decreasing supply.
Victoria’s already highly variable rainfall and streamflow are now occurring against a backdrop of climate change, with the drying trend of recent decades projected to continue into the future.
The water sector, including water-dependent industries and water entitlement holders, need to understand the nature of Victoria’s variable and changing water supply to effectively manage this critical resource.
[bookmark: _Toc58397493]1.1 Science to support water management in Victoria
Findings from the Victorian Water and Climate Initiative are helping to better understand how the climate has and will continue to change and the impacts on Victoria’s water resources, allowing better preparation for the future.
The Victorian Water and Climate Initiative (VicWaCI) forms part of the Victorian Government’s plan for management of our water resources as laid out in the framework document Water for Victoria (DELWP 2016). In particular, the work of the initiative is a response to the specific action around the understanding and application of climate science to water management in order to better meet the requirements of the water sector and the community.
While the whole climate system influences the hydrological cycle, understanding rainfall is particularly important because:
· It is the primary climate variable driving water availability. 
· Projections of rainfall have larger uncertainty than projections of temperature due to variability in time and space.
· Rainfall declines over the past two decades have generally been much greater than the change simulated by most climate models. This raises important questions for the water sector about how much of the recent experience is natural variability and how much is a permanent shift due to the changing climate.
With greater understanding of the underlying physical processes for the changes observed, we are better able to interpret observed changes and identify and disentangle the influences of natural climate variability and climate change. This provides greater confidence for decision-making. 
Similarly, understanding past runoff changes and future water projections allows us to better understand streamflow and other hydrology trends we are currently experiencing in Victoria and how these may change in the future.
Our understanding of these physical processes and of recent climate change and its impact on water was improved by research carried out in the South Eastern Australian Climate Initiative (SEACI) and the Victorian Climate Initiative (VicCI). However, many questions remained.
Building on these earlier research programs, VicWaCI was developed in consultation with stakeholders in the water sector to address some of these remaining questions, in particular:
How much is climate change already impacting Victorian rainfall?
Where is runoff declining and why?
Can we improve projections of future water availability in Victoria?
VicWaCI sought to answer these questions by looking at the past to see what trends we have experienced so that we can better understand our climate and water resource situation today, as well as looking at the future so we can have as much knowledge as possible about where things are heading. The findings from the initiative are presented in this report, along with examples of how this information can support planning and decision-making.
The initiative was managed by the Hydrology and Climate Science team of the Victorian Department of Environment, Land, Water and Planning’s Water and Catchments Group. The team worked closely with researchers and water sector stakeholders to design the program. Research was delivered by the Bureau of Meteorology, The University of Melbourne and CSIRO. 
[bookmark: _Toc58397494]1.2 Victoria’s water resources
Victoria’s water resources are under pressure from increasing demand and decreasing supply.
Water is critical to Victoria’s economy, environment and communities. A healthy environment and safe, affordable and reliable water services are essential for people, jobs and a thriving economy.
As of November 2020, Victoria’s water resources are managed by 19 water corporations constituted under the Water Act 1989 (Vic) (Figure 1.1). Rural water corporations are commonly required to provide irrigation, drainage and storage services. These services are critical for agricultural water users and underpin on-farm investment decisions. They are also responsible for administering the diversion of water from waterways and the extraction of groundwater on behalf of the Victorian Minister for Water.
Urban and regional water corporations manage water resources and deliver water supply and wastewater services within cities and towns. The forecast growth in urban population will increase pressure on existing water systems, placing a growing demand on current assets, infrastructure, water supply and wastewater services.
[image: A map of Victoria featuring the outlines of jurisdictions for urban corporations, rural water corporations, and metropolitan water retailers. Urban water corporations include: Lower Murray, Grampians Wimmera Mallee, Wannon, Western, Central Highlands, Coliban, Goulburn Valley, North East, East Gippsland, Central Gippsland, South Gippsland, Westernport, and Melbourne Water. Rural water corporations include: Lower Murray, Grampians Wimmera Mallee, Southern Rural, Goulburn-Murray, and Southern Rural. The Metropolitan water retailers include: City West Water, Yarra Valley Water and South East Water.]
Figure 1.1: Jurisdictions of Victoria’s water corporations (Source: DELWP).
*In November 2020, the Victorian Government announced that metropolitan water retailer City West Water and urban water corporation Western Water would merge to form one larger, integrated entity called Greater Western Water that would commence on 1 July 2021.
Melbourne storages by the numbers:
1913 to 1996 historic average is 615 gigalitres. 
1997 to 2019 average is 418 gigalitres. 
2015 to 2019 average is 404 gigalitres. 
1997 to 2009 average (millennium drought) is 376 gigalitres. 
The 2019 inflow into Melbourne storages was 463 gigalitres.  This was 25% below the historic 1913 to 1996 average.
Melbourne storages have received below historic average inflows in 18 out of the last 20 years.
Figure 1.2 Declining inflows to Melbourne's water storages (Source: DELWP).
The two greatest pressures on Victoria’s water resources are population growth and climate change.
In 2015, Victoria became the fastest growing state in Australia. Victoria’s population is projected to reach 10.1 million people by 2051 — almost double what it is today (DELWP 2016). Melbourne and the major regional centres Ballarat, Bendigo and Geelong are expected to almost double their population. The western suburbs of Melbourne will have an extra one million people. This population growth increases the demand for water, and rapid urbanisation increases stormwater, which can adversely impact waterways.
While demand for water is growing, supply is decreasing, with recent years seeing significant reductions in the amount of water flowing into Victoria’s water storages (Figure 1.2). Understanding the role that climate change is playing in Victoria’s water supply and how it will impact future supply is critical for ensuring Victoria’s water sector can continue to meet the state’s water supply needs.
[bookmark: _Toc58397495]1.3 Victoria’s variable and changing climate and water
Victoria’s already highly variable rainfall and streamflow are now occurring against a backdrop of climate change, with the drying trend of recent decades projected to continue into the future.
Victoria’s rainfall varies considerably from year to year (Figure 1.3) and also across the state. The annual average rainfall varies from less than 300 mm per year in parts of the north-west to over 1500 mm in parts of the Alps, while the wettest years can have more than twice as much rainfall as the driest years.
[image: Bar chart showing total annual rainfall for Victoria from 1900 to 2019, highlighting the variability of Victoria’s annual rainfall. The chart shows annual rainfall reaching as high as 900mm and as low as around 350mm over this time.]
Figure 1.3 Total annual rainfall in Victoria from 1900 to 2019 showing high year-to-year variability (Source: BoM).
Rainfall variability is amplified in Victoria’s streamflow, which varies from year to year and between catchments. Longer-term changes in rainfall and streamflow are occurring against the backdrop of this high variability.
Over the past few decades, Victoria has experienced its warmest period on record, as well as declining cool-season (April to October) rainfall (Hope et al. 2017). This decline is associated with an increase in the number of high-pressure systems over southern Australia (Pepler et al. 2019) and a decrease in rainfall from fronts and low-pressure systems (Pepler et al. 2020b). A majority of global climate models (GCMs) indicate that climate change has contributed to the rainfall decline (Rauniyar and Power 2020). While rainfall will continue to vary from year to year, the underlying downward trend in cool-season rainfall due to climate change is projected to intensify, unless global greenhouse gas emissions are markedly reduced. 
Streamflows over the past decades have also been the lowest on record, with many catchments experiencing significantly greater declines than expected based on past rainfall–runoff relationships. Streamflow is likely to continue to decline over coming decades (Potter et al. 2016). This is driven mostly by declines in future cool-season rainfall, along with increasing temperatures and potential for evapotranspiration (the transfer of water vapour to the air directly from the soil, from open water or through plants). While future declines in rainfall and streamflow are expected, there is a wide range of uncertainty about the speed and magnitude of the reductions.
Increases in thunderstorm activity have been observed in recent decades, particularly in eastern Victoria (Dowdy 2020), which can increase warm-season rainfall. However, future trends in warm-season rainfall are less clear than for the cool season. There are large uncertainties around projected future changes in thunderstorm activity in general for Australia. Even if there is an increase in warm-season rainfall, it is unlikely to offset the impact of reduced cool-season rainfall on total annual rainfall, or the impact on total annual runoff. Although some projections have suggested increased flooding due to increases in the intensity of rainfall events, recent research suggests that extreme rainfall at higher temperatures only results in increases in streamflow in the most extreme rainfall events in smaller catchments (Wasko and Sharma 2017).
When rain falls, it does not all end up in our waterways: some rainfall infiltrates into the soil, some is captured in surface depressions, some evaporates away from the surface and a large amount of rainfall transpires back to the atmosphere via plants. The hotter and drier the conditions before a rainfall event, the more water is lost before it can contribute to streamflow and flooding. 
[bookmark: _Toc58397496]1.4 Implications for the water sector
The water sector, including water-dependent industries and water entitlement holders, need to continue managing and planning for large variability along with increasingly hotter and drier conditions.
We can expect the large variability in rainfall and streamflow that we currently experience to continue into the future, and we can expect some aspects of the variability (e.g. rainfall extremes and drought periods) to increase. It is important that the water sector continues to manage for this large variability, along with the underlying changes over time.
An increasingly hotter and drier climate is expected to significantly reduce inflows to storages. Due to the interaction between rainfall and catchment runoff generation, streamflow is projected to decrease by a greater proportion than the percentage decrease in rainfall. Climate models indicate the largest reductions are expected in Victoria’s south-west. Projected changes in runoff under the medium climate change scenario suggest a possible average annual streamflow reduction of up to 50% in some catchments by 2065 (Potter et al. 2016). Reductions of this scale could have serious future consequences for water availability across Victorian catchments. 
Climate change and streamflow reduction also pose risks to water quality (DELWP 2016). Higher air temperatures increase evapotranspiration rates, while reduced streamflow and more extreme events such as heatwaves and bushfires could have short- and longer-term impacts on water temperature, turbidity and the frequency and severity of algal blooms. Ecological impacts are also likely (DELWP 2016). The species that live in and around our waterways rely on well-established flow patterns for successful feeding, breeding and movement throughout the landscape. Changes in climate and streamflow will disrupt these patterns, not only affecting ecosystems but also with knock-on effects for the health of waterways. 
Warmer and drier conditions will also result in increasing frequency and intensity of bushfire (Dowdy et al. 2019; Harris and Lucas 2019). Bushfires can affect the quantity and quality of water flowing in our rivers and streams and into our storages for many years after they occur (DELWP 2016).
Warming temperatures increase the potential for greater specific humidity and storm intensity (Wasko et al. 2018). Flash floods caused by heavy, short-duration rainfalls may impact urban areas and infrastructure and disrupt essential water and wastewater services. In coastal areas rising sea levels and increases in storm surges may damage or limit the function of water infrastructure. 
Climate change will also impact water demands and water use in catchments. A hotter, drier climate will threaten communities as less water and more extreme events may compromise the liveability of cities and towns. Increased temperatures and less water flowing in our waterways may also cause an increase in harmful algal blooms. This could affect the safety of our water supplies for drinking, supporting stock and recreation. 
2. [bookmark: _Toc58397497]Victoria’s changing climate
How much is climate change already impacting Victorian rainfall?
Understanding Victoria’s variable climate, along with the impact of climate change, is important to ensure informed decision-making across the Victorian water sector. Victoria’s climate has already changed, and the majority of global climate model projections indicate a likely warmer and drier future for Victoria. This means that a significant challenge for water sector planners and decision-makers is understanding how much the climate now differs from past decades and the timing and severity of future rainfall changes. What rainfall patterns can we expect with our current climate, and how might these change into the future?
[bookmark: _Toc58397498]Victoria’s changing climate: at a glance
Victoria’s climate is highly variable; however, the trend in recent decades is towards warmer and drier conditions.
The decline in cool-season rainfall in recent decades is unlikely to have been as large without the influence from increasing levels of atmospheric greenhouse gases.
The majority of climate models project a drier climate future for Victoria, particularly later this century under a high emissions scenario.
Most global climate models underestimate the magnitude of the observed decline in rainfall. This lowers confidence in projections based on the same models.
Changes in the global circulation are associated with an increased frequency of high-pressure systems and reduced frequency of low-pressure systems across Victoria.
Large-scale climate drivers, such as El Niño and the Indian Ocean Dipole, that are largely responsible for Victoria’s climate variability are themselves subject to climate change, with consequent effects on rainfall.
Rainfall from cold fronts and low-pressure systems in the cooler half of the year has declined across Victoria, while thunderstorm-related rainfall has increased in northern Victoria in the warmer half of the year.
Extreme, short-duration rainfall events are generally becoming more intense in Victoria, a trend that is expected to continue into the future.
[bookmark: _Toc58397499]Implications for the water sector
· Most of the rainfall and runoff in Victoria occurs during the cooler half of the year. The reductions in rainfall during this part of the year have a disproportionately large impact on water availability, because this is the time of year when a larger proportion of rainfall becomes runoff. 
· From a runoff perspective, possible increases in rainfall during the warmer months are unlikely to offset the impact of rainfall declines during the cooler time of the year.
· A significant reduction in the number of very wet months since 1997, particularly during the cooler time of the year, has also reduced water availability. The wetter catchment conditions during these very wet months generally result in a larger proportion of rainfall becoming runoff and provide improved resilience for water users or environmental systems to cope during any subsequent dry periods. Changes in rural hydrology and rural flooding will depend on the conditions in any given catchment.
· The intensity of short-duration (hour-long) rainfall events is increasing in some places but is not expected to offset the water availability impact of overall declines in rainfall. However, it is likely to have implications for urban hydrology and urban flooding, depending on the influence of overall drier catchment conditions and capacity of the urban form and drainage systems to accommodate these short-duration rainfall events.
[bookmark: _Toc58397500]2.1 Victoria’s climate
Victoria’s climate is highly variable; however, the trend in recent decades is towards warmer and drier conditions.
