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1. EXECUTIVE SUMMARY 

Overview of the program 

In June 2016, The Victorian Climate Initiative (VicCI) was completed. Established in 2013, it 
was a three-year program of hydro-climate research. Outputs inform strategies aimed at 
ensuring the sustainable management of water resources and the provision of secure water 
supplies for urban and rural water users and the environment. The program was a partnership 
between the Victorian Department of Environment Land Water and Planning (DELWP), the 
Bureau of Meteorology and CSIRO. It built on the results of the South Eastern Australia 
Climate Initiative (SEACI), which ran from 2006 to 2012.  

There are three themes of research in VicCI aimed at (1) improving seasonal climate prediction 
for Victoria, (2) improving understanding of past climate variability and change in Victoria, and 
(3) improving understanding of future climate and the associated risks to water resources in 
Victoria. Progress has been made in each of the three themes over the three years of the 
program, with the key gains made in the last year being:  

 improved understanding of current and future changes in the large-scale atmospheric 
circulation affecting Victoria’s climate on annual to decadal time-scales; 

 increased understanding of the uncertainties in the range of future rainfall projections for 
Victoria; and 

 completion of updated projections of future runoff across Victoria river basins. 

Victoria’s hydro-climate: observations, understanding and predictability 

The climate of Victoria is influenced by a number of large-scale factors, such as the El Niño – 
Southern Oscillation (ENSO), the Indian Ocean Dipole (IOD) and the Southern Annular Mode 
(SAM), that represent the effects of the Pacific, Indian and Southern Oceans surrounding 
Australia and internal and externally forced atmospheric variability. Key investigations have 
clarified not only the influence of each factor on Victoria's climate, but also the interactions 
among these factors. In particular, VicCI research has clarified how these interactions are 
affected by the shift between the warm and cold phase of the Inter-decadal Pacific Oscillation 
(IPO) that occurred in the late 1990s and has affected trends over the last 30 years.  

Over this period, Victorian climate has been “abnormal” from the full historical perspective. 
Rainfall deciles for the last 20-year and 30-year periods show marked deficits during the cool 
season. Indeed, Victoria has become a “hot spot” for rainfall deficiency during the cool season 
in the last twenty years: most of the State outside Gippsland and the coastal south-west is at its 
lowest twenty-year total on record. Temperatures across Victoria continue to rise; the “pause” in 
global temperature rise, if there was ever one, is truly over globally and for Victoria. In 
Victoria, rainfall and temperature are intimately linked, and the on-going dry conditions during 
the cool season bring clearer skies, and thus night-time temperatures (daily minimum) have not 
warmed appreciably. Inflows into major river systems across Victoria continue to experience 
unprecedented low levels. Despite the 2010-12 floods, inflows into major water supply systems 
across Victoria over the last twenty years continue to be significantly below the long term 
average to 1996. 
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The observed inter-decadal variations in the past 35 years were identified as leading to variation 
of the strength and predictability of ENSO, the strength of the relationship between ENSO and 
the IOD, and the strength of the relationship between Victoria’s spring rainfall and both ENSO 
and the IOD. This finding indicates a potential to anticipate epochs of shifts in the predictability 
of Victoria’s rainfall 

The large-scale factors (ENSO, IOD, SAM, and IPO) and their inter-play will continue to be 
dominant influences on seasonal and inter-annual rainfall variability for Victoria in the coming 
decades, and decadal variability of these interactions will continue to unfold even in the face of 
ongoing anthropogenic climate change. The Bureau's operational seasonal forecast system, 
including the streamflow predictions, which includes the influences of these large-scale factors, 
will continue to improve due to the technical developments taking place. The forecasts will be 
increasingly useful for informing short-term water management strategies. Indeed, the new high 
resolution dynamical seasonal forecast system, ACCESS-S1, demonstrates improved depiction 
of Victoria’s climate and improved forecast skill for eastern Pacific and central Pacific ENSO, 
the IOD and warm season SAM as well as for winter and spring SEA rainfall and temperature. 
Of particular note from a water management perspective is an improved capacity to predict the 
onset of ENSO from late autumn and, accordingly, improved prediction of late winter/spring 
rainfall in Victoria from late autumn. 

The Southern Hemisphere Hadley circulation has been shown to have expanded southward over 
the last 35 years with likely implications for the climate of Victoria, which is located under the 
descending branch. A new method to diagnose sector-mean estimates of the Hadley circulation 
reveals that the Australian sector is the prime region driving the variability of the southern 
hemisphere Hadley circulation. The Australian sector has also experienced the largest 
expansion. Australian-sector only Hadley circulation expansion is associated with La Niña 
conditions, cold IPO, negative IOD and high SAM and these phases of those modes of 
variability are associated with enhanced rainfall across Australia. Results from diverse model 
simulations suggest that the hemispheric Hadley circulation has expanded because of the 
warming planet and anthropogenic forcings and that it has been exacerbated in the Australian 
sector by the swing of the IPO to its cold phase after about 1998. A step change in the 
expansion in the Australian sector can be attributed to this swing. In addition, a new calculation 
to characterise the mean meridional circulation in isentropic coordinates (which essentially 
follow the trajectories of the air) has helped differentiate between the tropical and extra-tropical 
drivers of that expansion.  

The hemispheric expansion is largest in summer and autumn in both isobaric and isentropic 
calculations (about 0.5 degrees per decade) and weakest in late winter and early spring (about 
0.1 degrees per decade). The annual cycle in SAM trends is similar to the annual cycle of the 
Hadley circulation expansion. This similarity, together with the correlation between the SAM 
and the Hadley circulation extent reaching a maximum in the warm season, may suggest that the 
trend in the SAM has contributed to the seasonality of the trend in the Hadley circulation 
expansion. The expansion is largest in the Australian sector for all seasons with the largest 
regional expansion occurring in late winter and early spring. This seasonality is consistent with 
the role played by tropical modes of variability in that regional expansion.  

Work completed during VicCI has shed new light on and improved the understanding of the 
Hadley circulation, including its seasonality, regional signature and the interactions with the 
extra-tropics. Previously established understanding shows that, on multi-decadal timescales, 
Hadley circulation expansion across the southern hemisphere relates to the strengthening of the 
hemispheric sub-tropical ridge (STR). This combined with the knowledge that that a 
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strengthening of the local STR relates to rainfall reduction across Victoria, an assumption was 
made that the local STR variability was likely to reflect the hemispheric STR variability. 
Nonetheless, new evidence shows that the local expression of an expanded Hadley circulation in 
the Australian sector is a cyclonic anomaly covering most of Australia with increased rainfall in 
the Indian Ocean-Maritime Continent region extending southward across the Australian 
continent and this pattern does not project onto the local STR strengthening. While this new 
finding is consistent with the known impact of the modes of variability that relate to the 
regionally expanded Hadley circulation, it suggests that two compounding effects, one leading 
to enhanced rainfall across Australian and one leading to pressure increase at the latitude of the 
STR and reduced rainfall in the extra-tropics across the southern hemisphere, nullify the impact 
of the Hadley circulation expansion on Victoria rainfall. Thus, the net result is the lack of a 
direct relationship between hemispheric Hadley circulation expansion and Victorian rainfall, 
which was noted at the end of the SEACI program. 

Climate models: evaluation and projections 

Global climate models similar to the one which forms the backbone of the Bureau of 
Meteorology’s operational seasonal forecast system are used to develop future projections of 
climate change in response to anthropogenic forcings; these models are constantly evaluated by 
comparing their simulations of past climate with observations, including the key driving 
mechanisms noted above. Models in general capture some of the observed relationships 
between large-scale features and regional climate, but the capability of individual models varies.  

For example, many CMIP5 models are able to simulate the broad characteristics of the STR, 
including its seasonal cycle. All models simulate an intensification and southward shift of the 
STR over the 21st century, but simulated trends for last century are typically smaller than those 
observed, so the trends for the 21st century may be underestimated. Furthermore, many models 
do not accurately reproduce the relationship between the STR intensity and rainfall over 
Victoria. Thus, while projected changes in the atmospheric circulation are associated with 
projected reductions in Victorian rainfall in the cooler seasons, the magnitude of the rainfall 
decline projected in response to the STR changes is likely to be underestimated.  