In line with Australian and global warming, Victoria’s average annual temperature has risen by around 1.2°C from 1910 to 2018 (Clarke et al. 2019). Since 1970, Victoria has only experienced 12 cooler than average years, the most recent in 1996 (Figure 2.1).
[image: Chart showing Victoria’s annual average temperatures from 1910 onwards. The key takeaway of this figure is that the past 24 years in Victoria have all been warmer than the 1961–1990 average.]
Figure 2.1 Annual average temperature anomaly for the whole of Victoria. The average (1961–1990) is 14.1°C. The dark line shows the 11-year moving average.
Victoria’s rainfall is highly variable (Figure 2.2), as it is influenced by large-scale climate drivers (see Section 2.5) and a range of weather systems over different timescales (Hope et al. 2017). The variability and timing of extremes differ by season. Around two-thirds of Victoria’s total annual rain falls during the cool season (April to October). This rainfall is important for many crops and for replenishing reservoirs (Delage and Power 2020; Rauniyar and Power 2020). With lower temperatures and less radiation at this time of year, proportionally less of this rainfall is lost to evaporation and transpiration from catchments, and more rainfall is converted into runoff.
[image: Side-by-side charts showing the Victorian rainfall anomaly for cool (April to October) and warm (November to March) seasons. The key takeaway of this figure is that Victoria’s rainfall is highly variable, and that climate change is impacting Victoria’s rainfall in different ways depending on season.]
Figure 2.2: Victorian average rainfall anomaly in April–October (left) and November–March (right). The averages (1961–1990) are 448.2 mm and 212.9 mm. The dark line shows the 11-year moving average.
Rainfall and temperature are intimately linked across Victoria, with rainfall linked to cooler daytime conditions in all seasons (Hope and Watterson 2018). Those cooler conditions can persist for several months following very wet months, and result in relatively cooler annual temperatures, such as in 2010–2011. The reason for this is that additional rainfall causes higher soil moisture, resulting in increased evaporation that keeps surface temperatures lower. However, minimum temperatures (usually night-time) are initially warmer during wet conditions, as additional cloud cover keeps surfaces warmer. The converse is likely to be the case during dry conditions, with more frequent and severe heatwaves during periods of drought (Perkins et al. 2015) and an increased chance of frost (Crimp et al. 2016). Although the variability of rainfall drives some variability in temperature, there is still an underlying upward trend in temperature (Figure 2.1). 
Measures of actual and potential evapotranspiration provide indicators of water availability. Potential evapotranspiration is the estimated evapotranspiration that would occur if there was no limit to the surface water available to evaporate (Figure 2.3). Potential evapotranspiration has a strong seasonal cycle in Victoria, peaking in January and with a minimum in June (in line with sunlight hours). Actual evapotranspiration only occurs when water is available to evaporate and has a more variable seasonal cycle, generally peaking in spring. 
Potential evapotranspiration gives an indication of how much extra moisture the air can hold. For example, in 2010, which had a very wet summer, there was plenty of surface water to evaporate, so actual evapotranspiration was high. However, the air was already very moist, and could not accept more moisture, so potential evapotranspiration was low (Figure 2.3). 
The actual evapotranspiration is far lower than the potential evaporation, highlighting that Victoria is a generally water-limited environment and the actual evapotranspiration tends to follow the surface water availability. The data in Figure 2.3 is from the Australian Water Resource Assessment Landscape (AWRA-L) model, which uses satellite-based radiation data that starts in 1990. Since 1990 there has been a downward shift in the cool-season actual evapotranspiration and an upward trend in potential evapotranspiration (Figure 2.3).
[image: Four charts showing potential and actual evapotranspiration for cool (April to October) and warm (November to March) seasons from 1950 onwards. The key takeaway from this figure is that actual evapotranspiration is far lower than the potential evapotranspiration, highlighting that Victoria is a generally water limited environment. Both are highly variable.]
Figure 2.3: Victorian average potential (top) and actual (bottom) evapotranspiration drawn from the AWRA-L model for April–October (left) and November–March (right). The dark line shows the 11-year moving average and the horizontal black line shows the 1961–1990 average. Note the different scales on the vertical axes.
[bookmark: _Toc58397501]2.2 Recent rainfall decline
The decline in cool-season rainfall in recent decades is unlikely to have been as large without the influence from increasing levels of atmospheric greenhouse gases.
Cool-season rainfall was the lowest on record when averaged across the state during the Millennium Drought (1997–2009; Figure 2.4, top middle). It has continued to be low across the state (Figure 2.4, top right) and, for many locations, the 23 years since 1997 have had the lowest cool-season rainfall compared to any other 23-year period (Figure 2.4, top left). Averaged over the state, cool-season rainfall since the beginning of the Millennium Drought in 1997 through to the end of 2018 was approximately 12% below the 1900–1959 average (Rauniyar and Power 2020). This early climate reference period serves as a reference for recent observed change (see the box on climate reference period in Section 4). The majority of Global Climate Models (GCMs) estimate that the decline in cool-season rainfall in recent decades would not have been as large without the influence from increasing levels of atmospheric greenhouse gases (Rauniyar and Power 2020).
The warm season (November to March) also saw low rainfall totals across the south and east of the state during the Millennium Drought (Figure 2.4, bottom middle). Since the end of the drought in 2010, there has been more warm-season rainfall than average in the north of the state and through the southern Murray Darling Basin (Figure 2.4, bottom right), particularly due to heavy rains in 2010–2011 and 2016. Over the whole 22 years since the start of the Millennium Drought, the pattern of generally lower than normal warm-season rainfall in the south and higher than normal warm-season rainfall in the north of the state is amplified (Figure 2.4, bottom left).
[image: Six maps that show the range of rainfall deciles for the periods of 1997 to 2019, 1997 to 2009 and 2010 to 2019 relative to other periods of the same duration during both cool and warm seasons. They show that the cool season rainfall totals for the selected periods were below average, very much below average or the lowest on record across the entire state, but the warm season rainfall totals were above average and very above average in the north of the state with the exception of the 1997 to 2009 period when the rainfall varied by location. The key takeaway of this figure that there are still many dry regions post-drought despite the very wet years of 2010 to 2011 and 2016.]
Figure 2.4 Rainfall decile maps for the cool season (April–October, top row) and warm season (November–March, bottom row). For the full period since the start of the Millennium Drought in 1997 (left column: 1997–2019), relative to all other 23-year periods; the Millennium Drought years (middle column: 1997–2009), relative to all other 13-year periods; and the years following the Millennium Drought (right column: 2010–2019), relative to all other 10-year periods. Data: Australian Gridded Climate Data (Evans et al. 2020).
While the past 23 years have seen less than average rainfall across Victoria, it is particularly the lack of very wet months that made the Millennium Drought and following years so unusual in the record (Figure 2.5), except for 2010 which had five consecutive wet months between October 2010 and February 2011. This suggests a possible change in the distribution of monthly rainfall. 
[image: Graph charting the number of very wet months in each year from April 1900 to March 2020 for the cool and warm seasons. It shows only one or no very wet month was recorded each year since the start of Millennium Drought. The key takeaway is that the Millennium Drought stands out as having only one very wet month until 2010. After 2010, only 2016 has had more than one very wet month.]
Figure 2.5 Number of very wet months for Victoria in each year from April 1900 to March 2020, where ‘very wet’ is defined as being above the 90th percentile of rainfall. By chance, one would expect one or two of these in every year. Cool-season months (April–October) are marked in blue and the following warm-season months (November–March) are marked in red, together making up each ‘year’.
Modelling suggests that the likelihood of dry conditions has increased due to increasing levels of atmospheric greenhouse gases (Rauniyar and Power 2020). See Section 2.5 for more about drivers of variability.
[bookmark: _Toc58397502]2.3 Simulated and projected rainfall changes
The majority of climate models project a drier climate future for Victoria, particularly later this century under a high emissions scenario.
Cool-season rainfall declines are projected to continue (on average) into the future by global climate models (GCMs) (Figure 2.6).
[image: Graph showing the observed cool-season monthly average rainfall anomalies from 1900 to 2018. The graph also shows the range of projected rainfall anomalies across 40 GCMs to 2050. The key takeaway of this figure is that Victoria’s cool-season downward trend in rainfall is projected by GCMs to likely continue. Current observations, which also include natural climate variability, are tracking at the drier end of these projections.]
Figure 2.6: Observed cool-season rainfall anomalies from the 1976–2018 climate period serves as a reference for Victoria in mm per month (in bars). The solid and dashed lines through the observations are 20-year and 15-year running averages respectively. The coloured wedge represents the projected rainfall across 40 GCMs (CMIP5) by scaling the observation for the 1975–2018 period with the model-based mid-decile scaling factors derived by comparing the modelled future period with the modelled 1975–2018 period for different 30-year future periods centered at 2020, 2025 and every decade afterwards to 2050. The dashed black line is the middle of the range across the 40 models and the pink shaded area shows the 10th to 90th percentiles range of the 40 models. In grey, the observed 1900–2018 decadal variability is added.
Teasing out the influence of internal climate variability (e.g. La Niña) from the effect of climate change (particularly greenhouse gas increases) on recent decades with low rainfall is important. This is because the part of any trend attributed to increasing levels of greenhouse gases is likely to continue into the future, while changes due to internal climate variability might shift back to rainfall totals seen prior to the dry decades. Over any particular decade, internal variability might either temporarily enhance or lessen the drying trend due to climate change. 
Global ocean-atmosphere climate models and earth system models from the Coupled Model Intercomparison Project Phase 5 (CMIP5) forced by the observed changes in the concentration of atmospheric greenhouse gases and other factors each simulate their own representation of the Earth’s weather and climate. Of the 42 models in CMIP5, 13 have provided two extra sets of results forced with only greenhouse gas forcing or ‘natural’ forcing (solar variability and volcanoes). Averaging the results from many GCMs reveals the signal above the natural variability. More than two-thirds of the climate model simulations show that rainfall in Victoria in the past two decades is below the pre-industrial average in response to increases in greenhouse gases (Rauniyar and Power 2020). The implication is that, even though internally generated rainfall variability (e.g. in response to El Niño) is an important part of our climate, most of the climate models are indicating that the likelihood of drier conditions is higher now than it was early last century. 
The influence of climate change becomes clear from 2010–2029, when more than 90% of models show increased drying. While the impact of global warming on Victorian rainfall tends to increase as the 21st century unfolds, large internal variability will continue to occur. In some years and decades this might tend to either offset or exacerbate the underlying drying (Figure 2.7). The combined impact of the anthropogenic forcing and natural variability in coming years and decades is unknown. Climate models suggest that for 2018–2037 there is a small chance (12%) that internal rainfall variability will completely offset drying due to climate change under all emissions scenarios (Rauniyar and Power 2020). 
We do know, however, that dry conditions become increasingly likely as the century unfolds, especially if international efforts do not have a major impact on reducing global greenhouse gas emissions.
Up to 2060, climate models project similar drying in Victoria for low, medium and high emissions scenarios (Rauniyar and Power 2020). After this, the degree of drying is related to emissions, with the least drying (6.5% compared to the period 1900–1959) under a low scenario and the most (16%) under a high scenario. Like the historical change signal, the average over 24 models will smooth out variations due to El Niño (for example) and reveal the climate change signal. 
For finer detail, such as catchment features, results from downscaling should be considered, such as presented in the Victorian Climate Projections 2019 (VCP19). VCP19 has results from an atmosphere-only climate model with much finer resolution over Victoria, with forcing from six of the 42 CMIP5 GCM results. The set of six GCMs were chosen to be representative of the range of results from all GCMs. The use of only six models and a single downscaling model mean these results are not a comprehensive set of projections in isolation. However, when taken alongside other modelling and lines of evidence, there are several notable insights that can be gained. For example, there is very likely to be effects from topography on the projected change in rainfall that are not adequately captured by GCMs. This includes an enhanced drying on the windward slopes of the Alps in the cooler seasons, and possibly an enhanced precipitation increase on the peaks of the Alps in summer (Clarke et al. 2019; Grose et al. 2019). 
Most global climate models underestimate the magnitude of the observed decline in rainfall. This lowers confidence in projections based on the same models.
The modelled drying during all periods from 1900–2050 is smaller in magnitude than the drying that was observed during the Millennium Drought. This suggests that the observed extreme conditions in the Millennium Drought were affected by variability above and beyond the variability represented by models, or that they were enhanced by climate change beyond the modelled response, or that there are some processes that climate models do not simulate adequately, which should be explored further.
Global warming will significantly increase the risk of decadal droughts in the cool season that are more severe than the World War 2 Drought and the drying observed over 1997–2018, particularly towards the end of 21st century under high emissions (Figure 2.7). Under mid-level future emissions cool-season drying is projected to be less than under high emissions, but the drying at the end of the century could still be similar in magnitude to the World War 2 Drought (1935–1945). Furthermore, the risk of experiencing droughts more extreme than those that occurred during the historical period is also increased (Delage and Power 2020).
Note that confidence in estimates of the contribution of anthropogenic forcing to past rainfall declines and estimates of future rainfall is lowered because the models have difficulty simulating rainfall declines as large as those that have been observed. The reasons for this are not fully understood, although several factors have been identified. These include the underestimation of multidecadal rainfall variability (Rauniyar and Power 2020) and the differences between the model and real-world representations of key features of the atmospheric circulation and modes of climate variability (e.g. subtropical ridge, Southern Annular Mode) and their relationship with Victorian rainfall (Grose et al. 2015, 2017; Hope et al. 2017; Lim and Hendon 2015; Timbal et al. 2015; Timbal et al. 2016). It should also be noted that the figures quoted above are based on results obtained using rainfall averaged across the entire state. The impact of anthropogenic forcing on Victorian rainfall is expected to be different between the north and south of Victoria and also in the mountains (e.g. Grose et al. 2019). Further work examining these regions separately will likely provide better estimates with higher confidence.