Similarly, while CMIP5 models simulate the broad characteristics of the SAM, there are issues 
with the finer details of its location and behaviour, and there are significant biases in modelling 
the impacts of SAM on Victorian rainfall (in particular they underestimate the winter rainfall 
decline associated with high SAM). The models nevertheless agree on a robust positive trend in 
the SAM over the 21st century. This trend appears to result in rainfall decreases in the mid-
latitudes and increases in the high latitudes in the southern hemisphere. This SAM trend also 
increases rainfall over the subtropics in summer but not in winter, leading to a pronounced 
poleward expansion of the subtropical dry zone in winter. Consequently, Victoria (which lies at 
the southern boundaries of the subtropics and northern margins of the mid-latitudes) is 
anticipated to be wetter during summer but drier during winter.  

Furthermore, the ability of the CMIP5 models to reproduce the influence of tropical modes of 
variability on Victoria rainfall was found to be reasonable. Indeed most of the uncertainty range 
in simulated rainfall appears to be related to uncertainty in the way the models capture that 
relationship or in their representation of tropical SSTs.  

Amongst these three important large-scale climate changes (STR intensification, high SAM 
trend and shifts in the pattern of tropical warming), the first two are not significant in explaining 
the range of Victoria rainfall projections; each explains no more than ten per cent of that range. 
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In contrast, up to 60 per cent of the uncertainty range of future rainfall projections is explained 
by patterns of tropical SST warming.  

Despite the inherent limitations in the capability of global climate models, our current 
understanding of the interactions between the large-scale climate features and the consistent 
results from models in terms of trends in the key climate influences and the direction of future 
rainfall changes gives confidence that that there will be a continuing decline in cool-season 
rainfall and possibly an increase in warm-season rainfall. It is worth noting that several findings 
point to the likelihood that the overall range of projections underestimates the most likely 
rainfall decline in Victoria. 

Overall, it appears that the traditional cool season filling period for water supply systems will 
not be as reliable into the future, with a possible small offset by enhanced warm season rainfall. 
Yet, in any particular year, the effects of long-term trends will be modulated by the behaviour of 
natural large-scale factors such as ENSO, IOD and SAM. And on decadal time-scales, some 
large-scale factors such as the IPO which have little or no predictability, will add uncertainty in 
all long-term climate projections for any particular decade. This caveat is strongest for the 
upcoming decade as the forced response is currently smaller than the response under high 
emissions scenarios further into the future.  

Hydro-climate projections 

While there are clear uncertainties in the projections of global climate models, they do provide 
the optimal approach to the estimation of future climate change. Thus all the latest hydrological 
projections developed as part of the program were based on this approach.  

A complete set of run-off projections for the State of Victoria using the full set of CMIP5 
information was completed, relying on the robust empirical scaling approach. This is an update 
of the projections produced as part of the SEACI program relying on CMIP3 models. This new 
set of projections fully samples the GCM uncertainties and delivers State-wide projections, 
hence providing a basis on which to evaluate newer and more advanced methods. The median 
projections are slightly drier (about a third less dry) than those from SEACI, but the range of 
estimated future runoff is larger, with the dry response being drier and the wet response wetter 
than the SEACI results. As was found in the SEACI analysis, the streamflow reductions for the 
dry scenario around 2065 are less than the reductions observed across much of Victoria during 
the Millennium Drought. 
 
VicCI research has also provided new perspectives on future streamflow projections with the 
use of a statistical downscaling approach coupled with a simple multi-variate linear regression 
to compute monthly streamflow for a number of catchments in Victoria using temperature and 
rainfall as predictors. This approach was proven able to reasonably reproduce the depth of the 
streamflow response during the Millennium Drought which has eluded hydrological rainfall-
runoff models. Its main advantage is the provision of a fine-scale, spatially variable response in 
streamflow to the future rainfall changes. This is achieved by first downscaling the inputs to the 
scheme (rainfall and temperature) prior to calculating the streamflow, and not relying on GCM-
scale climate change scaling factors. Out of this approach, the future projections, while showing 
strong variability in streamflow, indicate a large reduction (45 per cent) in streamflow by the 
end of the 21st century (2070-2100), with conditions similar to the Millennium Drought 
becoming the norm. The driest ten-year mean streamflow is projected to be 78 per cent worse 
than the Millennium Drought for a high emission pathway. The greatest reductions are seen 
through the May-November period. Overall, the projections obtained with this method have a 
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lot of similarities with those obtained with the empirical scaling approach but with more spatial 
variability and a more pronounced streamflow reduction.  
 
In addition, a set of more in-depth analyses were performed for six Victorian catchments using 
the SIMHYD hydrological model comparing the various downscaling approaches available: 
empirical scaling, two statistical downscaling techniques and two dynamical downscaling 
approaches. The assessment of the seasonal runoff showed large uncertainty in the regional 
change signal; with the exception of spring where all approaches agree on a decrease in runoff 
particularly in the western catchments. The greatest disagreement amongst approaches was 
found in autumn and summer.  
  
The spread of results using downscaling and the apparent differing response in change signal 
across catchments suggest that there is value in downscaling. However, due to the lack of 
agreement amongst fundamentally different downscaling methods and their overall small 
sample, it is not possible at this stage to give guidance on the preferred method for simulating 
future change to regional runoff. This means that end users of runoff projections need to plan 
for a range of very different water futures. This is particularly the case for summer and autumn, 
where results using different methods differ substantially in both the magnitude and direction of 
response. This is also the case for winter, but with a somewhat smaller range in response. The 
exception is spring for which most methods agree on a drying signal across Victoria, 
particularly in the drier western catchments.  
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2. BACKGROUND 

Effective management of the water resources of Victoria is needed to secure sustainable water 
supplies for urban and rural users and for the environment. Such management is dependent 
upon knowledge of the availability of water resources over time scales from weeks to decades 
ahead. In turn, the availability of water resources for Victoria is critically dependent on 
variations in the climate of the region. The Victorian Climate Initiative (VicCI) was established 
in 2013 as a three-year program of research to inform Victorian water resource planning and 
management through: 

 improved prediction and understanding of the climate system and its representation by 
climate models; and, 

 improved understanding of the linkages between climate and water availability.  

This strategic knowledge provides the basis for improved projections of future climate and 
associated water availability in Victoria; in particular, it enhances knowledge of the 
uncertainties in future projections. 

The VicCI program is a partnership between the Victorian DELWP, the Bureau of Meteorology 
and CSIRO. It builds on the results of SEACI, which ran from 2006 to 2012. A primary 
otivation for SEACI was the need to understand the causes of the Millennium Drought (1997–
2009), which was the worst drought for south-eastern Australia for more than a hundred years. 
The Millennium Drought was unusual in its duration, severity and extent. It was unprecedented 
in being largely restricted to southern Australia, in having a large rainfall decline in autumn, and 
in having much reduced inter-annual rainfall variability. Moreover, the decline in rainfall led to 
a larger than anticipated decrease in runoff, which was a challenge for water management and 
planning. 

The rainfall decline in the Millennium Drought extended across the cool season (April–
October), and it appeared to be related to changes in the Hadley circulation—the large-scale 
north–south (meridional) atmospheric circulation that transports the sun's energy from 
equatorial regions to higher latitudes. There was evidence from SEACI that the Hadley 
circulation is expanding at a rate of about 0.5° latitude (50 km) per decade across the southern 
hemisphere. The extent of the Hadley circulation is associated with both the intensity and the 
position of the sub-tropical ridge when hemispheric averages are considered. Its expansion leads 
to an expanded sub-tropical dry zone, pushing mid-latitude storms further south to miss Victoria 
and resulting in reduced rainfall across southern Australia. The cool season rainfall deficits were 
shown to persist even when the drought was broken by spring–summer rainfall in 2010–11. 
There was also some evidence that the changes in the meridional circulation are at least partly 
attributable to human activities and so may be likely to continue, but the relative importance of 
global warming and Antarctic ozone depletion was not resolved. 

Research in SEACI included support for the development of the Predictive Ocean Atmosphere 
Model for Australia (POAMA) modelling system for seasonal climate prediction in the Bureau 
of Meteorology, and the incorporation of POAMA output into the Bureau's operational seasonal 
streamflow forecast system. The POAMA model was used for studies on the nature and causes 
of seasonal and inter-annual variations in the climate of Victoria. From SEACI and related 
research, it is apparent that these variations are influenced by at least three large-scale features 
of the global climate system: ENSO, which characterises atmosphere–ocean interactions across 
the Pacific Ocean; the IOD, which characterises atmosphere–ocean interactions in the Indian 
Ocean; and the SAM, which characterises the intensity and position of higher-latitude westerly 
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winds and associated storm systems. While the influence of each feature is well understood 
individually, much is to be learned about the interactions between them, and between them and 
global warming. 

Climate model simulations from SEACI and related programmes (using a worldwide set of 
models known as CMIP3, associated with the Fourth Assessment of the IPCC) indicate that, 
owing to global warming, both rainfall and runoff will decline over future decades in the 
southern part of south-eastern Australia. However, associated with the Fifth Assessment of the 
IPCC, a new set of global climate model projections (CMIP5) has been computed by the major 
modelling centres around the world. It is therefore appropriate to determine whether these new 
projections will lead to substantial revision of hydro-climate projections for Victoria. 

The VicCI program aims to resolve some of the key challenges remaining after SEACI. Its 
focused research on climate variability, predictability and change will: 

 improve predictions of water availability in the short term (seasonal to inter-annual time 
scales), which have the potential to inform drought response strategies and outlooks for 
urban supplies, and processes for seasonal determinations for rural supplies and risks of 
spill for irrigation systems; and 

 underpin an improved assessment of the risks to water resources and supplies from changes 
in climate over the medium to longer term, based on improved understanding of the climate 
system and its representation by climate models. 

The program is composed of seven projects under two broad themes: 

 Improved understanding and prediction of the climate of Victoria  

 Improved projections of the future climate and water availability for Victoria 

See http://www.bom.gov.au/research/vicci/index.shtml to access the initial science plan.  

The program is integrated across time scales and themes, so that the work to improve 
understanding of climate variability feeds directly into the work to assess seasonal to multi-year 
predictability and into the work to assess climate model simulations, which in turn are used for 
projections of the future climate of Victoria. The research program has strong connections to 
related programs being undertaken in Australia and overseas. For example, in south-eastern 
Australia, results from VicCI complement other regional programs such as NARCliM, Goyder 
Institute for Water Research, and Climate Futures for Tasmania, which are focused on the 
development of specific regional climate change projections. Nationally, VicCI is working 
directly with CSIRO and the Bureau of Meteorology to connect the NRM climate change 
projections with water resource needs in Victoria. Internationally, the work of VicCI is linked 
with initiatives of the World Climate Research Programme and with development of modelling 
capability at the UK Meteorological Office. 

3. KEY FINDINGS ACROSS THEMES 

VicCI research over the past three years has built on and complemented a large body of existing 
knowledge about Australia’s climate, and Victoria’s climate in particular. It has had a specific 
focus on addressing key unanswered questions of relevance to the Victorian situation and, in 
particular, questions of relevance to understanding current and future risks to water availability.  
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The VicCI program has three theme areas of research aimed at improving seasonal climate 
prediction for Victoria, improving our understanding of past climate variability and change in 
Victoria, and improving our understanding of future climate and the associated risks to water 
resources in Victoria. Each of the eight projects in the program focuses on a particular aspect of 
the research themes. However, the results of the individual projects can be integrated in two 
sections to provide a comprehensive view of our increasing understanding of the climate of 
Victoria and its impacts on water availability. The following summary highlights the key 
findings from the research in VicCI over the last three years in these two sections. 

3.1 Improved understanding and prediction of the climate of 
Victoria 

3.1.1 Current climate and trends 

South-eastern Australia (SEA) and in particular Victorian rainfall remains “abnormal” from the 
full historical perspective (Figure 3.1). A remarkable feature of the Millennium Drought was the 
consistent cool-season (April to October) decline in rainfall across Victoria. This rainfall deficit 
has continued since the break of the Drought in 2010. Indeed the cool-season decline is apparent 
over the last 30 years. During the Drought, most of the cool season rainfall decline occurred in 
autumn. However, the decline is now more uniform over all the cool season, which is consistent 
with climate model projections that suggest continuing cool season reduction under climate 
change conditions. In contrast, during the warm-season (December-to March), there is a 
suggestion of an increase in rainfall. This marked difference between the cool season decline 
and warm season increase is evident across most of Australia.  

 
Very similar pictures for cool season rainfall declines are emerging for the last 20 and 30 years, 
but with a tendency for more extreme deciles in the more recent period. Furthermore, Victoria 
has become a “hot spot” for rainfall deficiency during the cool season in the last 20 years: most 
of the State outside Gippsland and the coastal south-west is at lowest 20-year totals on record. 
The warm season increase is affecting most of the continent except for some pockets across 
southern Australia including the coastal part of Victoria. 
 
Because the cool season provides most of the inflow to Victoria’s rivers, the cool season decline 
in rainfall has led to consistently low streamflows in the major river systems. Even with the 
2010-2012 floods, inflows to the Murray and Melbourne Water supply systems over the last 
twenty years are the lowest twenty-year inflows on record. 
 
Temperatures in Victoria have increased in recent decades along with global surface 
temperatures. Because of the shielding effects of cloud, there is a relationship between 
temperature and rainfall. Thus over-night temperatures have not risen as quickly as day-time 
temperatures, owing to more clear sky cooling during wintertime nights. 
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Figure 3.1  Non-contiguous Australia-wide rainfall decile maps for last 30 years for the cool season 
(April-October). 

Changes in mean sea level pressure (MSLP) are useful to understand rainfall changes. Indeed 
the sub-tropical ridge (STR), which characterises the intensity and position of the sub-tropical 
belt of high pressure around 150 E, is a significant indicator of Victoria’s rainfall especially in 
the cool season.  
 
During the winter season, recent trends in MSLP show a stronger ridge of high pressure 
building in the Bight. This pattern of increased surface pressure looks similar to that which 
occurs during a positive Indian Ocean Dipole (IOD) event. However, this pattern of increased 
surface pressure extends over most of the cool season, whereas the IOD typically has strong 
impact only during spring, and so an upward trend in the occurrence of positive IOD cannot 
account for the entire observed trend in MSLP. In addition, MSLP is observed to be increasing 
everywhere over the continent (including the eastern coastal area used to diagnose the 
Australian sub-tropical ridge). This strengthening of surface pressure is consistent with a drying 
pattern for SEA. 

3.1.2 Large-scale factors affecting Victoria’s climate 

Hadley circulation changes 
 
The planetary-scale meridional circulation of the atmosphere is clearly important for the climate 
of Victoria as it dictates the boundaries between the wet-tropics, the dry-subtropics and the mid-
latitudes that are subjected to rain bearing synoptic weather disturbances (Figure 3.2). Victoria 
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sits primarily within the dry subtropics, but tropical influences extend southward into Victoria 
during summer and mid-latitude weather systems extend northward into Victoria during winter.  

 
Precipitating convection drives the upward branch of the Hadley circulation in the tropics, with 
the descending branch typically occurring in the subtropics at latitudes of Victoria. Variation of 
the Hadley circulation and its interactions with the polar front cell, which consists of rain-
bearing frontal systems that continue the transport of heat from low to high latitudes, are 
especially important for Victoria. They determine 1) the location and intensity of the subsiding 
branch of the Hadley circulation that normally resides over Victoria, 2) the southward extent of 
the wet-tropics, which normally sits northward of Victoria, and 3) the intensity and frequency of 
rain-bearing mid-latitudes storms that normally just skirt southern Victoria.  
 
 
 

 
 

Figure 3.2  Schematic view of the mean meridional circulation. The polar front cell involves highly-variable 
eddies and thus the overall mean flow is not well defined (see Figure 3.3). 

Although the mean meridional circulation can be represented neatly in cross-sectional diagrams, 
the actual flow is highly variable in space and time (Figure 3.3). It is therefore useful to analyse 
it in different ways. The basic features can be identified by features around the hemisphere, and 
this analysis provides an overall picture of the structure and behaviour of the circulation, 
especially the Hadley circulation. In order to separate the contribution from the mean circulation 
and the transient features, which are especially important in the mid-latitudes, a perspective 
called isentropic analysis can be applied, essentially allowing us to follow the paths of air 
masses. A third perspective is found by analysing the mean meridional flow across sectors or 
regions. This approach allows us to compare the behaviour of the mean meridional flow through 
the African, the American and the Asia-Pacific sectors. 
 