Taking both global warming (under a high emissions scenario, RCP8.5) and variability into account, most models project drying in Victoria towards the end of the century (2080–2100) that is greater than the drying experienced during the World War 2 Drought (Figure 2.7). Approximately 40% of models exhibit conditions during 2080–2100 under RCP8.5 which are drier than those experienced during the Millennium Drought. Major reductions in global greenhouse gas emissions result in much less drying towards the end of the century. Internal climate variability can enhance or reduce any drying signal in any given decade.
[image: Graph showing the simulated percentage change in cool season rainfall relative to the 1900 to 1959 period, for each 20-year period between 2010 and 2100, based on 24 global climate models and for three emissions scenarios (RCPs) . Also shown is the comparison between simulated and observed changes during the World Water 2 and Millennium Droughts. The key takeaway from this figure is that future projected rainfall for Victoria will depend on both the amount of drying caused by the forcing due to human activities and the impact of variability.]
Figure 2.7: Simulated % changes in cool-season rainfall compared with observed changes during the World War 2 (WW2) and Millennium Droughts, and 1997–2018, all relative to 1900–1959. The distribution of changes in 24 models under high emissions (RCP8.5) are represented as box plots for each 20-year period. The horizontal line in the box indicates the median, the shaded box represents the inter-quartile range (IQR: 25th and 75th percentiles) and the whiskers indicate the minimum and the maximum values based on 24 CMIP5 models. The median values for medium (RCP4.5) and low (RCP2.6) emissions scenarios are overlaid on the box plots as blue and green circles, with corresponding IQRs represented by the blue and green vertical lines, respectively. The black dots and three horizontal dotted lines show the observed anomalies of rainfall during 1935–1945 (WW2 Drought), the last 22 years (1997–2018) and 1997–2009 (Millennium drought) Source: Rauniyar and Power (2020).
[bookmark: _Toc58397503]2.4 Changes in global circulation influencing Victoria’s rainfall
Changes in the global circulation are associated with an increased frequency of high-pressure systems and reduced frequency of low-pressure systems across Victoria.
The changes in Victorian climate are influenced by the global climate. Understanding how the global changes connect with the weather across Victoria will help us understand why Victoria’s climate is changing, and which changes are here to stay.
The atmospheric circulation plays an important role in determining the nature of the hydrological cycle. The mean atmospheric circulation (described in Hope et al. 2017) and weather-scale eddies work together to move water vapour from the tropics and supply it to middle and high (polar) latitudes (Hartmann 2016). Victoria’s rainfall is influenced by mid-latitude weather systems from the south or west as well as tropical systems from the north.
The tropical north-south circulation is generally dominated by the overturning Hadley cell (Figure 2.8), formed by the air moving upward in the Inter-Tropical Convergence Zone (ITCZ), then poleward and downward in Victorian latitudes, forming a belt of high pressure at the surface that is often referred to as the subtropical ridge. This circulation shifts seasonally: both upward and downward branches shift northward in summer and southward in winter. This means that Victoria is located within the subtropical ridge in summer, and to the south of it in winter (Rudeva et al. 2019). The Hadley cell can also be altered (in position and strength) by natural variability or global changes in the climate. 
There has been an observed trend towards a widening of the Hadley cell, otherwise described as an expansion of the tropics (see CSIRO 2012; Hope et al. 2017; Lucas et al. 2014; Seidel et al. 2008). The expansion has been linked to enhanced summer rainfall across northern Victoria. 
A new way of describing the global circulation allows the investigation of the circulation on weather timescales, providing a clearer understanding of weather changes to Australia’s south (Lucas et al. 2020). These ‘weather-generated’ aspects of the circulation are shown in Figure 2.8 as the ‘transient updraft’ and ‘downdraft’.
As well as confirming tropical expansion and intensification of the Hadley cell subsidence over Victoria’s latitudes, this new approach shows that circulation in the mid-latitudes (~30°S to 60°S) has weakened, reducing the instability and ‘uplift’ required for storm generation. Together, these changes are linked to an upward trend in pressure and fewer low-pressure systems across Victoria.
[image: Infographic that shows averaged cross-section of the atmospheric circulation from the tropics to the pole. The key takeaway from this figure is that a combination of weakened atmospheric circulation to our south and intensified subsidence of air over our region has likely increased the sea-level pressure and reduced low-pressure system activity across Victoria.]
Figure 2.8: Averaged (around a latitude circle) cross-section of the atmospheric circulation from the tropics to the pole. Generally, rainfall is associated with strong upward motion. The descending arm of the Hadley cell is over the sub-tropics, and its subsidence has been strengthening. The circulation associated with weather systems south of Australia has been weakening, also reducing the uplift over Victoria.
Changes in the global circulation affect the location and strength of the subtropical ridge. A strong subtropical ridge is generally associated with higher pressure and a decrease in rainfall across Victoria in autumn, winter and spring. A poleward displacement of the subtropical ridge is also associated with reduced rainfall during winter (CSIRO 2012; Timbal and Drosdowsky 2013). This relationship was neatly illustrated in winter 2017, when the subtropical ridge was both stronger and further south than usual for this time of year, resulting in Victoria recording its driest June in 120 years of records (BoM 2017c). 
The intensification of the subtropical ridge can partly explain observed declines in Victorian cool-season rainfall during the Millennium Drought (CSIRO 2012). The subtropical ridge is also intimately linked to the synoptic systems that cross Victoria, with a strong subtropical ridge associated with an increase in dry weather and high-pressure systems and a decrease in the fronts and lows that cause Victorian cool-season rainfall. 
The subtropical ridge also influences both mean and extreme temperatures in Victoria (Pepler et al. 2018), with higher average maximum temperatures and an increased likelihood of very hot days when the subtropical ridge is more intense or further south than normal. During late autumn and early winter, a strong subtropical ridge is also associated with an increased likelihood of very cold nights in northern Victoria. This means that an intensifying subtropical ridge may be contributing to both an increase in heat extremes across the state, as well as contributing to the observed weak upward trends in frost nights in some parts of northern Victoria.
The averaged north-south global circulation can reveal a great deal about the observed global changes; however, it averages out information over all the land, mountains and ocean along each latitude circle. To fully understand Victoria’s changing climate will also require information about the large-scale drivers of variability (like La Niña) and regional weather systems and how they interact with the land, sea and mountains.
The drying effect is not only seen in Australia. There has been extreme drought at similar latitudes in southern Africa and South America. The alignment of drought conditions at similar latitudes around the Southern Hemisphere suggests that there has been a large-scale shift in the global circulation. Understanding the global circulation can provide clues as to the causes of the changes, and what that means for the weather and climate of Victoria.
[bookmark: _Toc58397504]2.5 Variability drivers – from the tropics and mid-latitudes
Large-scale climate drivers, such as El Niño and the Indian Ocean Dipole, that are largely responsible for Victoria’s climate variability are themselves subject to climate change, with consequent effects on rainfall.
Year-to-year variations in the atmospheric circulation are linked with changes in large-scale modes of variability, such as the El Niño Southern Oscillation (ENSO: El Niño and La Niña), Indian Ocean Dipole (IOD), Southern Annular Mode (SAM) and Interdecadal Pacific Oscillation (IPO). These changes in turn influence rainfall in Victoria.
Historically, during El Niño events the eastern Pacific is warmer than normal, the ITCZ intensifies, and rainfall shifts away from Australia, bringing dry conditions to Victoria. In contrast, during La Niña years oceans are cooler than normal in the eastern Pacific and warmer to the north of Australia, bringing more tropical moisture and rainfall to the south-east (Clarke et al. 2019; Hope et al. 2017). The IOD acts similarly, with a negative IOD associated with warmer water to the north-west of Australia and an increase in rainfall in the south-east during winter and spring, while a positive IOD brings drier conditions.
GCMs can be used to investigate how the large-scale drivers might be expected to change under a changing global climate. However, the interactions under the ocean surface and between the ocean and atmosphere are all extremely important to simulating these features well, and small biases in their representation can add up to a misrepresentation of their future state, resulting in considerable uncertainty in future changes (CSIRO and BoM 2015). The Indian Ocean is particularly difficult to simulate, possibly due to a lack of long records for verifying and testing models (compared to the Pacific Ocean). While some studies indicate future increases in extreme El Niños and positive IOD events (e.g. Cai et al. 2014a,b) these results are sensitive to the definitions and models used (Marjani et al. 2019; Wang et al. 2017), making this an area of active research. Palaeoclimate archives have extended the observed record, providing another indication that the large-scale drivers are changing over time: Abram et al. (2019) found a trend to more positive IOD events (with dry conditions over Victoria, like in spring 2012 and 2019) and Freund et al. (2019) found a trend towards a type of El Niño event that is located closer to Australia (‘central Pacific’ El Niño) becoming more common, likely linked to enhanced impacts. Observed changes in the last two decades match these trends towards more positive IOD events and more ‘central Pacific’ El Niño events.
The SAM can interact with the large-scale tropical drivers to enhance or reduce their influence. SAM weakens the westerlies in Victorian latitudes during its positive phase, often causing drier than normal conditions in winter, and strengthens them in its negative phase, often resulting in wetter than normal winter conditions (Hendon et al. 2007; Marshall 2003). In contrast, during late spring and summer positive SAM allows more moisture into Victoria from the north, increasing rainfall. The SAM is projected to shift more towards the positive phase under climate change (e.g. Cai et al. 2011a).
The IPO (Power et al. 1999) has a similar ocean surface pattern to ENSO but is broader north and south. It is believed to vary on a timescale of decades, but it is unclear if it is a mode in its own right or is the consequence of the variability of ENSO. It is currently not possible to forecast the IPO: it is only able to be calculated in hindsight. The shift in the state of the IPO – to a La Niña-like pattern – was considered an important driver of tropical expansion in the Australian region, and it was suggested that the expansion might reduce in coming decades (Hope et al. 2017). However, recent research suggests that the observed tropical ocean trends are partly driven by human-induced climate change, and the aspects of the current state of the IPO will persist (Lim et al. 2019). 
Simulations performed with the POAMA model (Hudson et al. 2013) extending the observed trend into the future show only weak changes to the subtropical ridge globally during the Southern Hemisphere spring. However, an increase in mean sea-level pressure south-east of Australia is suggestive of a poleward shift of the subtropical ridge near Victoria. The simulations show a weakening of the relationship of El Niño and the development of negative SAM which means that SAM will be less predictable during El Niño events (Lim et al. 2019). 
Over recent decades the extended periods of dry years, interspersed with extremely wet years (2010–2011, 2016), indicate that there might have been a shift in both how the very extreme rainfall forms and how dry years might persist. The changing nature of the large-scale drivers themselves, the moisture in the atmosphere and land–atmosphere interactions all contribute to change in Victoria’s pattern of rainfall through a decade. There is still a great deal more to learn about these facets of the climate.
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Rainfall from cold fronts and low-pressure systems in the cooler half of the year has declined across Victoria, while thunderstorm-related rainfall has increased in northern Victoria in the warmer half of the year.
Cold fronts, surface low-pressure systems and thunderstorms are, together, responsible for 89% of Victoria’s rainfall each year. There are other types of weather that are linked to rainfall on other days such as weather activity higher in the atmosphere, which will be explored in further research. Sometimes one of these weather events happens on its own, but often multiple types of weather event occur on the same day, and these combined events are more likely to cause heavy rain (Dowdy and Catto 2017). The interaction of a low-pressure system with a thunderstorm is particularly important for extreme rainfall in Victoria.
Different types of weather systems can have different rainfall characteristics; for instance, lows and fronts tend to be longer-lived and more widespread, while thunderstorm rain can be very heavy but short-lived and spatially variable (including localised intense rainfall). They also have different seasonal characteristics, with lows and fronts particularly important for rainfall during the cooler months of the year and thunderstorms more important during the warmer months of the year (Dowdy 2020; Pepler et al. 2020a). This means that changes in the dominant weather systems may also influence the relationship between rainfall and runoff in a given location (see Section 3.4).
[bookmark: _Toc58397506]VicWaCI considered three types of weather systems.
Cold fronts are fast-moving weather systems where cold air hits an area of warmer air. The passage of a cold front brings a shift from warm, northerly winds to cool, south-westerly winds and is often associated with widespread moderate rainfall. 
Low-pressure systems are areas where the pressure is lower than the surrounding environment. In the Southern Hemisphere, winds rotate clockwise around the centre of the low. Lows can cause widespread and/or heavy rainfall and can also cause large waves and erosion along the coastline. 
Thunderstorms are common during the warm months, and severe thunderstorms can cause heavy rain, lightning, hail and even tornadoes. Individual storms can be small and short-lived, but when atmospheric conditions are favourable, multiple storms can develop over large parts of the state.
Combinations of all three weather types were also analysed (e.g. lows and thunderstorms, fronts and thunderstorms or all three together).
Different regions of Victoria are dominated by different weather systems (Figure 2.9). The rainfall from different weather types has been used to distinguish different seasons and regions across Victoria (Fiddes et al. 2020). Thunderstorms are more important for rainfall in the north of the state, particularly during the warm season, while increased rainfall from lows and fronts contributes to higher rainfall totals during the cool season, particularly in the south. The combination of a low/front with a thunderstorm is an important source of rainfall throughout the year but particularly during the warm season, with these systems explaining a large proportion of heavy rain events. 
[image: Eight maps showing historic seasonal rainfall in Victoria. The two maps on the left panel show average seasonal rainfall across Victoria between 1979 and 2015 during the cool and warm seasons respectively The six  maps on the right panel show the proportion of seasonal rainfall that is due to lows and/or front systems, thunderstorm  and combination systems that make up Victoria’s weather systems. The key takeaway from this figure is that when it comes to rainfall in Victoria, the contribution of different weather systems to rainfall varies across Victoria and throughout the year.]