The classical isobaric approach for analysis of the hemispheric Hadley circulation is computed 
using a stream function for the hemispheric mean meridional wind along constant pressure 
levels. That analysis revealed that the poleward extent of the Hadley circulation is expanding at 
a rate of about 0.5 degree (50 km) per decade. The expansion is largest in summer and autumn, 
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non-existent in winter and not significant in spring. The changes over the past 30-40 years, 
however, are not steady: in the annual mean there was a jump in expansion after the major El 
Niño of 1997-98, with smaller rates of expansion occurring during the 1980s and 90s. This 
variation in expansion coincides with the switching of the IPO from its warm phase during the 
1980s and 90s to its cold phase (La Niña - like) after 1998. 
 

 
Figure 3.3  Complexity of meridional flow at any time is indicated by snapshot of jet streams in the 

southern hemisphere. On this example, a strong polar jet south and west of Australia is 
noticeable, distinct from the mid-latitude jet over Australia. 

The isentropic analysis is well suited to account for the spatial and temporal complexity of the 
overall circulation. It is found that the southern hemisphere circulation is very well defined in 
isentropic coordinates, with a clear representation of the polar front jet (located south of the sub-
tropical jet). The isentropic analysis confirms that the observed expansion of the Hadley 
circulation over the past 30-40 years has primarily occurred in summer and autumn, with a non-
significant trend in winter and no trend at all in spring. Additionally, the isentropic analysis 
reveals an increasing mass flux in the Hadley circulation (i.e. increasing upward motion in the 
tropics and increasing subsidence in the subtropics).  
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The regional analysis of the meridional circulation, relying on a modification of the original 
stream function calculation, demonstrates that the behaviour of the circulation in the Asia-
Pacific (or Australian) sector dominates the overall hemispheric behaviour of the Hadley 
circulation. The variations in the African and American sectors tend to be negatively correlated 
with variations in the Asia-Pacific sector. Poleward expansion of the Hadley circulation over the 
past 30-40 years is confirmed by this method, with an averaged value of 0.35 degree per decade 
over the hemisphere, but jumping to 0.7 degree per decade in the Australian sector: again, the 
trend is largest in spring-summer-autumn. These numbers are comparable to a previous set of 
numbers estimating the regional tropical expansion based on radiosonde data and a measure of 
the displacement of the tropical edge: 0.45 degree per decade for the southern hemisphere and 
0.6 degree per decade in the Australian sector. 
 
Overall trends in Hadley circulation expansion are rather consistent across the various 
methodologies explored: an expansion in the vicinity of 0.5 degree per decade, always well-
defined and significant in summer-autumn. In winter and spring, the expansion is less well 
defined and is more method-dependent (Figure 3.4). The expansion is also consistently larger in 
the Australian sector than for the entire hemisphere; the amplification of the expansion in the 
Australian sector compared to the entire hemisphere is most noticeable in late winter and spring. 
  

   
Figure 3.4  Annual cycle of the linear trends for the southern hemisphere Hadley circulation sub-tropical 

edge (left) and intensity (right) from the isobaric (based on the divergent meridional) wind and 
isentropic computation (based on the steady state part); for the isobaric computation, results 
for the Australian sector are also shown. 

Previous work based on the isobaric approach revealed no consistent trend in the intensity of the 
Hadley circulation. The new analysis methods, however, yield a consensus for intensification to 
occur year-round but to be strongest in winter or spring depending on the method (Figure 3.4). 
The isentropic calculation not only identifies an intensification of the Hadley circulation in the 
descending branch over Victorian latitudes computed from the steady component of the flow 
but also an intensification as a result of the action of changes in mid-latitude transient eddies 
(storms). These two effects combine to increase the downward mass transport at Victorian 
latitudes, consistent with the observed increase in the sub-tropical ridge across the hemisphere 
(i.e. increasing mass means higher pressure). Interestingly, future projections based on CMIP5 
models indicate a future weakening (instead of the observed strengthening) of the Hadley 
circulation as it expands. The newly apparent discrepancies between observations and future 
trends open up a future area of research.  
 

Large-scale modes of variability  
 
The climate of Victoria is affected by the sea surface temperatures of the Pacific and Indian 
Oceans, as well as by the large-scale atmospheric circulation in the mid-latitudes to the south. 
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Indicators of these climate factors are ENSO for the Pacific Ocean, the IOD for the Indian 
Ocean, and the SAM for the circulation at higher latitudes. It is clear that on inter-annual times-
scale Victoria’s climate is influenced by these large-scale factors (ENSO, IOD and SAM) and 
predictability of Victorian climate is largely determined (or limited) by predictability of these 
factors.  

 
VicCI research has focused on the impacts of the interactions between these factors                     
(Figure 3.5). The interactions between the Pacific and Indian Oceans, represented by ENSO and 
IOD, are especially important for Victoria. These interactions are in turn modulated on decadal 
time scales by the IPO, which is represented by a large-scale SST pattern in the Pacific Ocean, 
and by global climate change, represented by the effects of anthropogenic greenhouse gases and 
stratospheric ozone-depleting gases. Unfortunately the IPO is not predictable, and so it can only 
be used to diagnose the current climate background state rather than for prediction. 
 

 
Figure 3.5  Large-scale climate features of relevance to local climate in Victoria. Thick arrows show the 

influences each climate mode has upon either synoptic weather types affecting Victoria or 
another climate mode. Thin arrows indicated wind directions associated with certain synoptic 
weather types. 

Impact on Hadley circulation of large-scale modes of variability 

From previous work during SEACI, it is understood that a part of the overall hemispheric 
expansion of the Hadley circulation is in response to global warming. Emerging evidence from 
VicCI demonstrates that this hemispheric expansion has been modulated by the swing in phase 
of the IPO from warm to cold over the last 30 years. Both isentropic and isobaric views show 
that the expansion of the Hadley circulation is correlated with this cold swing in the IPO and 
with slow changes in the tropical SSTs.  
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The seasonal cycle of the expansion of the Hadley circulation, which peaks in summer-autumn, 
appears to be partly accounted for by the seasonal cycle of the upward trend in the SAM, which 
is significant only in summer and autumn. Earlier work in VicCI showed that the SAM and 
poleward extent of the Hadley circulation are unrelated during winter because of the presence of 
the winter time subtropical jet, which buffers the penetration of extratropical transient eddies 
(i.e. mid-latitudes storms) into the tropics. 
 
The isentropic analysis also finds that the highly variable polar front circulation weakened 
between 1998 and 2010, which aligns with the change in phase of the IPO. The position of the 
polar front did not change over this period. Since 2010, it appears that the circulation is 
returning to its pre-1998 levels. The regional analysis of the Hadley circulation emphasizes the 
role of the IPO: expansion in the Australian sector is associated with the higher SSTs in the 
Maritime Continent region and colder SSTs in the eastern equatorial Pacific, which also projects 
onto negative IOD and promotes high SAM. But it also points to the fact that regional 
expansion of the Hadley circulation in the Australian sector, promoted by IPO cold phase, 
ENSO and IOD modes, is counteracted by contractions in the South America and Africa sectors 
in spring. And since we do know from previous work in SEACI, that tropical expansion has 
been observed all year around in all three sectors, it rules out the swing to cold IPO as the sole 
factor driving the southern hemisphere expansion.  
 
There has been no new work in year three of VicCI to fully attribute the Hadley circulation 
expansion to various factors such as ozone depletion, volcanoes, decadal variation in SST, 
despite improved understanding of the overall expansion and how the various factors operate. 
Previous work, combining observations and model results, had found that since 1979 about     
30 per cent of Hadley circulation expansion in the southern hemisphere is from natural factors, 
which includes external natural forcing such as volcanoes and naturally occurring modes of 
variability such as ENSO and the swing in the IPO, with the rest being shared by stratospheric 
ozone depletion (accounting for 40 per cent of the expansion) and greenhouse gas forcing 
(accounting for 30 per cent of the expansion). Over the longer term since the 1960s, analysis of 
single-forcing simulations showed that stratospheric ozone depletion and enhanced greenhouse 
gases are the dominant forcings of tropical expansion. 
 