Figure 2.9: (left) Average seasonal rainfall across Victoria between 1979 and 2015, and the proportion of rainfall that is due to (centre-left) lows and/or fronts, (centre-right), thunderstorms and (right) the combination of a low and/or front with a thunderstorm. Figures are shown separately for the cool season (top) and warm season (bottom).
There has been a decrease in the frequency of lows in Victoria, particularly during the winter months, over the period 1979–2015 (Pepler et al. 2020b). The likelihood that a low or front will produce rainfall has also decreased, as has the average rainfall per system. This trend has led to a large decline in the total rainfall from lows and fronts during the cooler half of the year, particularly in southern and eastern Victoria (Figure 2.10). There has also been an increase in the frequency of high-pressure systems in Victoria, which are associated with dry weather (Pepler et al. 2019). 
[image: Six maps showing the percentage change in seasonal average rainfall across the state from low/fronts, from thunderstorms and from combined events between 1979 to 1996 and 1997-2015 across cool and warm seasons. The key takeaway of this figure is that the number of lows is decreasing in winter, and the average rainfall from each low or front is decreasing too. Rainfall from combined events is increasing during the summer months, particularly in the north of the state.]
Figure 2.10: Spatial plot showing the percentage change in seasonal average rainfall from lows/fronts (left), thunderstorms (middle) and combined events (right) between 1979–1996 and 1997–2015 in April–October (top) and November–March (bottom). Red shading means less rainfall in recent years. Plots are faded where the weather system contributes less than 25 mm on average per season.
At the same time, there are more thunderstorm days in some regions, especially in the east (Dowdy 2020). Some of these extra thunderstorms produce rainfall, contributing to increased rainfall in parts of southern and eastern Victoria during the summer months. Thunderstorm environments are identified by the lightning associated with them. However, there is also an increase in eastern Victoria in the number of days indicated as having lightning but little or no rainfall (known as ‘dry-lightning’), which can ignite fires and contribute to an increasing bushfire hazard. 
While both El Niño Southern Oscillation (ENSO) and the Indian Ocean Dipole (IOD) influence rainfall from low-pressure systems and thunderstorms during the cool half of the year, during spring the IOD is particularly important for rain from fronts. ENSO also continues to influence thunderstorm rainfall into the warm season when the influence of the IOD on rainfall is minimal. This is consistent with research that shows that the IOD exerts its influence on south-eastern Australian rainfall in spring via changes to the mid-latitude westerlies (Cai et al. 2011b). El Niño years are also associated with an increase in the frequency of high-pressure systems during the warm half of the year, while both El Niño and positive IOD are associated with an increase in the strength of high-pressure systems during the cooler months, contributing to drier conditions in Victoria (Pepler et al. 2019). 
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Extreme, short-duration rainfall events are generally becoming more intense in Victoria, a trend that is expected to continue into the future.
Extreme rainfall events are periods of very heavy rainfall generally described in terms of the rainfall intensity (how much rain falls during a period of time), the rainfall duration (over what time period the rain falls) and the frequency (how often you would expect to see an event of a given magnitude). The intensity of extreme, short-duration (around an hour) rainfall events is changing. These events have implications for urban infrastructure and design, emergency management (e.g. flash flooding) and natural resource management (e.g. increased erosion). 
Analysis of the data from Australian Gridded Climate Data (AGCD) show the maximum daily precipitation per year has increased across large parts of Victoria since 1958 (Figure 2.11). Larger increases in extreme precipitation have been widely reported to occur on shorter timescales (Jakob et al. 2011; Jakob et al. 2020).
[image: Graphic map of Victoria showing large sections of the state have experienced increased annual maximum daily precipitations. There are only a few small sections including along the south-eastern coast that saw a decrease. The key takeaway from this figure is that maximum daily precipitation has increased over large sections of Victoria. ]
Figure 2.11: Trends in the annual maximum daily precipitation across Victoria using data from Australian Gridded Climate Data from 1958–2014. Note: this ends in 2014 to align with the extremes results below that is limited by data availability. 
The number of hourly extreme rainfall events that exceed 12 and 18 mm/hr, which roughly correspond to return periods of one and two years respectively, has increased on average by 26% and 89% respectively from 1958–1985 to 1987–2014 at the eight weather stations in Victoria with the most robust and concurrent data record (Figure 2.12; Osburn et al. 2020). 
[image: Two graphs displaying the number of rainfall events exceeding 12 millimetres per hour and 18 millimetres per hour in each year from 1958 to 2014 at eight rainfall stations in Victoria. The key takeaway from this figure is that extreme, short-duration rainfall events in Victoria are becoming more frequent.]
Figure 2.12: Number of events per year exceeding 12 mm/hr (left) and 18 mm/hr (right) from the eight stations (total events from the eight stations) from 1958 to 2014. For the thresholds of 12 mm/hr (left) and 18 mm/hr (right), the number of events in the latter half of the time period (1987–2014) increased by 60 and 47 respectively relative to the earlier periods (1958–1985) and increased proportionately by 26% and 89% respectively. Note different scales on the vertical axes.
Extreme rainfall events are becoming more intense, and more so for the shorter duration and more extreme rainfalls, with larger increases during the warm season when thunderstorm rainfall is increasing (Figure 2.10). The average increase in intensity of the 20 most extreme events during the warm season was 3.5 mm/hr and 0.9 mm/hr during the cool season. There has also been an observable shift in the distribution of the most extreme events towards a greater intensity (Figure 2.13; Osburn et al. 2020).
[image: Histogram plots of hourly precipitation intensity of the 20 most extreme warm season events for the periods 1958 to 1985 and 1987 to 2014. The key takeaway from this figure is that extreme, short-duration rainfall events in Victoria are becoming more intense in the warm season.]
Figure 2.13: Histograms of the 20 most extreme events from the eight stations for the time periods of 1958–1985 (green) and 1987–2014 (red) for the warm season.
The proportion of total annual precipitation that can be attributed to precipitation events greater than 8, 12 and 18 mm/hr during the warm season has been steadily increasing since the 1990s, while total annual precipitation has been decreasing. Before the 1990s, the proportion of precipitation that could be attributed to these extreme events was relatively stable.
Statistical techniques (after Coles et al. 2001) were used to estimate the intensity of the 100-year return period hourly rainfall for two periods (1958–1985 and 1987–2014). The largest changes were at Mildura and the Lauriston Reservoir. Smaller increases were estimated in the south-east of the state, while little to no changes were estimated for the more central stations of Mt St Leonard and Lake Eildon (Figure 2.14; Osburn et al. 2020). 
These findings highlight a general trend towards a greater proportion of total rainfall coming from the more intense events, given the decrease in the mean annual rainfall combined with an increase in the intensity of the more extreme events.
[image: The key takeaway of this figure is that estimates of the most extreme precipitation events vary widely between different geographic locations within Victoria and can have high levels of uncertainty, but more often indicate an increase in rainfall intensity over the last 60 years.]
Figure 2.14: Estimations of hourly precipitation intensity with 90% confidence intervals for the 100-year return periods for the eight stations in Victoria, calculated based on the periods 1958–1985 (light shading) and 1987–2014 (dark shading). The stations are plotted in order from west to east.
More intense extreme rainfall is expected in the future with high confidence (Jakob et al. 2020). It is well understood that water vapour content can increase by ~7% for every additional degree of warming which is the basis for projections of more intense rainfall events in the future. However, there is growing evidence from around the world that extreme precipitation can scale at around twice this rate under certain conditions (Berg et al. 2013; Busuioc et al. 2016; Dowdy 2020; Lenderink and Van Meijgaard 2008, 2010; Lenderink et al. 2011; Mishra et al. 2012; Park and Min 2017). The exact mechanisms are not fully understood but are likely associated with enhanced uplift in storms, given that increased moisture in the air due to global warming can provide additional energy for convection as the energy source for thunderstorms and increased rainfall intensity (Dowdy 2020). More intense extreme rainfall has important implications for planning; that is, that the possibility of heavier extremes needs to be considered along with the implications for flood risk.
[bookmark: _Toc58397508]3. Victoria’s changing hydrology
Where is runoff declining and why?
Recent research has shown that for many catchments in Victoria and south-east Australia, the runoff response to rainfall has declined, particularly during the Millennium Drought. This means that for a given amount of rainfall we get less streamflow than we did in past decades. Since the Millennium Drought, some catchments have recovered while others have not. The reduction in runoff response is particularly concerning for future water availability and flow-dependent ecosystems. The reduction in runoff is in addition to the impact expected from future declines in rainfall due to climate change – so is likely to have significant consequences for our environment and our communities.
[bookmark: _Toc58397509]Victoria’s changing hydrology: at a glance
Average runoff has declined over recent times, largely due to rainfall declines. 
Runoff reductions in some catchments are larger than expected from reduced rainfall.
A significant shift in the runoff response to rainfall was observed in many Victorian catchments during the Millennium Drought.
Catchments can respond to and recover from drought in distinctly different ways.
The shifts in the rainfall–runoff relationships were largely governed by catchment resilience or vulnerability to drought, rather than differences in drought severity. 
Changes in weather systems may be less important in determining if a catchment is more likely to experience a shift in rainfall–runoff relationship compared to internal catchment characteristics, such as catchment mean slope.
Groundwater–surface water disconnection is an important feature of catchments with shifted rainfall–runoff relationship during the drought.
The rainfall–runoff relationship in some catchments can recover even if they don’t receive all of the ‘missing’ rainfall that they went without in the drought years.
During the Millennium Drought, more than half of the Victorian catchments analysed experienced an extra 20–40% decline in their annual streamflow due to the shift in rainfall–runoff relationships.
The current generation of hydrologic models do not replicate well the observed changes in the rainfall–runoff relationship during and after extended drought.
[bookmark: _Toc58397510]Implications for the water sector
The low-runoff conditions experienced in many catchments during and after the Millennium Drought need to be factored into water resource planning decisions.
Until there are improvements in the ability of hydrological models to represent the impact of multi-year drought and shifting rainfall–runoff relationships, selection of calibration periods will be important to ensure that model results account for shifts in rainfall–runoff relationships.
[bookmark: _Toc58397511]3.1 Victoria’s hydrology
Annual average runoff has declined over recent times, largely due to rainfall declines.
Catchments in Victoria experience a wide range of rainfall and streamflow conditions, with wetter catchments in the mountainous regions and drier catchments in the central west. Across the state, 156 study catchments were selected to further investigate rainfall–runoff behaviour, in areas largely unaffected by significant water use development. In these catchments it can be seen that rainfall varies considerably from year to year (Figure 3.1) and varies considerably between the catchments in any given year (shaded area in Figure 3.1). Since 1957 there have been some very dry years (1967, 1982 and 2006), and some very wet years (1992 and 2010). Streamflow also shows considerable variability between years and between catchments within years (Figure 3.1). The impact of the Millennium Drought on streamflow is clearly evident, with below-average river flows in most of the study catchments every year from 1997–2009 inclusive (Figure 3.1).
[image: Graph showing variations in annual rainfall and annual runoff for 1957 to 2016, for 156 study catchments in Victoria. The key takeaway of this figure is that there is a large range of variability in annual precipitation and runoff between catchments and between years.]
Figure 3.1: Annual rainfall and runoff for the period 1957–2016 across 156 study catchments. Solid lines indicate the median across the catchments with 25th to 75th percentile range shown. The inter-quartile range indicates the range of variability in annual precipitation and runoff each year across the study catchments.
The recent drying across Victoria (see Section 2.2) has impacted streamflow as shown in Figure 3.2. Reductions in streamflow since 1997 are widespread with greater reductions seen in the central west than the wetter mountainous regions.
[image: Map showing percentage change in mean annual streamflow across Victorian study catchments after 1997. Catchments in eastern and south west Victoria experienced a 0 to 40 percent reduction, while those in central west Victoria experienced a 50 to 90 percent reduction. The key takeaway of this figure is that the central west of Victoria experienced significant streamflow reductions during and after the Millennium Drought compared to eastern Victoria.]
Figure 3.2: Percentage reduction in mean annual streamflow from 1997–2016 relative to pre-1997 across Victoria.
Typically, a 10% reduction in rainfall might lead to a 20–30% reduction in streamflow (Chiew 2006) due to streamflow being sensitive to changes in rainfall. The sensitive response of streamflow to a change in rainfall is known as ‘elasticity’. For example, the Wonnangatta River (Figure 3.3a) experienced a 10% reduction in average annual rainfall since 1997, which translated into an expected 25% reduction in average annual streamflow over that period. In contrast, an upstream tributary of the Loddon River (Figure 3.3b) experienced an 11% reduction in average annual rainfall since 1997, which translated into an unexpectedly large 55% reduction in average annual streamflow over that period. The unexpectedly large reduction in streamflow since 1997 in the upstream tributary of the Loddon River and some of the large reductions shown in Figure 3.2, relative to the rainfall reductions experienced, suggest that streamflow has not responded as expected (based on past rainfall–runoff relationships) in some regions of Victoria.
[image: Two graphs, side by side, showing annual streamflow from 1953 onward for two catchments. The graph for a tributary of the Loddon River shows a greater percentage reduction in average annual streamflow since 1997, compared to the graph for the Wonnangatta River. The key takeaway of this figure is that the two example catchments experienced a similar decrease in rainfall since 1997, but the decrease in streamflow has been much greater than expected in the upstream tributary of the Loddon River than the Wonnangatta River. ]
Figure 3.3: Annual streamflow for two catchments: (a) Wonnangatta River at Crooked River and (b) an upstream tributary of the Loddon River at Yandoit. The percentage decrease in mean annual streamflow during and after the drought relative to pre-drought is also shown.