In light of these various findings, it is reasonable to expect that the Hadley circulation will 
continue to expand in response to the projected continued increases of greenhouse gases and on-
going global warming, even if ozone recovers as expected. In the meantime, the modulation due 
to the SST patterns of warming over the last 30 years (i.e. the swing from warm to cold phase of 
the IPO) should be expected to reverse sometime in the future and become more El Niño-like in 
response to continued greenhouse gas forcing. Hence the expansion in our sector may not be 
larger than the other sectors (Africa and South America) in the future and the overall 
hemispheric expansion may be reduced as the tropical SST patterns change. Finally, the 
modulation of the annual cycle of Hadley circulation expansion (with stronger expansion in 
summer and autumn) due to the role of SAM is likely to disappear. This is because of the two 
factors which explain past SAM trends (ozone depletion and greenhouse gas emissions), only 
ozone depletion has a strong annual cycle and, in the future, due to ozone recovery, it is not 
expected to have such a strong annual cycle anymore. There is an important caveat, however: 
the interaction between the Hadley circulation (and tropical modes in general) with the SAM 
should continue to peak in late spring and early summer, thus possibly providing a continued 
seasonality (peaking in summer) of the future expansion of the Hadley circulation. 
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Impact of large-scale drivers on Victoria current climate and trends 

A simple multi-variate linear reconstruction of the observed changes in rainfall across Victoria 
from 1986 to 2015 using the changes in large-scale factors demonstrates the significance of 
these drivers for Victoria’s climate (Figure 3.6). The factor providing the largest contribution is 
the increase in surface pressure as diagnosed by a measure of the local belt of high pressure: the 
sub-tropical ridge (STR), which is a consequence of the Hadley circulation. Other large-scale 
factors modulate the contribution from the STR. The annual variation of the contribution of 
individual drivers is either positive or negative depending on the annual cycle of their impact on 
Victoria’s climate as well as the annual cycle (if any) of their trends. In particular, the SAM is 
seen to best account for the summertime increase of rainfall, while also contributing to the cool 
season decline.  

 
Figure 3.6  Month by month reconstruction of the last 30 years rainfall anomalies in Victoria based on 

observed anomalies of large-scale indices measuring the behaviour of driver of Victorian 
rainfall: STR-I, SAM and the tropical tripole (which summarise both ENSO and IOD indices) as 
well as a combination of the drivers.  

As MSLP changes are so dominant in explaining on-going rainfall anomalies across Victoria, an 
improved understanding of the MSLP changes is a key objective but has remained elusive. On 
year to year time-scales, the MSLP pattern for an expanded Hadley circulation in response to 
tropical SST forcing (i.e. La Niña conditions) does not resemble the observed pattern of MSLP 
changes. An expanded Hadley circulation has low pressure anomalies over the continent and 
positive pressure anomalies further south over the Southern Ocean, as well as lower pressure 
over the poles, consistent with a shift poleward of the sub-tropical ridge. This is reminiscent of a 
signature of high SAM, but shifted southward. Thus an expanded Hadley circulation in the 
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Australian sector leads to positive rainfall anomalies across most of Australia with dry 
conditions limited to the furthest southern reaches of SEA (including Victoria). This is 
consistent with the findings that expansion in the Australian sector is linked to cold IPO, La 
Niña, negative IOD and high SAM conditions. These are all conditions that are well known to 
increase rainfall in Australia and SEA in particular in winter (with the exception of southern 
Victoria), spring and summer.  
 
Therefore, during the cool season, tropically driven year-to-year variability of the Hadley 
circulation appears not to be the explanation of the observed surface pressure trends apart from 
a possible shift southward of the high pressure centres. This conclusion, arising from in depth 
analysis and novel approaches looking at the Hadley circulation either regionally or using the 
isentropic view, confirms the results obtained using simple relationships with the large-scale 
drivers. Thus, what is happening on longer time-scales (i.e. the relationship between a 
strengthening of the hemispheric STR in conjunction with a broadening of the Hadley 
circulation) is not explained by extension of the behaviour at interannual timescales despite the 
improved understanding of the various interactions as afforded by computation of regional 
behaviour and the isentropic perspective.  
 
On the contrary to the cool season, during the warm season the pattern of recent trends in MSLP 
(1980-2015) and the pattern of MSLP associated with an expanded Hadley circulation roughly 
match everywhere over the southern hemisphere. This pattern is such that most of subtropical 
Australia should be getting wetter (i.e. consistent with a shift to high SAM) with lower pressure 
over most of continent. This tropical-subtropical signal is expanding all the way southward to 
Victoria. Indeed, during summer both the SAM and the tripole tropical SST pattern contribute 
positively to the observed upward rainfall trend in the last 30 years (Figure 3.6). The observed 
MSLP pattern during the warm season is largely consistent with the expected response to the 
SST trend associated with the recent decadal phase of the cold IPO (captured by a positive 
projection onto the tripole index), although Antarctic ozone depletion is likely to be a 
contributor to the high SAM during summer and early autumn. Long-term wetting across 
Australia is therefore uncertain due to the competition between the intensification of the 
hydrological cycle due to global warming which is expected to strengthen rainfall in the 
monsoonal north, and a reduction of rainfall across most of the continent as ozone recovers and 
the positive tripole loading decreases.  

3.1.3 Variation in predictability of Victoria’s climate 

The predictability of ENSO and IOD vary slowly with time. Moreover the relationships 
between these factors and the climate of Victoria also vary on decadal time scales. This slow 
variation in predictability and impact is correlated with the phase of the IPO, and the IPO has 
been in its cold phase (cooler waters in the eastern Pacific and warmer in the west) since the late 
1990s. During this IPO cold phase, ENSO and IOD tend to have smaller amplitudes, they are 
only weakly related to each other, and their predictability is reduced. On the other hand, the 
correlation between Victoria’s climate and ENSO and IOD is higher during the IPO cold phase, 
presumably because the centre of action of tropical convective variability is brought closer to 
Australia during cold IPO conditions. The combined effect of these relationships is to reduce 
lead times for skilful prediction of Victorian rainfall to around one season during the IPO cold 
phase (compared with one to three seasons during the IPO warm phase). 

These combined factors of IPO phase, ENSO variability and variation in strength of 
teleconnection to Australian rainfall enhanced the recent La Niña event in the spring of 2010, 
leading to extreme rainfall in south-eastern Australia in spring and summer. This event was also 
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associated with strong high SAM (that is, weaker mid-latitude westerly winds with the storm 
track further southward than normal, allowing broader easterly onshore flow affecting SEA). 
Model experiments show that the cold phase of the IPO promotes high values of SAM and 
expansion of the Hadley circulation in the Australian sector. The alignment of La Niña and 
SAM in 2010 not only enhanced rainfall but also increased the predictability of SAM. Thus, 
although the IPO was in its cold phase, the rain events of spring 2010 could be predicted some 
months ahead. 

 
Figure 3.7 Differences of composite of standardized rainfall anomalies between high (H) and low (L) 

phase of SAM for strong El Niño (left: SOI ≤-0.5σ) and La Niña (right: SOI ≥0.5 σ) episodes. 
Rainfall anomalies are from the AWAP analyses for 1960-2010. 

The relationship between ENSO and SAM is relevant in dry periods as well as wet (Figure 3.7). 
The near-record drought over eastern Australia in the spring of 2002 has been shown to be due 
not only to the moderate El Niño event, which had its maximum sea-surface temperature 
warming in the central (rather than eastern) Pacific, but also to the stronger low phase of the 
SAM at that time. 

There is a clear statistical correlation between SST patterns in the Indian Ocean, represented by 
the IOD, and Victoria’s rainfall. In the past, it has been assumed that the direct propagation of 
basic atmospheric waves (called Rossby waves) across Australia is the physical mechanism 
supporting this relationship. However, more detailed analysis shows that the impacts of Indian 
Ocean SSTs are felt in Victoria through a complex interaction between the tropical Rossby 
waves and the transient eddies associated with the polar jet stream. The implication of this 
finding is that simulating and predicting rainfall in Victoria as a result of the occurrence of the 
IOD is complicated by the additional challenge of not only well depicting the tropical SST 
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anomalies but also the detailed interaction of the tropically induced-circulation anomalies with 
the subtropical and polar front jets. 

3.1.4 Seasonal climate prediction 

Over the course of VicCI, there has been continued progress in the capability of the Bureau’s 
seasonal climate prediction model (POAMA), which was developed in collaboration with 
CSIRO during the early 2000s. Output from the model, which is used operationally for seasonal 
climate prediction, feeds into the Bureau’s streamflow forecasting system, which was developed 
during SEACI. The model predictions are initialised carefully, taking into account the current 
state of the ocean and land surface, which provide the long-term memory of the climate system. 
The model is found to predict well the occurrence of El Niño/La Niña and to simulate well the 
interactions between SAM and Victoria’s climate, which enhanced its capability to predict the 
recent La Niña event some months ahead. 

VicCI research has revealed that the longer lead-time predictive skill of ENSO has been lower 
since the late 1990s compared with 1980-1999 when the IPO was in its warm phase. However, 
the short lead-time seasonal prediction skill of Victoria’s rainfall has been higher, especially in 
spring. This increase in predictability is due to stronger links between ENSO/IOD and 
Victoria’s rainfall during the cold phase of the IPO, despite weaker amplitudes of ENSO and the 
IOD. These relationships are also consistent with the observation that Victorian rainfall tends to 
vary more directly with ENSO indicators in La Niña (wet) years than in El Niño (dry) years. 
These inter-connections further highlight the importance of both the Indian and Pacific Oceans 
to the climate of Victoria, and imply that it is necessary to improve the representation of the 
Indian Ocean in climate models both for seasonal prediction and for long-term projections. 

The POAMA model was developed before the Bureau embarked on implementing the national 
ACCESS modelling system in cooperation with the UK Meteorological Office. The Bureau is 
now in the process of replacing the POAMA model with ACCESS-S1, which has some 
enhanced features compared with POAMA. A major advance is that the spatial resolution of 
ACCESS-S1 is 60 km, which is much greater than the 250 km of POAMA. This allows detailed 
topographical features to be better resolved, and leads to an improved simulation of the climate 
of Victoria especially across the Dividing Range (Figure 3.8). The new model also has better 
representation and prediction of ENSO and the SAM. In particular, ENSO is better predicted 
across the autumn ‘predictability barrier’, thus providing the possibility of improved 
anticipation of the onset of El Niño conditions that can adversely affect early winter rainfall. 
The SAM is also substantially better predicted in the first month of the forecast, which suggests 
the possibility of making practical use of the monthly forecast for water resource management. 
However, as with most climate models there remains uncertainty in the representation of the 
Indian Ocean in the ACCESS-S1 model, which is the focus of ongoing development. 
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Figure 3.8  Mean rainfall in the AWAP analysis (top panels), ACCESS-S1 (middle panels) and POAMA 

(bottom panels) initialised on the 1st of August and verified in August-October (left panels; 
LT0) and October-December (right panels; LT2). Unit is mm/day.  

3.2 Improved projections of the future climate and water 
availability for Victoria 

3.2.1 Capability of global climate models 

Similar climate models to those used for seasonal prediction and studies of seasonal 
predictability are also used for the development of climate projections over decadal time scales 
under the influence of climate change factors such as enhanced greenhouse gases and ozone-
depleting gases. In preparation for the fifth assessment of the IPCC, a major international 
collaboration (called CMIP5) led to the production of a set of consistent climate projections 
made freely available to the global community. Such ensembles of model projections are 
needed because of the uncertainties associated with every climate model and because of the 
inherently chaotic nature of the climate system. The ensemble mean of the models is known to 
provide a better estimation of climate and its variability than that obtained from any particular 
model. 
 
There have been a number of VicCI studies to assess the capability of the CMIP5 models to 
simulate the large-scale factors affecting Victoria’s climate. These studies provide a basis for 
the selection of models for projections of Victoria’s climate and also for the assessment of the 
uncertainties in the projections. For many features (e.g. the annual cycle of Victoria’s rainfall, 
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the strength and position of the STR, the tropical variability magnitude and annual cycle), it was 
found that the ensemble mean of the current models yields reasonable results. However, 
teleconnections between remote large-scale drivers and local climate (i.e. rainfall) are in general 
underestimated by the ensemble mean. From the various in-depth analyses of model behaviours, 
it is possible to flag some models from the CMIP5 database as being more problematic than 
others; the flagged models are unlikely to yield realistic projections of future rainfall. In 
particular a large group of models have too wet summers linked to some large-scale errors 
(Figure 3.9). Removing these models substantially increases the projected mean rainfall decline 
for Victoria, because most of them project either a small wetting or a small drying. 
 

 
Figure 3.9  Annual cycle of monthly mean South-Eastern Australia rainfall (in mm) averaged from 1900 to 

2005 for the observations (Bureau of Meteorology operational 0.05 degree gridded rainfall), all 
37 individual models CMIP5 models considered, and the ensemble mean of the models with 
very wet summers and the ensemble mean of the other models.  

The poleward shift of the mid-latitude storm tracks in winter is associated with drier conditions 
in southern Australia; that is, the high phase of SAM tends to lead to dry conditions in Victoria 
in the winter months. In spring and summer, high SAM leads to a greater excursion of tropical 
rainfall into southern Australia and so to wetter conditions in Victoria. To some extent climate 
models are able to simulate the relationship between SAM and sub-tropical rainfall. However, 
there is substantial bias, with too large an increase in sub-tropical rainfall in summer when SAM 
is increased. Moreover, the winter reduction in sub-tropical rainfall with increasing SAM is 
under-estimated by the models. Similarly, models do not capture the seasonal variations of the 
correlation between SAM and ENSO (strong in summer and weak in winter); they particularly 
under-estimate the strength of this relationship in summer. 
 
Over recent decades there has been a continuing positive trend in the SAM. The climate models 
generally have simulated the positive trend in SAM. Moreover, the trend is found to continue in 
future projections which suggest that Victoria’s rainfall may become drier in winter and wetter 
in summer; that is, the seasonal shift in rainfall may be exacerbated in the future. The current 
upward trend in SAM is at least partly associated with stratospheric ozone depletion, and this 



VICTORIA CLIMATE INITIATIVE FINAL ANNUAL REPORT 2015-16 

 

 

21 
 

forcing will reduce as the ozone layer recovers in coming decades. While the impact of SAM on 
Victoria’s rainfall may seem to be a robust result from the models, we should bear in mind that 
this relationship is not properly captured in simulations of the present climate. 
 
It is known that especially in the cool season the STR around 150 ºE is a good indicator of 
Victoria’s rainfall. Among the CMIP5 models, many of them yield accurate simulations of the 
seasonal cycle of the STR. They tend to under-estimate the intensification and poleward 
movement of the STR over the last century. Moreover, the models generally do not simulate 
well the relationship between the STR and Victoria’s rainfall. Analysis of projections of future 
climate shows that the STR continues to intensify and to move poleward. However, given the 
inability of models to capture the magnitude of past trends, it is possible that the projected 
changes in the STR and the reduced rainfall in Victoria are under-estimated. 
 
Analysis of simulations from global climate models shows that they do not capture the full 
extent of the observed Hadley circulation expansion. We now understand that the swing over 
the last 30 years from the warm to cold phase of the IPO has contributed to Hadley circulation 
expansion, but this variation of the IPO is not captured by climate models, suggesting that it is 
not in response of external forcings (nor is it predictable). It is therefore difficult to ascertain 
whether the underestimation of the Hadley circulation expansion by current climate models is 
due to poor overall model performance or is due to the absence of the swing in the IPO whose 
occurrence is likely internally generated. Nevertheless, earlier results showed that models with 
the greatest warming of the global mean temperatures (that is, with greenhouse gases forcing 
but no stratospheric ozone deficit) had the greatest Hadley circulation expansion and poleward 
movement in the STR, suggesting a link between the Hadley circulation expansion and the 
sensitivity of the model to external forcings.  
 
There is a strong relationship between Victoria’s rainfall and the tropical SSTs to the north. This 
relationship is expected to continue under the conditions of global warming. While most models 
capture some of the relationship between tropical SSTs and Victoria’s rainfall, the relationship 
is generally found to be much weaker than the observed correlation. The relationship between 
SST and rainfall in models is found to be unchanging into the future. Bearing in mind that the 
relationship has been observed to vary in strength on decadal time-scales in the past, this result 
suggests these modulating variations are due to natural factors rather than greenhouse gases 
forcing.  
 
Analyses of CMIP5 models have provided further insight into the reasons for the large range of 
future projections of Victorian rainfall. The most important factor appears to be how the pattern 
of tropical warming of the Pacific and Indian Oceans projects on to the tripole index, known to 
strongly relate with the year to year variability of Victorian rainfall. Up to 60 per cent of the 
range of projections (in the key season of winter and spring) appears to be related to the models 
tropical warming (Figure 3.10). 
 