The impact of rainfall changes on streamflow shown in Figure 3.2 and Figure 3.3 are a combination of the impacts during and after the Millennium Drought. Figure 3.4 shows the separate impacts of rainfall changes on streamflow during (Figure 3.4a) and after (Figure 3.4b) the drought relative to pre-drought conditions. The greatest reductions in streamflow during the Millennium Drought were in western central Victoria (Figure 3.4a). While the decline in rainfall is likely to be the main reason for the decline in streamflow, some of the streamflow declines are larger than expected.
[image: Two maps of Victoria, side by side, showing percentage changes of mean annual streamflow during and after the Millennium Drought for Victorian study catchments. The key takeaway from this figure is that streamflow reductions during the drought were largest in central and western Victoria. Since the drought ended, some catchments are still producing less streamflow, particularly in western and central Victoria, while in eastern Victoria streamflow has largely recovered.]
Figure 3.4: Percentage reduction in mean annual streamflow (relative to average pre-drought streamflow) during (a) and after (b) the Millennium Drought across the study catchments. 
Since the end of the drought, the streamflow response to more average rainfall conditions has been mixed, ranging from a reduction of 80% in some western and central Victorian catchments to an increase of 40% in the east (Figure 3.4). In western central Victoria, some catchments are still producing much less streamflow than expected historically for a given annual rainfall, particularly given that the drought has ended. 
[bookmark: _Toc58397512]3.2 Pre-drought, drought and post-drought runoff generation
Runoff reductions in some catchments are larger than expected from reduced rainfall.
How catchments respond to and recover from droughts has substantial implications for current and future water resource planning. 
It has generally been assumed that streamflow declines during drought because of less rainfall, but otherwise the catchment behaves like it did under pre-drought conditions. However, analysis of annual streamflow and rainfall data from south-eastern Australia (Saft et al. 2015) showed that catchment runoff processes can change during droughts, with less rainfall going to streamflow than occurred prior to the drought, even when those rainfall amounts are the same. 
Similarly, it has been assumed that after the drought the catchment will always return to pre-drought conditions; that is, that catchments are infinitely resilient to climatic disturbances (Peterson et al. 2009, 2012, 2014; Peterson and Western 2014). However, the substantial reductions in streamflow in the Victorian catchments during the drought, and the non-recovery of streamflow following the drought (Figure 3.4 and Table 3.1) indicates that during and after the drought the proportion of rainfall that becomes streamflow has reduced in some catchments and still not recovered. 
Table 1: Catchment average annual rainfall and runoff pre-drought (up to 1996), Millennium Drought (1997–2009) and post drought (from 2010 onwards) averaged across 156 catchments. 
	
	Pre-drought
	Drought
	Post-drought

	Average rainfall (mm/year)
	977
	820
	978

	Average runoff (mm/year)
	246
	123
	201

	Runoff ratio
	0.21
	0.12
	0.17


[bookmark: _Toc58397513]3.3 How have rainfall–runoff relationships changed?
A significant shift in the runoff response to rainfall was observed in many Victorian catchments during the Millennium Drought
A rainfall–runoff relationship provides an expectation of how much streamflow will occur for a given amount of rainfall, with dry years at the bottom-left of this relationship, and wet years at the upper-right. An example is given in Figure 3.5 where for the upstream tributary of the Loddon River, years with rainfall around 450 mm produce negligible streamflow, but as annual rainfall increases, the proportion of rainfall that becomes streamflow increases. The line between wet and dry years describes the expected annual runoff for a given annual rainfall. 
The upstream tributary of the Loddon River shown in Figure 3.3 and Figure 3.5 had a 55% reduction in streamflow for an 11% reduction in rainfall since 1997. This unexpectedly large reduction in streamflow can be seen in Figure 3.5, where the same annual rainfall during and after the drought produces less streamflow than prior to the drought. These changes in the rainfall–runoff relationship indicate a change in how the catchment responds to rainfall. Shifts in the rainfall–runoff relationship are indicative of changes in the internal functioning of the catchment system (Saft et al. 2015; 2016b).
[image: Two graphs, side by side, that compare annual rainfall against annual runoff in the pre-drought, drought and post-drought periods for an example Victorian study catchment. The key takeaway of this figure is that in this example catchment, runoff decreased more than expected for a given amount of rainfall during the drought and after the drought.]
Figure 3.5: Comparison of annual rainfall–runoff relationship between pre-drought and during the drought (left) and pre-drought and post-drought for an example catchment (gauge 407221).
[bookmark: _Toc58397514]3.3.1 Annual changes
Historically, the amount of runoff produced during dry years would follow the annual rainfall–runoff relationship. However, there was a systematic downward shift in the annual rainfall–runoff relationship in many Victorian catchments during the Millennium Drought (Figure 3.6, shifted, recovered). Although all catchments experiencing drought produced less streamflow than before the drought, about two-thirds of them produced disproportionally less streamflow than expected (Figure 3.6 and Figure 3.7).
The response to drought varied from catchment to catchment (Figure 3.6) and over time within catchments (Figure 3.7). The rainfall–runoff relationships in the wetter catchments on the Great Dividing Range in eastern Victoria did not shift significantly; the large reductions in streamflow were in line with expectations based on previous similarly dry years. In western Victoria, most study catchments experienced a shift in relationship during the drought.
[image: Map showing four categories of hydrological response in Victorian study catchments during and after the Millennium Drought. The key takeaway of this figure is that catchments in eastern Victoria mostly had stable rainfall–runoff relationships during and after the drought. Catchments in western and central Victoria mostly shifted relationship during the drought, with some recovering after the drought.]
Figure 3.6: Shift in catchments’ hydrological response and recovery across Victorian catchments during and after the Millennium Drought. Results show which catchments did not shift relationship during or after the drought (blue), shifted relationship during the drought and have not recovered yet (red), shifted relationship during the drought and recovered after the drought (green) and did not shift relationship during the drought but shifted after the drought (orange).
[image: A bar graph showing percentage of Victorian study catchments in a low runoff state in a given year from 1970 onwards. The key takeaway of this figure is that more than one-third of study catchments are still in a drought-like runoff state eight years after the Millennium Drought.]
Figure 3.7: Percentage of catchments generating less streamflow than expected (low-runoff state). Note: a normal runoff state was defined as the runoff occurring for a given rainfall in 1990 (see Peterson et al. 2020 for details). By the end of the 2016 water year, 38% of catchments remained within a low-runoff generation state. From the end of the Millennium Drought to 2016 the number of catchments that have not recovered is not declining. (Source: adapted from Peterson et al. 2020).
Once the Millennium Drought broke, the expectation was that runoff generation would follow the pre-drought relationship. However, about one-third of study catchments have not recovered since the Millennium Drought (Figure 3.7).
The floods of 2010 and 2011 prompted about a third of the study catchments that had changed during the drought to switch back to their pre-drought rainfall–runoff relationship (Figure 3.7). Since 2011, rainfall has been average or below in some catchments. Around a third of catchments continue to behave as if the drought has not ceased (Figure 3.6 and Figure 3.7). Interestingly, this fraction appears to be constant post-2010 (Figure 3.7), which suggests current rainfall conditions have not been sufficient to trigger recovery of these catchments. It should be noted that the last year in this analysis is the water year starting in March 2016, so statements about non-recovery hold up to that year. On-going monitoring of the runoff state of catchments on an annual basis could be of particular benefit to water resource management, such as for annual water supply system outlooks, as changes in state would allow water managers to plan for more or less runoff for a given climate outlook.
[bookmark: _Toc58397515]3.3.2 Seasonal changes
Annual totals can mask changes between seasons. For example, a reduction in winter rainfall could be offset by an increase in summer rainfall with little change in annual total. The runoff in winter would reduce while the runoff in summer would increase, but not to the same extent, as usually the proportion of rainfall that becomes runoff is greater in winter than summer. Therefore, a seasonal redistribution of rainfall could appear as a shift in the annual rainfall–runoff relationship.
Cool-season patterns of rainfall–runoff change (Figure 3.8) are similar to the annual changes (Figure 3.6). During the cool season, the period of highest runoff production, many of the wettest catchments on the Great Dividing Range in eastern Victoria either did not shift their behaviour significantly or have recovered after the drought. Catchments of western Victoria had a higher tendency to exhibit shifts in cool-season rainfall–runoff relationships, which is in line with the annual results.
Warm-season shifts in hydrologic behaviour were considerably less frequent during the drought, but more frequent after the drought. That is, some catchments shifted their warm-season hydrologic behaviour downward only around the end of the drought. The warm season is a period of lower runoff generation, typically dominated by sub-surface drainage, and the shifts do not show any clear spatial pattern either during or after the drought. Furthermore, shifts after the drought are based on short record lengths (2010–2016) and should be treated with some caution.
[image: Two maps of Victoria, side by side, one for cool season and one for warm season, showing four categories of hydrological response in Victorian study catchments during and after the Millennium Drought. The key takeaway of this figure is that shifts in the cool season, when most streamflow is generated, are very similar to annual shifts.]
Figure 3.8: Cool (May–October, left) and warm (November–April, right) season shifts in runoff. Results show which catchments experienced no shift in runoff during and after the drought (blue), a shift in runoff during and after the drought (red), a shift occurring at the end of the drought (orange) and a shift in runoff only during the drought (green).
The similarity of the annual and seasonal results indicates that the changes in rainfall–runoff relationship are not due to redistribution of rainfall within the year, but due to other factors that impact the catchment all through the year.
The lack of decline in the number of catchments in a seasonally low runoff state (Figure 3.9) suggests that recovery is not simply dependent upon the number of years since the drought broke and that we should not expect these catchments to recover soon. Importantly, there is also no seasonal cycle in the number of catchments in a low-flow state. This suggests that the switch to a low-flow state persists for years, rather than only for a subset of seasons.
[image: A graph showing percentage of Victorian study catchments in a seasonally low runoff state in a given year from 1970 onwards . The key takeaway of this figure is that the similarity of the annual and seasonal results indicates that the changes in rainfall–runoff relationship are not due to redistribution of rainfall within the year, but due to other factors that impact the catchment all through the year. Catchments do not move in and out of low-flow states from one season to the next.]
Figure 3.9: Percentage of catchments generating less streamflow than expected (low-flow runoff). Note: a normal runoff state was defined as the runoff occurring for a given rainfall in 1990 (see Peterson et al. 2020 for details). By autumn 2017, 38% of catchments remained within a low-runoff generation state.
[bookmark: _Toc58397516]3.3.3 Types of catchment drought response and recovery
Catchments can respond to and recover from drought in distinctly different ways.
A wide diversity of catchment dynamics was observed among the study catchments, ranging from those that experienced a significant shift to a low-runoff state at the start of the Millennium Drought and have yet to recover, through to those that experienced no shift in runoff state. 
For analysing catchment dynamics before, during and after the Millennium Drought, six distinct clusters of runoff state/recovery dynamics were identified (Figure 3.10), based on if and when they shifted to a low-runoff state and the rate of their recovery. These clusters applied to both the 1982–1983 drought and the Millennium Drought and they were reasonably consistent across Victoria. The timing of the change in runoff response and recovery was the most distinguishing factor for each cluster, while the magnitude of the change in runoff did not appear to be a clear factor.
These clusters of similar catchment response and recovery show it may be possible to develop predictive tools to inform likely future runoff response to drought. For example, catchments that did not shift would not be expected to respond to a drought of a similar magnitude. The late shift, quick recovery catchments might not respond to a less severe drought. The other catchments would be expected to shift near the beginning of a similarly severe drought and have varying recovery/non-recovery rates.
[image: Map of Victoria showing clusters of Victorian study catchments which, with respect to observed runoff changes during and after the Millennium Drought: did not shift, had a late shift and a quick recover, had a shift and a partial recovery, had a shift and no recovery, had an early shift and no recovery, and responded ambiguously.. The key takeaway of this figure is that Victoria’s catchments respond to and recover from drought differently. Statewide patterns do emerge, as do local scale patterns. Understanding this will help assess likely catchment response to future drought events.]
Figure 3.10: Catchment clusters derived from the runoff changes during and after the Millennium Drought using hierarchical clustering with six clusters – which was determined to be the optimal number of clusters.
[bookmark: _Toc58397517]3.4 Why have rainfall–runoff relationships changed?
Changes in rainfall–runoff relationships during and after the Millennium Drought resulted in less runoff than expected for a given rainfall in many regions, particularly in the drier parts of the state. This reduction in expected runoff means less flow in rivers and streams for affected catchments. For catchments that have recovered since the drought, this period of reduced runoff has ceased. However, for catchments that have not recovered, this period of reduced runoff is on-going.
Water resource planning that is based on the assumption that rainfall–runoff relationships are stable are likely to overestimate future runoff if rainfall–runoff relationships change to a low-flow state in the future, so it is important to understand why rainfall–runoff relationships can change during prolonged dry periods and why they recover.
[bookmark: _Toc58397518]3.4.1 Key catchment and drought characteristics
Shifts in the rainfall–runoff relationships were largely governed by catchment resilience or vulnerability to drought, rather than differences in drought severity.
Over 50 potentially influential factors representing both catchment and drought features were simultaneously analysed (following the methodology of Saft et al., 2016b) to detect which factors were most informative in explaining percentage reduction in drought runoff (streamflow anomaly), where larger anomalies are associated with rainfall–runoff relationship shifts. Four broad groups of factors were considered: (1) catchment properties (e.g. catchment area, slope, elevation, vegetation); (2) historical pre-drought climate (e.g. humidity index, temperature, rainfall patterns); (3) streamflow and groundwater signatures (e.g. mean and low-flow condition metrics, unconfined aquifer thickness, groundwater depth); and (4) drought characteristics (e.g. rainfall reductions, temperature changes).
The key factors explaining drought streamflow anomaly were related to catchment storage, relief and pre-drought climate. Drier and flatter catchments were found to be more vulnerable to large drought streamflow anomalies. Additionally, larger soil storage (deeper soil with higher available water-holding capacity) was linked to larger magnitudes of shift. In contrast, ample groundwater storage protected catchments from shifts in hydrologic response. Another important factor ensuring high catchment resilience was high altitudes, especially the area above the snow line (~1400 m). Slope and humidity index explain 75% of the variance in total streamflow anomaly during the drought. Including unconfined aquifer thickness increases the explained variance to 81%.
Regarding drought characteristics, the rainfall anomaly explained 23% of the drought streamflow anomalies, while changes in annual rainfall variability were important (larger streamflow anomalies were related to lower interannual variability of rainfall during the drought) along with increased potential evapotranspiration (larger streamflow anomalies were related to higher potential evapotranspiration). Temperature anomalies and changes in seasonality were not related to the shifts in the rainfall–runoff relationships. 
Post-drought streamflow anomaly could not be predicted well without knowing the streamflow anomaly during the drought, which is additional evidence that hydrological shifts during the drought are key to understanding post-drought catchment hydrological behaviour.
3.4.2 Weather changes
Changes in weather systems may be less important in determining if a catchment is more likely to experience a shift in rainfall–runoff relationship compared to internal catchment characteristics, such as catchment mean slope.
Changes in the weather systems delivering rainfall to shifted catchments may provide a mechanism for explaining the change in rainfall–runoff relationship. For example, if a given annual rainfall was delivered via a series of more or less intense rainfall events, then runoff generation would be expected to differ as a result. In this analysis the shift is represented by the streamflow anomaly in excess of the elasticity reduction, which is a sub-component of the total streamflow anomaly presented in Section 3.4.1.
Up to 43% of the shift in rainfall–runoff relationships observed in many Victorian catchments during the Millennium Drought can be explained by changes in rainfall from weather systems, with some weather systems having a larger influence than others. Catchments with a shifted rainfall–runoff relationship during the drought tend to receive a lower proportion of their rainfall from fronts during this time than catchments that did not shift. Although there was an overall reduction in total rainfall in all catchments, a greater proportion of rainfall in shifted catchments was received from events that were a combination of thunderstorms, low-pressure systems and fronts compared to the rainfall from low-pressure systems or cold fronts alone.
Changes in weather systems are less important in determining if a catchment is more likely to experience a shift in rainfall–runoff relationship compared to a selection of internal catchment characteristics, such as catchment mean slope. However, this result is confounded due to the high spatial correlation between mean slope and changes in the proportion of rainfall from front-only systems during the drought. There is little change in the proportion of rainfall from fronts in catchments with a steeper slope, suggesting orography may inhibit the further reduction in rainfall from fronts seen in flatter catchments, and makes the importance of weather systems on the rainfall–runoff relationship shift difficult to resolve.
Analysis of post-drought weather systems was hampered by the limited years for which runoff data was available, increasing the uncertainty in results. The limited data indicates that catchments experiencing a rainfall–runoff shift post-drought also received a lower proportion of rainfall from fronts than catchments that did not shift during this time, similarly for low-pressure systems. There was also less increase in proportion of rainfall from front-thunderstorm systems in shifted catchments than stable catchments. 
There is a statistically significant difference in the magnitude of rainfall–runoff shifts between eastern and western Victoria, indicative of contrasting catchment processes in those regions. However, to assess the impact of a change in dominant weather types on rainfall–runoff shifts, there needs to be further investigation into how this relationship changes between regions of similar dominant weather types clusters (e.g. Figure 2.8), catchment processes and seasonal variability of the rainfall–runoff relationship (e.g. Figure 3.8). This will help to identify how long-term changes in weather patterns will impact long-term streamflow availability across different catchments in Victoria.
[bookmark: _Toc58397519]3.4.3 Groundwater–surface water connectivity
Groundwater–surface water disconnection is an important feature of catchments with shifted rainfall–runoff relationship during the drought.
Changes in groundwater–surface water connectivity could account for some of the change in the rainfall–runoff relationship. Analysis of cease-to-flow conditions — which provide a useful indicator of the disconnection between a stream and any sub-surface water — shows that many streams experienced a prominent increase in the proportion of cease-to-flow conditions during and after the Millennium Drought (Figure 3.11). Prior to the drought, catchments that shifted rainfall–runoff relationship during the drought (Shifted and Recovered) have higher average percentage of cease-to-flow days (i.e. days in which streamflow falls to zero) than catchments that did not shift relationship (Stable and Shifted after drought). During the drought, the percentage of cease-to-flow days increased for Shifted and Recovered catchments, which indicates these catchments became more intermittent or even ephemeral during the drought. The fact that average cease-to-flow days remain elevated in many catchments years after the Millennium Drought broke confirms that groundwater storages have not been refilled enough by post-drought floods or average rainfall conditions since the drought to lower the proportion of cease-to-flow conditions to pre-drought levels. Figure 3.11 shows that groundwater–surface water disconnection is an important feature of catchments with shifted rainfall–runoff relationship during the drought, but the driver of this disconnection remains to be identified. 
[image: A line graph that compares the average percent of cease to flow days of catchments that recovered, shifted, shifted after drought, or were stable after drought. The key takeaway of this figure is that Victorian study catchments that shifted rainfall–runoff relationship during the Millennium Drought (both shifted and recovered) have higher average cease-to-flow days each year prior to the drought, which increased during the drought. Stable catchments show little change in average cease-to-flow days each year.]
Figure 3.11: Average percentage of days in cease-to-flow condition per year for Stable, Shifted, Recovered and Shifted after drought catchments. The analysis is restricted to 1965–2016 when each year has > 80 catchments with data.
[bookmark: _Toc58397520]3.4.4 Catchment wetness and drought recovery
The rainfall–runoff relationship in some catchments can recover even if they don’t receive all of the ‘missing’ rainfall that they went without in the drought years.
One possible driver of recovery is that the cumulating rainfall deficit during the drought needs to be offset by drought-breaking rainfall. So far, in about 75% of catchments that have recovered, the catchment was drier at recovery than when it shifted into a low-runoff state (Peterson et al. 2020). This suggests that the rainfall–runoff relationship recovery does not require the cumulative rainfall deficit from the drought to be offset by drought-breaking rainfall before recovery can occur. That is, the catchments often appear drier based on cumulative rainfall anomaly when they recover than when they shifted into a low-runoff state, which indicates potential non-linearity, hysteresis and/or threshold behaviour in the associated processes.
The rainfall–runoff relationship in one-third of catchments in this study has not recovered since the Millennium Drought. Of the catchments that have recovered since the drought broke, about 80% showed an indication of recovery during the three years prior to recovering (Peterson et al. 2020). However, the catchments that have not yet recovered do not display this indication. 
Most of the catchments that have not recovered show no evidence within their last three years of record of recovering soon and appear to be persisting within the low-runoff state (Peterson et al. 2020). The catchments that have not recovered appear likely to remain within a low-runoff state into the near future. Considering that many catchments shifted to a low-runoff state during the 1983 drought and did recover, future recovery of these one-third of catchments appears possible but the drivers for such recovery remains an open question.
[bookmark: _Toc58397521]3.5 Magnitude of observed shift in rainfall–runoff relationship during the Millennium Drought 
During the Millennium Drought, more than half of the Victorian catchments analysed experienced an extra 
20–40% decline in their annual streamflow due to the shift in rainfall–runoff relationships.
The earlier sections described where significant changes in rainfall–runoff relationships have been observed, over what timescales and potential drivers of the shift. Knowing the magnitude of the observed changes due to the shift also helps us to understand the significance of the issue in the different catchments across Victoria.
Comparing the rainfall and runoff observed during the Millennium Drought with what would have been expected based on the pre-drought rainfall–runoff relationship provides a way to calculate the quantity of runoff that is ‘missing’, or that is not explained by the decline in annual rainfall alone. Figure 3.12 shows the percentage decline in runoff for the study catchments during the Millennium Drought that is in excess of the expected runoff decline from the pre-drought rainfall–runoff relationship. Comparing Figure 3.12 with the total observed percentage decline in runoff during the Millennium Drought (Figure 3.4a) shows that the shift in rainfall–runoff response accounts for a significant proportion of the observed runoff decline. 
[image: Map of Victoria showing the percentage of additional annual runoff reduction to the expected runoff decline during the Millennium Drought in Victorian study catchments. The key takeaway of this figure is that the magnitude of the decline in runoff during the Millennium Drought that was not explained by the pre-drought relationship was largest in the central west of Victoria. In many catchments in central western Victoria, the shift in runoff response accounts for about 20–40% of the pre-drought average runoff.]
Figure 3.12: Percentage reduction in runoff during the Millennium Drought across the study catchments that is in excess of the expected runoff decline from the pre-drought rainfall–runoff relationship. The percentage decline is relative to the pre-drought average runoff.
Drawing on the understanding of potential drivers of the changes in rainfall–runoff relationship (described in Section 3.4), a regression equation explaining 71% of the variance in observed shifts was developed using catchment and drought characteristics. The regression was used to predict the magnitude of declines across other catchment areas of Victoria outside of the study catchments (Figure 3.13). Data smoothing techniques were used to combine the magnitude information calculated within the study catchments with the outputs of the prediction equation. 
[image: Map of Victoria showing the estimated reduction in runoff during the Millennium Drought that is in excess of the expected runoff decline from the pre-drought rainfall–runoff relationship. Results have been extrapolated to catchments other than those study catchments used in the initial analysis. The key takeaway of this figure is that catchment characteristics regressed with the shift in runoff relationships indicate that the downward shift in the runoff response observed during the Millennium Drought in the study catchments is expected to have occurred across many other areas of Victoria, with declines greatest in central western Victoria.]
Figure 3.13: Estimated reduction in runoff during the Millennium Drought that is in excess of the expected runoff decline from the pre-drought rainfall–runoff relationship. The percentage decline in runoff is relative to pre-drought average runoff.
[bookmark: _Toc58397522]3.6 Implications for hydrology modelling
The current generation of hydrologic models do not replicate well the observed changes in the rainfall–runoff relationship during and after extended drought.
Current rainfall–runoff models perform poorly when applied to conditions different to those used to calibrate the model. The structure of hydrologic models often presumes stable rainfall–runoff relationships and that catchments always recover from droughts (Peterson et al. 2009; Peterson and Western 2014; Peterson et al. 2014). However, as we see in Victoria, these relationships can change over time. Generally, rainfall–runoff models overestimate runoff under drier conditions (Saft et al. 2016a) and underestimate runoff under wetter conditions (Coron et al. 2012). 
In a changing climate, as future conditions diverge from those observed in the past, we can expect our model performance in predicting future runoff will degrade without on-going re-calibration. If there is also a future change in rainfall–runoff relationship, then the degradation of model performance will possibly be amplified. This model performance degradation is further complicated by the variable timing of rainfall–runoff relationship change and recovery observed in this study. At present our conceptual rainfall–runoff models do not reproduce observed changes in rainfall–runoff relationship arising from extended drought. Developing models that can do this at one catchment poses a future research challenge. Developing models that can do this across many catchments that exhibit variable response — including no change, early change, late change, early recovery, late recovery and no recovery — is also a significant future research challenge. The Millennium Drought provides a useful test bed for improving and testing our rainfall–runoff models for changing conditions. Where rainfall–runoff relationships have previously changed, then calibration strategies that use pre-drought and drought runoff may address some of these future challenges. 
Fowler et al. (2020) explored the ability of five commonly used conceptual rainfall–runoff models to reproduce multi-year trends, similar to those observed during the Millennium Drought, in runoff or model internal stores and fluxes. They found that the current structure of all these models constrained their ability to reproduce multi-year trends observed within catchments. Hence, these models in their current form will not be able to reproduce the observed runoff characteristics during the Millennium Drought with a single robust parameter set identified by calibration during pre-drought conditions.
Research is active and on-going to diagnose and rectify model structural inadequacies to increase the number of robust parameter sets within a model and improve calibration techniques to identify those robust parameter sets without knowing the future change conditions. The framework of Fowler et al. (2018) for model testing and improvement can guide modellers to diagnose whether to modify the calibration methodology or seek to modify the model structure.
A warmer future is likely to increase evaporative demand for water from the landscape. The impact of changed evaporative demand can be incorporated into our models via future projections of potential evaporation, which are used as a model input. In water-limited regions of Victoria, future changes in evaporative demand are much less likely to alter projected streamflow than projected changes in rainfall, as streamflow in these regions is strongly responsive to rainfall. In contrast, in more energy-limited mountainous regions, projected changes in evaporative demand could combine with changes in rainfall to influence streamflow. 
Another aspect of projected climate change that could influence future catchment response is how vegetation responds to increasing concentrations of atmospheric carbon dioxide, warmer temperatures, changing fire regime, predation, species dynamics and rainfall (see Brodribb et al. 2020; Peel 2009). The net effect on runoff of future changes in vegetation-related evapotranspiration due to the complex interaction of these factors remains unknown. How to incorporate the net effect of vegetation responses into our hydrologic model is an area of active research.
[bookmark: _Toc58397523]4. Victoria’s water future
Can we improve projections of future water availability in Victoria?
Projections of future climate have a level of uncertainty, so they are presented as a range of possible future scenarios. Water resource planners need to be confident that the range of scenarios are robust and encompass the breadth of what we may experience in the future.
The range of future hydrological scenarios can be different depending on the approach taken to generate the projections. Improved projections will provide greater confidence that the future scenarios used for planning represent a plausible range of possible futures.
[bookmark: _Toc58397524]Victoria’s water future: at a glance
Future runoff in Victoria is likely to be lower, because of the projected decline in cool-season rainfall and higher potential evapotranspiration. Variability will remain high, with wet and dry years on a background of a drying trend.
The runoff projections developed through the Victorian Climate Initiative (VicCI) continue to be the most appropriate for the water sector in Victoria and can be considered as projected change relative to post-1975 averages.