The Millennium Drought was characterised by fifteen years without any very wet months in the 
cool season. The CMIP5 models do simulate periods without very wet months, but they do not 
generate dry periods of the length of the Millennium Drought. The model ensemble mean for 
historical simulations from CMIP5 models for a dry period is 6.3 years, with twelve years being 
the longest run of cool season not-very-wet conditions. The models capture the warm-season 
dry period better than for the cool season. Analysis of the projections suggests that such events 
are likely in the future, but there are large uncertainties in the estimated frequencies and 
durations. 
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Figure 3.10  Scatter plots across metrics computed for 37 individual CMIP5 models: trends in July to 

November SEA rainfall from 2006 to 2099 using the RCP8.5 pathway versus the tropical 
tripole index for the same season The ensemble mean is shown with a red symbol and 
models with very wet summers (from Figure 3.9) are shown as green symbols, lines of best 
fit and square correlation are displayed. 

Finally an overall conclusion from VicCI, in the light of the range of model evaluations that 
have been performed over the three years of the program, is that the systematic issues with 
climate models point to the possibility that future rainfall projections for Victoria may be 
somewhat optimistic. The removal of the models which have a very wet summer from the full 
ensemble used for future projections leads to significantly drier future conditions for Victoria (a 
14.1 per cent compared with an 8.4 per cent reduction in annual rainfall by 2090 under 
RCP8.5). It is also apparent that when considering the ability of the models to capture the STR 
and its relation to SEA rainfall, the better performing models tend to give a drier projection. 
Overall, if only the limited number of models which are satisfactory for all criteria are 
considered, the outcome is similar to that obtained by removing the very wet summer models (a 
17.5 per cent reduction in annual rainfall by 2090), noting that it is a very limited set of models 
(6 only) that is considered to be satisfactory across all criteria.  

3.2.2 Climate projections for Victoria 

A VicCI report (Climate change science and Victoria, Timbal et al., 2016) documents the latest 
understanding of drivers of the Victorian climate, how these contributed to the recent trends, 
and the current projections of the future climate. The report is based on the national climate 
change projections for Australia’s Natural Resource Management regions 
(http://www.climatechangeinaustralia.gov.au/en/). It considers climate projections across three 
regions of Victoria: the Murray Basin, the South West and the South East (Figure 3.11), based 
on meaningful climate zones and analysing all available data including global climate models 
and (when available) downscaling information. With a focus on rainfall, the report includes a 
range of water-related climate variables.  
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Figure.3.11  The three climatic regions identified across the State of Victoria: Murray Basin (blue 

shading), the South-West of Victoria (red shading) and the South-East of Victoria (green 
shading) based on boundaries of individual CMA subregions (thin black lines).  

Some key findings are: 

 warming will continue and the amount of warming after 2050 will primarily depend on the 
rate of emission of greenhouse gases;  

 temperature increases of 0.5 °C to 1.3 °C are expected by 2030 in all future scenarios, with 
warming of up to 4.6 °C by 2090 for the highest emission scenario;  

 the hydrological cycle will change and, although the main drivers of climate variability will 
continue to exert a strong influence, a rainfall reduction during the cool season is likely;  

 extreme hot temperatures will increase and be more frequent, and heavy rainfall extremes 
are likely to increase. 

Thus the observed warming trend over the past century will continue. While the pace of the 
warming during the second half of the century will depend primarily on the emissions pathway, 
uncertainties due to global climate model sensitivities and natural decadal variability tend to 
mask any trends during the first half of the century. Climate change will not be limited to 
warming trends but will affect the hydrological cycle through changes in rainfall and other 
climate variables, such as evapotranspiration. Natural variability and gradual climate change 
can combine to generate abrupt changes or pauses in climate at future times that are not 
predictable. 
  
The VicCI report includes detailed projections of the future climate of Victoria. Projections are 
given for two emission scenarios, a business-as-usual scenario called RCP8.5 and a substantial-
reduction scenario called RCP4.5. Under the high-emission (RCP8.5) scenario, the area with 
mean temperature below 14 °C will be significantly reduced in future, especially in the Murray 
Basin and South East regions. Moreover, winter snowfall in alpine areas is likely to continue to 
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decline, owing to increases in temperature rather than reductions in precipitation. The 
projections show a continuing decline in cool season rainfall, but there is no clear trend in warm 
season rainfall. 
 
In relation to the projected future rainfall decline during the cool season, it is noteworthy that 
models indicate that the largest decline is likely in the later months of the cool season while in 
the last 30 years, the largest decline was found in the early months. As noted earlier when 
discussing the influence of large-scale factors on the Hadley circulation and Victoria climate, 
the large-scale factors (such as the swing to cold IPO) associated with higher rainfall have an 
influence throughout the year except in autumn, the season with the largest rainfall decline. It is 
therefore plausible that an additional expansion of the Hadley circulation in the Australian 
region due to natural factors has contributed to limit the rainfall decline outside autumn leading 
to that seasonal paradox between past observations and future projections. In the future 
projections where the pattern of SST warming is more El Niño like, the tropical SST factor, 
which we know is an important determinant of the range of future rainfall projections in the 
CMIP5 models, is likely to lead to an enhanced rainfall decline in the season when this 
mechanism plays a larger role; that is the later part of the cool season.  

3.2.3 Downscaling of climate model outputs 

For many hydrological modelling applications, the output from GCMs must first be 
‘downscaled’ before it can be ingested by the hydrological model. This is due to the scale 
discrepancy in the output from GCMs (about 200 km) relative to the much finer scale that most 
hydrological models operate on (about 5 km for the modelling conducted here). The term 
downscaling refers to a wide range of techniques of different complexity. These techniques are 
typically classified according to the approach used for downscaling, e.g.: statistical, dynamical 
and change factor techniques or scaling.  
  
The most straightforward approach is using a change factor, whereby an observed dataset is 
scaled in such a way that it represents a particular change as simulated by the GCMs. The fine 
scale variability is represented by the local observed data set and the projected change is that of 
the GCM and hence is not downscaled. Its simplicity allows for the application to large numbers 
of GCMs and emission scenarios, representing key elements of uncertainty. A limitation is that 
the projections can only inform on change in relation to the scaling element, e.g. if the scaling 
factor is based on mean temperature, change to maximum and minimum temperatures will not 
captured.  
 
Statistical downscaling techniques can vary greatly in complexity. These techniques draw on 
statistical relationships derived between local- and large-scale atmospheric variables in the 
observed climate, which are transferred into the model world to derive the local-scale climate 
from the large-scale variables as simulated by the GCMs. Whilst more complex than the change 
factor methods, these are still straightforward to apply and typically a large number of GCM 
and emission scenarios can be sampled. Dynamical downscaling is the most complex method of 
downscaling. Different techniques exist, but the most common involve the use of a regional 
climate model (RCM), which takes information from a GCM along its lateral and lower model 
domain boundaries. Essentially, it gets its climate change information from a ‘host’ GCM and 
then simulates the climate on a finer resolution. RCM output is attractive because it generates 
output on finer resolutions than the GCM for all the variables that the GCM can simulate, and 
outputs can be on very high temporal resolution. However, because of its great complexity it 
requires a great deal of computing resources and currently this limits the number of GCMs and 
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emission scenarios that can be sampled. Furthermore, the output from RCMs may be difficult to 
use directly in impact models that require climate inputs with similar distributional properties to 
observed rainfall to work well (such as many hydrological models).  
 
For this reason, RCM outputs (and sometimes outputs from statistical methods) require a bias-
correction to nudge the RCM distribution of rainfall and PET towards that of observed data. If 
this correction is very large, arguably the output is not meaningful to use in hydrological impact 
work in the first place. A detailed review of bias-correction methods were conducted earlier in 
VicCI. It noted that distribution based methods typically give better results, but sequencing can 
be a challenge.   
 
For Victoria there is a limited set of downscaling products available for hydrological modelling. 
The downscaled datasets are generated using different techniques and a first assessment 
suggests that these give very large differences in projected change (Figure 3.12). The two 
dynamical downscaling methods suggest an overall increase in rainfall in summer and autumn, 
whereas the statistical downscaling methods suggest an overall decrease in all seasons. The only 
season with agreement is spring, when all methods suggest decrease in rainfall and more so in 
the western part of Victoria.  
 

 
 

 
 
Figure 3.12 Projected median percentage changes in annual rainfall across Victoria under five different 

downscaling methods (from the left): SDM, NHMM, Empirical scaling, WRF (NARCliM), 
and CCAM. 