There is considerable uncertainty in future water availability projections, largely due to the uncertainty in future rainfall projections. However, understanding of the state’s water future is becoming clearer due to initiatives like VicWaCI.
Finer-scale dynamic downscaled projections (like the Victorian Climate Projections 2019) can potentially add value, particularly for local scale assessments. 
Although dynamic downscaling is improving, there is significant bias in the downscaled rainfall that needs to be robustly bias corrected for hydrological application.
Projection products from different selections of global climate models and dynamic downscaled products do not necessarily converge to a narrower range of change.
Hydrological models developed and calibrated against past observations may not robustly predict the future under hotter conditions, enhanced atmospheric carbon dioxide concentration and longer dry spells not seen in the past.
Assessments focused on a systems approach that characterise resilience to climate variability and climate change can provide insights and a foundation for considering the risk versus reward of adaptation options.
[bookmark: _Toc58397525]Implications for the water industry
Given the large range of plausible climate futures, water resource planning should consider a wide range of possible futures. 
The climate and water availability conditions experienced over recent periods, like the period since 1997, should be assessed as a scenario for predictive purposes to account for the possibility that climate change may have occurred more rapidly than projected by most global climate models. 
In addition to considering hydroclimate projections, approaches that consider how vulnerable a water system is to change can also be used to inform climate change adaptation. 
The Guidelines for Assessing the Impact of Climate Change on Water Availability in Victoria (DELWP 2020) have been developed to provide tailored guidance on how to apply hydroclimate science for water resource planning applications and to promote a consistent approach to climate change impact assessment across the water industry.
[bookmark: _Toc58397526]4.1 Projections of water futures
Future runoff in Victoria is likely to be lower, because of the projected decline in cool-season rainfall, and higher potential evapotranspiration. Variability will remain high, with wet and dry years on a background of a drying trend.
There is high confidence that Victoria’s long-term water future will be drier, given the high confidence in projected reductions in cool-season rainfall (as projected by the large majority of global climate models (GCMs), and consistent with the physical drivers of rainfall change in south-eastern Australia in a warmer world; see Section 2) together with higher temperatures and potential evapotranspiration. A changing rainfall–runoff relationship, with lower runoff for the same rainfall during long dry spells, also corresponds to a drier water future (see Section 3).
The runoff projections developed through the Victorian Climate Initiative continue to be the most appropriate for the water sector in Victoria and can be considered as projected change relative to post-1975 averages.
The VicCI hydroclimate projections (Potter et al. 2016; Figure 4.1 to Figure 4.3) continue to be the most appropriate projections currently available for the water sector in Victoria. There is considerable uncertainty in the future water projections, largely due to the uncertainty in future rainfall projections. The VicCI projections were developed using a hydrological model informed by the climate change signal from the 42 CMIP5 GCMs. Therefore, Figure 4.1 reflects the range of rainfall projections from the 42 GCMs, amplified in the runoff.
The percentage change in mean annual rainfall in Victoria is typically amplified as a two to three times larger percentage change in the mean annual runoff (Chiew 2006). The increase in temperature and potential evapotranspiration will further accentuate the decline in runoff. The higher temperature will also increase water demand and therefore increase the gap between future water supply and demand (Chiew and Prosser 2011).
Extreme rainfall events are projected to become more intense in a warmer world (VicWaCI 2019; see also Section 2.7), increasing flood hazard and flood risk in urban areas and small catchments. However, the impact on medium and large catchments in Victoria is less certain because of the compensating influence of higher extreme rainfall intensity and drier antecedent catchment conditions (Jacobs 2020; Pedruco et al. 2018).
[image: Three maps of Victoria that show low (10th percentile), median and high (90th percentile) projected changes in runoff for a high emission scenario at 2065. The key takeaway of this figure is that runoff is likely to decline across Victoria towards the middle of this century, but there is a large range of uncertainty.]
Figure 4.1: Median and range of projected percentage changes to basin mean annual runoff centred on 2065 relative to post-1975 average for a high emissions scenario (RCP8.5). (Source: Potter et al. 2016).
[image: A series of nine maps showing low (10th percentile), median and high (90th percentile)  projected changes to mean annual, cool-season and warm-season rainfalls for a high emission scenario at 2065. The key takeaway of this figure is that there is a large range of uncertainty in Victoria’s rainfall projections with a strong drying trend in the cool season.]
Figure 4.2: Median and range of projected percentage changes to mean annual rainfall, cool-season rainfall (April–October) and warm-season rainfall (November–March) centred on 2065 relative to post-1975 averages for a high emissions scenario (RCP8.5). 
[image: Three maps showing low (10th percentile), median and high (90th percentile) projected changes in annual evapotranspiration for a high emissions scenario at 2065. The key takeaway from this figure is that potential evapotranspiration is projected to increase across Victoria.]
Figure 4.3: Median and range of projected percentage changes to mean annual potential evapotranspiration centred on 2065 relative to post-1975 average for a high emissions scenario (RCP8.5). 
Potential evapotranspiration will increase under higher temperatures because of the higher amount of energy available for evapotranspiration. In potential evapotranspiration formulations, the increase in potential evapotranspiration largely comes from the increase in vapour pressure deficit driven by higher temperature.
Despite increases in temperature, decreases in pan evaporation (used to measure potential evapotranspiration) have been reported around the world (commonly referred to as the ‘pan evaporation paradox’), and this was attributed to reductions in wind speed and solar radiation. Stephens et al. (2018) examined pan evaporation trends across Australia using more recent data and confirmed the decline in pan evaporation over 1975–1994, but noted that this trend has plateaued or reversed in recent decades. Increasing vapour pressure deficit has become more dominant, resulting in an increasing pan evaporation trend over 1994–2016. 
Climate projections science is an active area of research with new climate projections datasets being developed. This includes the CMIP6 projections from many more GCMs that will become available in 2021, and more dynamic downscaling experiments under a coordinated regional climate modelling program. Currently, the Potter et al. (2016) projections remain the recommended projections to use, with possible supplementation with dynamic downscaling as outlined in the new Guidelines for Assessing the Impact of Climate Change on Water Availability in Victoria (DELWP 2020). There is also research underway to improve hydrological models and to develop more robust calibration approaches for hydrological prediction under climate change. These will inform the development of the next-generation hydroclimate projections for Victoria in several years’ time.
[bookmark: _Toc58397527]4.2 Understanding uncertainty
There is considerable uncertainty in future water availability projections, largely due to the uncertainty in future rainfall projections. However, understanding of the state’s water future is becoming clearer due to initiatives like VicWaCI.
Despite improvements in the climate projections and hydrological impact modelling sciences, the range (or uncertainty) in the projected hydroclimate is likely to remain large. Each step in the development of hydrological projections (Figure 4.4) has its own inherent uncertainty, which is compounded at each step of the process: (1) choice of greenhouse gas emission scenarios; (2) selection of GCMs; (3) downscaling of GCM outputs to catchment scale climate variables (including robust bias correction); and (4) hydrological modelling (see Chiew et al. 2017; Ekstrom et al. 2016). Understanding this uncertainty will inform the most appropriate use of projections from multiple sources and indicate how best to use the available hydroclimate scenarios for Victorian water management and planning.
[image: Infographic showing the process for deriving climate change projections for the Guidelines for Assessing the Impact of Climate Change on Water Availability in Victoria.
Stage 1: Future greenhouse gas emissions
Stage 2: Changes in global climate change, modelled by use of global climate models
Stage 3: Changes in regional rainfall, utilises dynamical or statistical downscaling
Stage 4: Changes in dominant hydrological processes, utilises hydrological modelling
]
Figure 4.4: Modelling components and uncertainty in projecting water futures.
[bookmark: _Toc58397528]4.2.1 Uncertainty in future rainfall projections
Finer-scale dynamic downscaled projections (like the Victorian Climate Projections 2019; VCP19) can potentially add value, particularly for local scale assessments.
There is a large range of plausible change in the current Victorian runoff projections (Figure 4.1) arising mainly from the rainfall change signal of the CMIP5 GCMs (corresponding to the Intergovernmental Panel on Climate Change [IPCC] Fifth Assessment Report). The IPCC Sixth Assessment Report that will become available from 2021 will draw on projections from many more GCMs from CMIP6. Nevertheless, despite improvements in climate change science, the range in the projections is likely to remain large. Therefore, water resource planning should take a precautionary approach of assessing vulnerabilities and risk from a wide range of projected changes together with value judgements as to how risk adverse the resulting adaptation decisions need to be.
Finer-scale dynamic downscaled projections, like the VCP19 can add value to the GCM-scale projections, particularly in coastal areas and across mountain ranges. For example, the VCP19 projections show enhanced drying on the westward slopes of the Victorian Alps, consistent with other dynamic downscaling studies, physical theory and past trends (Grose et al. 2019), and appearing as ‘realised added value’ in analysis of CORDEX simulations (Di Virgilio et al. 2020).
The VCP19 projections come from the Conformal Cubic Atmospheric Model (CCAM) dynamic downscaling model (Clarke et al. 2019) conditioned on six host GCMs chosen based on their skill in reproducing observed large-scale drivers of Australian climate as well as representing the range of projected future climates. The VCP19 projections are generally drier than the CMIP5 GCM projections (see Section 4.2.3, Figure 4.7). A major challenge in interpreting and using dynamic downscaled data is the lack of agreement in the rainfall projections from the different downscaling methods (Potter et al. 2018; Ekstrom et al. 2015; Figure 4.7).
As noted by Clarke et al. (2019), there are advantages and limitations in the different approaches, and the CCAM downscaling in VCP19 is intended to enhance the amount of climate modelling data available to increase the robustness of climate change adaptation and planning. For example, the drier VCP19 results can be considered in water resource planning as plausible ‘worst case’ scenarios to assess the risk of more extreme drying on the water resources. The global community is progressing towards coordinated downscaling experiments (e.g. CORDEX) that will allow the consistent and robust analysis of regional modelling and its ‘added value’.
4.2.2 Use of downscaled rainfall in hydrological modelling
Although dynamic downscaling is improving, there is significant bias in the downscaled rainfall that needs to be robustly bias corrected for hydrological application.
There is considerable bias in the dynamic downscaled (as well as GCM) rainfall, where the difference between the downscaled and observed rainfall is often larger than the climate change signal itself (see Figure 4.5). Therefore, the raw downscaled rainfall needs to be bias corrected to utilise its value for hydrological applications. 
[image: A series of maps of Victoria comparing observed, downscaled historical simulations and downscaled future projections of mean annual rainfall, as well as maps of bias between the downscaled historical simulations and observed rainfall. The key takeaway from this figure is that the bias in dynamic downscaled rainfall can be much larger than the change in rainfall projected for the future, so robust bias correction is essential for hydrological applications.]
Figure 4.5: Mean annual rainfall simulated by Water Research and Forecasting (WRF) regional climate (or dynamic downscaling) model compared to observed rainfall (1990–2009) (left panel) and future WRF rainfall (2060–2079) relative to historical WRF rainfall (1900–2009) (right panel). (Analysis using CCAM, as well as other host GCMs, show similar results).
The runoff projections in Figure 4.1 are modelled using future daily rainfall series generated by empirically scaling the historical daily rainfall series by the annual, seasonal and daily (at the different daily rainfall percentiles) change signal in the GCMs (Chiew et al. 2009; Potter et al. 2016). With this method, the future daily rainfall sequence is the same as the historical daily rainfall sequence. The empirical scaling method can also be used with dynamic downscaled data. To better utilise the dynamic downscaled rainfall directly (i.e. rather than scaling the historical series), a bias correction method is generally used by relating the daily distribution of the raw downscaled rainfall to that of the observed rainfall (a quantile-quantile mapping method is used here) and then using this relationship to convert the future raw dynamic downscaled rainfall to the grid or catchment rainfall. Unlike the empirical scaling method, the bias correction method and hydrological application considers potential changes in the rainfall sequencing and variability over different temporal scales. 
Analysis of the bias-corrected daily rainfall data (Potter et al. 2020) found biases remained in a number of metrics. As multi-day rainfall totals or events contribute significantly to runoff generation, underestimation of this metric leads to an underestimation of runoff (Charles et al. 2020). Bias correction at independent grid cells also does not correct for underestimation of the spatial correlation of rainfall that is another significant driver of catchment runoff, leading to a further underestimation of runoff (Charles et al. 2020).
The bias correction of daily rainfall also leads to monthly, seasonal and annual change signals that are different to the change signals in the raw downscaled data (Charles et al. 2020). This raises the question of whether the bias-corrected data should be rescaled to match the seasonal and/or annual change in the raw downscaled data, and how to interpret and communicate this difference.
To overcome these limitations in using dynamic downscaled data for hydrological applications, further research is needed to: (1) reduce the bias in the daily, seasonal and annual downscaled rainfall; (2) understand the different change signals from different downscaling products; (3) better understand the mechanisms leading to change signal that is different from the host GCMs; and (4) develop more robust bias correction methods specifically tailored for hydrological modelling.
[bookmark: _Toc58397529]4.2.3 Range of uncertainty in rainfall and runoff projections for Victoria 
Projection products from different selections of global climate models (and dynamic downscaled products) do not necessarily converge to a narrower range of change. 
Figure 4.6 compares modelled changes in future mean annual runoff using a range of different climate inputs: (a) empirically scaled rainfall changes from the six GCMs used in VCP19 to drive CCAM; (b) empirically scaled rainfall changes from CCAM; (c) bias-corrected rainfall from CCAM; (d) empirically scaled rainfall changes from the four New South Wales and Australian Capital Territory Regional Climate Modelling (NARCliM) Water Research and Forecasting model (WRF) (Evans et al. 2014); and (e) bias-corrected rainfall from WRF. This highlights the major differences in change signal from GCMs and the dynamically downscaled products (Figure 4.6a and Figure 4.6b) and the corresponding bias-corrected rainfall (Figure 4.6b versus Figure 4.6c and Figure 4.6d versus Figure 4.6e). These results highlight both the advantages of dynamic downscaling (finer spatial scale particularly over orography) and challenges in interpreting the differences between GCM results and between CCAM and WRF empirically scaled and bias-corrected results. 
[image: A collection of maps comparing modelled changes in mean annual runoff at 2065 and 2070. Rainfall inputs are sourced from a variety of global climate models and have been empirically scaled and/or bias-corrected. The key takeaway of this figure is that runoff changes projected using dynamic downscaled rainfall have spatial detail that can add value locally, but that can also potentially add a larger uncertainty range in runoff projections.]
Figure 4.6: Modelled changes in mean annual runoff (%) from different future rainfall inputs: (a) empirically scaled rainfall changes from the six host GCMs; (b) empirically scaled rainfall changes from CCAM; (c) bias-corrected rainfall changes from CCAM; (d) empirically scaled rainfall changes from the four NARCliM WRF; and (e) bias-corrected rainfall changes from WRF. For (a) to (c), change is for a period centred on 2065 relative to 1986–2005 for a high emissions scenario (RCP8.5); for (d) and (e) change is for a period centred on 2070 relative to 1990–2009 for a high emissions scenario (SRES A2).
Similarly, at the basin scale, Figure 4.7 shows the relative changes across the different projection products, in this case for the Goulburn Basin (Basin ID 405) as an example. The CCAM rainfall changes are generally drier than that of the host GCMs. Five of the six CCAM projections are drier than the median scenario of the 42 GCMs. The WRF results are noticeably wetter (or less dry), with only one of the four projections drier than the median of the 42 GCMs (noting that WRF uses CMIP3 GCMs so it is not a direct comparison, but the tendency for a wetter signal is of note). The daily bias correction can also modify the mean annual change signal, more so in CCAM than in WRF. 
The corresponding runoff changes are, overall, consistent with the rainfall changes, with the percentage changes in rainfall amplified in the runoff. Of particular note are the two driest CCAM runoff projections and the relative positions of the runoff changes from empirically scaled versus bias-corrected rainfall. Whereas the bias-corrected CCAM rainfall is drier than the empirically scaled rainfall, in contrast the resultant runoff changes from the empirically scaled rainfall are drier than those from the bias-corrected rainfall. This could be due to both differences in future sequencing as well as biases in multi-day rainfall totals and spatial correlation that have been found to result in the underestimation of observed runoff (Charles et al. 2020).
[image: A dot plot comparing projected changes in annual rainfall and annual runoff for the Goulburn Basin, sourced from various climate change projections products. The key takeaway from this figure is that the different projections products (from different ensembles of GCMs and/or dynamic downscaled products) and methods do not necessarily converge to a narrower range of change.]
Figure 4.7: Comparison of the range of basin-scale projected changes from different sources – 42 GCMs; 6 CCAM and 4 WRF (top) rainfall and (bottom) runoff for the Goulburn Basin. “VicCI” refers to the VicCI projections.
[bookmark: _Toc58397530]4.2.4 Uncertainty in hydrological modelling
Hydrological models developed and calibrated against past observations may not robustly predict the future under hotter conditions, enhanced atmospheric carbon dioxide concentration and longer dry spells not seen in the past.
Most studies show that the differences in the modelled change in long-term average runoff from different rainfall–runoff models are relatively small, and much smaller compared to the uncertainty in the future rainfall projections (e.g. Chiew et al. 2018; Teng et al. 2012). However, different rainfall–runoff models and different calibration approaches can give significantly different projections of climate change impact on streamflow characteristics beyond the long-term averages, particularly the low-flow characteristics (Chiew et al. 2018). Estimating the hydrological impact from climate change therefore requires careful modelling consideration and calibration against appropriate criteria that specifically target the streamflow characteristic that is being assessed.
Practically all studies assessing climate change impact on runoff simulate future runoff using the same model parameter values obtained from model calibration against historical data. The approach therefore assesses changes in runoff due to changes in the input climate data, assuming that the calibration against past observations adequately represents the future catchment characteristics. This assumption is likely to fail as hydrological models are extrapolated to predict a future under hotter conditions, higher atmospheric carbon dioxide concentration, and longer dry spells not seen in the past.
Several studies have now shown that traditional calibration of hydrological models will tend to underestimate the range in the projected hydrological impact. That is, it will underestimate the decline in runoff where a runoff decrease is projected, and underestimate the increase in runoff where a runoff increase is projected (Chiew et al. 2014; Saft et al. 2016a; Vaze et al. 2010). Research in VicWaCI has shown that robust calibration based on multiple objectives to produce good calibration of dry periods as well as wet periods (at the expense of the traditional ‘best’ simulation over the entire period of record), can reduce but not eliminate the modelling limitation of underestimating the projected range in future runoff. This is because of the need to consider trade-offs between the calibration consideration (particularly in simulating the dry periods) versus enhanced bias that result from the consideration. Hydrological models will therefore also need to be adapted to reflect the non-stationary nature of catchment responses in a changing climate, and this is the subject of active research.
[bookmark: _Toc58397531]4.3 Using projections to inform planning, management and adaptation decisions
Assessments focused on a systems approach that characterise resilience to climate variability and climate change can provide insights and a foundation for considering the risk versus reward of adaptation options.
The Guidelines for Assessing the Impact of Climate Change on Water Availability in Victoria (DELWP 2020) recommend that water resources planning should use the projected changes in Potter et al. (2016) relative to post-1975 averages. It may be prudent to also consider a post-1997 hydroclimate reference period in recognition of the fact that climate change may have occurred more rapidly than projected by most GCMs.
There is considerable uncertainty in the future rainfall (and therefore also runoff) projections. The uncertainty is likely to remain large even with more robust next-generation hydroclimate projections. End users will therefore always need to:
identify the assets and operations in their system that are influenced by climate
be able to define how the performance of the system is measured
be able to identify climate-related risks to their assets and adaptations that are possible under different broad changes in the climate. 
This bottom-up systems approach will allow testing of assumptions used in quantifying climate impacts on the system providing a pathway towards incorporating climate uncertainties into the model. This systems approach to understanding climate risks also has the potential to guide the development of more appropriate climate scenarios or knowledge from climate science, to explore system limits and breaking points, and to guide the development of adaptation strategies.
Most climate change impact studies consider potential changes in a future period relative to the historical period (e.g. hydroclimate centred around 2065 relative to 1975–2019 hydroclimate, as in Figure 4.1 to Figure 4.3). An alternative is to consider transient projections or trajectories from the present into the future. This is particularly suited to models and applications that lend themselves to exploring many simulations or realisations, where stochastic data that represent both climate variability and climate change can be used as inputs to the model. In the short term, natural variability will dominate and as such the choice of hydroclimate reference period is important (see the box on climate reference period), while the impact of climate change becomes more important for medium- and long-term planning.
[bookmark: _Toc58397532]Climate reference period 
As noted in Rauniyar et al. (2019) climate reference period (or baseline) can be used as a:
1. reference against which recent observations are compared (e.g. pre-industrial)
2. benchmark for predictive purposes, as an indicator of the conditions likely to be experienced in a given location (as close to current as possible)
3. benchmark to evaluate the future changes in climate for planning and management (close to current but limited by climate model forcing and run-time).
The Intergovernmental Panel on Climate Change (IPCC) defines a pre-industrial climate reference period preferably prior to 1900, but as early in the modern observational record as possible (Point 1 in list above). For Australia, the modern meteorological record began around 1900, so Rauniyar and Power (2020) use a 1900–1959 climate reference period against which to reference observed change. The climate reference period should ideally be long enough to capture the range of natural variability like El Niño and La Niña.
The World Meteorological Organization recommends using a period of at least 30 years (e.g. 1981–2010) as a reference climate period representative of the current climate (Point 2), but are always keen to use the most recent 30 years. The IPCC has used the 1986–2005 period as a reference climate period (IPCC 2014) to compare future projections against (Point 3). However, hydrological planning generally requires much more than 30 years of data to adequately represent the range of rainfall and runoff variability over different timescales. 
The choice of a suitable reference climate period in Victoria is compounded by the fact that the post-1997 climate (particularly cool-season rainfall) is significantly drier than in the past, and drier than the near-future rainfall projections from most GCMs. The persistent dry conditions have been amplified in the runoff decline, in many places more than could be expected from past rainfall–runoff relationships. Nevertheless, 1997–2019 is a relatively short period and Rauniyar and Power (2020), through analysis of GCM simulations, concluded that about 20% of this decline could be attributed to anthropogenic climate change.
The Guidelines for Assessing the Impact of Climate Change on Water Availability in Victoria recommends using a post-1975 historical climate reference period from which to generate a range of current and future hydroclimate projections (DELWP 2020). Similarly, some agencies (e.g. energy industries) use the start of the Millennium Drought as a reference climate period (1997–present). This is a conservative approach as the post-1997 climate is a very dry period and using the relatively short post-1997 period alone (i.e. without applying data extension techniques) could omit important aspects of the climate variability experienced in the longer past.
[bookmark: _Toc58397533]5. Research application
How can this information be used in different decision-making contexts?
The findings that have emerged from the Victorian Water and Climate Initiative have implications for many different parts of the Victorian water sector.
A better understanding of past, current and future climate and water resources helps the water sector and communities to make more-informed planning, management and policy decisions. Some of the parts of the water sector for which the Initiative’s research findings are particularly relevant include flooding, drainage, urban runoff, water supply and demand, water availability, infrastructure investment and water resource policy. 
The findings from VicWaCI's research provides a knowledge base that underpins many of the water resource planning and policy activities across Victoria. Application of the findings from earlier research programs, like the Victorian Climate Initiative, highlights the range of application, which include: 
providing a foundation for regional water policy development, for example through regional sustainable water studies
informing decisions about urban water supply security through Water Corporation urban water strategies
assisting environmental water managers to assess the impacts of climate change to inform environmental water planning decisions
providing a foundation for statewide water resource policy and planning, for example through the Government’s water plan, Water for Victoria, the Pilot Water Sector Climate Change Adaptation Action Plan, the Victorian Rural Drainage Strategy and the Victorian Floodplain Management Strategy. 
One of the ways that DELWP is supporting the water sector to apply some of the research findings specifically to water availability planning is through the development of Guidelines for Assessing the Impact of Climate Change on Water Availability in Victoria (DELWP 2020). The guidelines set out climate change scenarios for temperature, potential evapotranspiration, rainfall, runoff and groundwater recharge to be used across Victoria for assessing the impact of climate change on water availability, supply and demand. The guidelines also include information on changes to climate variability associated with climate change.
The guidelines serve a range of purposes.
1. They provide tailored guidance on how to apply the climate science for water resource planning applications. Applying the science can be complex, and the guidelines describe how to do this in a manner consistent with current research findings.
2. They promote a consistent approach to climate change impact assessment for water supplies. This enables comparisons of current and future water availability and use for shared water resources across Victoria. This will be particularly important for regional planning processes such as the development of sustainable water strategies.
3. They enable more efficient climate change impact assessment by pre-generating a standard set of climate change information, thereby removing the burden for individual water corporations or other users to generate their own climate change projections in an area of complex science.
The guidelines are used by water corporations for the development of urban water strategies and will be used by government in the development of the Central and Gippsland Sustainable Water Strategy. The guidelines can also be used to assess the impacts of climate change on water availability for the provision of environmental flows.
The guidelines draw on the science of the Victorian Water and Climate Initiative in the selection of a climate reference period, in defining the range of recommended climate change projections and in recommending approaches to sensitivity and stress testing.
[bookmark: _Toc58397534]Sources of additional information include:
· The Victorian Water and Climate Initiative
· Victoria’s Climate Science Report 2019
· Hydroclimate projections for Victoria at 2040 and 2065 (Potter et al. 2016) 
· Climate change and the Victorian water sector
· The Victorian Climate Projections 2019 (Clarke et al. 2019) 
· The Climate Change in Australia website
· The Pilot Water Sector Climate Change Adaptation Action Plan (DELWP 2018) 
[bookmark: _Toc58397535]Glossary
AGCD: Australian Gridded Climate Data – the Australian Bureau of Meteorology’s official dataset for monthly gridded rainfall analysis
AWAP: Australian Bureau of Meteorology 0.05o gridded daily climate product (from the Australian Water Availability Project), replaced in September 2020 by AGCD
CCAM: Conformal Cubic Atmospheric Model – a dynamic downscaling model developed by CSIRO
CMIP: Coupled Model Intercomparison Project – global climate models in the fifth phase of the project, CMIP5, were used to inform the IPCC Fifth Assessment Report; the sixth phase, CMIP6, is currently underway and will inform the IPCC Sixth Assessment Report
cool season: April to October
CORDEX: Coordinated Climate Downscaling Regional Experiment
ENSO: El Niño Southern Oscillation
Evapotranspiration: the transfer of water vapour to the air directly from the soil or through plants – actual evapotranspiration (AET) is the evapotranspiration that occurred while potential evapotranspiration (PET) is the evapotranspiration that would occur from a fully saturated surface
GCM: global climate model
IPCC: Intergovernmental Panel on Climate Change
IPO: Interdecadal Pacific Oscillation
ITCZ: Inter-Topical Convergence Zone
RCM: Regional climate model – a dynamic downscaling model
NARCliM: New South Wales and Australian Capital Territory Regional Climate Modelling
RCP: representative concentration pathway
SAM: Southern Annular Mode
SEACI: South Eastern Australian Climate Initiative
VCP19: Victorian Climate Projections 2019
VicCI: Victorian Climate Initiative
VicWaCI: Victorian Water and Climate Initiative
warm season: November to March
WRF: Water Research and Forecasting model – one of the most commonly used regional climate model or dynamic downscaling models
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