 
Due to the wide range of projection outcomes from downscaled datasets, and no clear guidance 
on the mechanism for the diverging results, the runoff projections delivered for Victoria through 
VicCI were based on the change factor method ‘empirical scaling’. Whilst the method offers 
coarse resolution change information and should be considered conservative, it samples the full 
range of change as simulated by the CMIP5 GCM ensemble and two emission scenarios 
(RCP4.5 and 8.5), which are two key sources of uncertainties in climate change projections. 
 
To investigate the spatial signature of fine resolution change, a new method was developed and 
demonstrated for a selection of catchments in Victoria. This involved applying an empirically 
derived relationship to SDM projections to directly estimate streamflow, which is subsequently 
bias-corrected. Projections based on this method suggest stronger reduction in streamflow in the 
western catchments compared to the runoff from hydrological models run with empirically 
downscaled data.  
Additional work in the downscaling space was focused on potential benefits of very fine 
resolution convective permitting dynamical downscaling to hydrological impact assessments. 
Specifically, can such simulations give a more realistic representation of rainfall compared to 
coarser resolution models with parameterised convection? To answer this question a 5-year 
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experiment was conducted to give output on 2 and 10km resolution, the former allowing for 
explicit simulation of convection. A similar level of skill was found when comparing their mean 
seasonal climatologies for low and high intensity rainfall. Objective verification indicated 
somewhat greater skill for the 2km simulations in terms of positioning of rainfall in autumn and 
winter, and for representing spatial variability in autumn and spring. Greater differences 
between the datasets were found when comparing them on a catchment basis, though the 
simulation resolution with better skill depends on the measure considered.  

3.2.4 Streamflow and runoff projections 

 
Figure 3.13  Reporting river basins for the latest runoff projections relying on the scaling approach.  

Runoff projections for Victoria were prepared using the scaling approach on the output of 
CMIP5 global models to derive climate inputs to a conventional hydrological model 
(SIMHYD). This is an update of the projections produced as part of the SEACI program based 
on CMIP3 models. This new set provides a basis on which to evaluate more advanced methods. 
Moreover, scaling allows the full range of GCM uncertainties to be sampled, and it can be 
applied across the entire State (Figure 3.13). Future projections of runoff across Victoria were 
generated for twenty-year time slices centred on 2040 and 2065 (Figure 3.14). It is useful to 
consider the full range of climate model projections as analysis of the chain of uncertainty in the 
development of streamflow simulations shows that the climate models are the main source of 
uncertainty.  
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Figure 3.14  Changes in runoff under emissions pathway RCP8.5 relative to 1975–2014 using empirical 
scaling of GCM results. 

The scaling approach translates consistently the GCM signal into runoff, without a formal 
downscaling of the climate change signal. The analysis finds that, while the median projections 
are slightly wetter (by about a third) to those from SEACI, the range of estimated runoff is 
larger, with the dry response being drier and the wet response wetter. As was found in the 
SEACI analysis, the streamflow reductions for the dry scenario around 2065 are less than the 
reductions observed across much of Victoria during the Millennium Drought. 
 
It is also worth noting that it is difficult for current hydrological models to capture the full range 
of natural streamflow variability in Victoria which can extend from no-flow drought conditions 
to flooding conditions. This can lead to either a wet or dry bias in projections of future 
streamflow, depending on the range of the calibration period. 
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Figure 3.15  Annual streamflow time series average across the 27 catchments in Victoria from 1960 to 
2010. Observed streamflow, from the Bureau of Meteorology Hydrological Reference 
Stations, is the blackline. The modelled streamflows are shown for the historical period 
(1960 to 2005, grey lines) and for 2006 to 2100 using RCP 4.5 (green) and 8.5 (blue) 
pathways. Light shade shows individual models, ensemble means are shown are thick lines. 
The box on the right of the top panel shows the 2070-2100 mean for both RCPs 4.5 and 8.5 
and using a streamflow reconstruction with (green and blue) and without monthly maximum 
temperature (yellow and purple), and the 1975 to 2005 mean (light grey line) and the 
observed deficit during the Millennium Drought (1997-2009, dashed black line).  

New perspectives are emerging with the use of the BoM-SDM approach coupled with a simple 
multi-variate linear regression to compute monthly streamflow for a number of catchments in 
Victoria using temperature and rainfall as predictors. This approach requires calibration on 
unimpaired catchments, and so it has been applied to only a selection of 27 Hydrologic 
Reference catchments across the State. The outputs are generated at monthly timescales over the 
full 21st century. The method does not rely on a hydrological model but on linear multiple 
regression using rainfall and temperature to estimate streamflow. This approach was found to 
reasonably capture the depth of the streamflow decline during the Millennium Drought which 
has eluded hydrological rainfall-runoff models. The main advantage is that it provides a 
spatially variable streamflow response using a downscaled climate signal for future rainfall, and 
this is in contrast to the scaling approach where the climate change signal is at a coarse GCM 
resolution.  
 
Using this approach, the future projections of streamflow are consistent with the spatial 
variability observed during the Millennium Drought. There is more spatial variability than in 
earlier projections that were based on the coarse GCM signal. The future projections, while 
showing strong variability in streamflow, indicate a large reduction (45 per cent) in streamflow 
by the end of the 21st century (2070-2100) (Figure 3.15), with conditions similar to the 
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Millennium Drought becoming the norm. The driest 10-year mean streamflow is projected to be 
78 per cent worse than the Millennium Drought for a high emission pathway. The greatest 
reductions are seen through the May-November period. Overall, the projections obtained with 
this method are similar to those obtained from the scaling approach but with more spatial 
variability and a more pronounced streamflow reduction.  
 
An in-depth analysis was carried out to compare runoff projections obtained using various 
downscaling approaches. The study was limited to 6 Victorian catchments using the SIMHYD 
hydrological model with input from all available downscaled datasets. The aim was to 
determine the range of results generated from different sources of climate change information 
(limited to rainfall as PET was not available for all downscaled data sets). The compared 
datasets were: 
 Empirical scaling (seasonal and annual) based on change signal from 42 CMIP5 GCMs 

following RCP8.5 (1986-2005 vs 2060-2079). 
 Non-homogenous Hidden Markov Model (NHMM) using predictor variables from 19 

CMIP5 GCMs following RCP8.5 (1986-2005 vs 2060-2079). 
 Empirical scaling (seasonal and annual) using change information from Statistical 

analogues (SDM) using predictor variables from 22 CMIP5 GCMs following RCP8.5 
(1986-2005 vs 2060-2079). 

 Bias corrected Conformal-cubic atmospheric model (CCAM) with bias corrected SSTs 
from 6 CMIP5 GCMs following RCP8.5 (1986-2005 vs 2060-2079). 

 Bias corrected NARCliM projections, 3 configurations of the WRF model with boundary 
conditions from 4 CMIP3 GCMs (a total of 12 ensemble members) following SRES A2 
(1990-2009 vs 2056-2075). 

Assessment of seasonal runoff showed large uncertainty in the regional change signal, except in 
spring when all approaches agreed on a decrease in runoff particularly in the western 
catchments. All methods generally agreed on a decrease in runoff in winter as well, but the 
magnitude is markedly different between methods with dynamical models showing no decrease 
in some parts of the State. The greatest disagreement amongst downscaled datasets was found in 
autumn and summer, where empirical scaling led to plausible changes in both directions, though 
the median runoff typically indicated decreasing streamflow. Dynamical downscaling showed 
predominantly increases in runoff in these seasons, while statistical methods projected a 
decrease.  
 
The spread of results using downscaling and the apparent differing responses to climate change 
across catchments suggest that there is value in downscaling as there appears to be a regional 
signal relative to the GCM output. However, due to the lack of agreement amongst 
fundamentally different downscaling methods and the overall small sample, it is not possible at 
this stage to give guidance on the preferred downscaling method for simulating future change in 
regional runoff. An additional complexity missing from these projections is the impact on 
runoff due to shifts in the hydrological regime as a response to internal catchment changes, such 
as surface-groundwater connections, changes to soil characteristics, land cover changes, and 
vegetation responses to a higher CO2 world. 

4. PROGRESS IN ANSWERING KEY SCIENCE QUESTIONS 

The VicCI Science Plan gives detailed descriptions of each of the seven research projects that 
make up the overall program. Within the descriptions, there are key science questions that aim 
to guide the research as results are gradually obtained. It is therefore appropriate to consider 
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progress in each of the projects after year three in answering these questions. As research 
progressed, it was clear that the message behind the new science would be clearer if the key 
science questions were re-ordered, and they are presented in this new order below.  

4.1 Theme 1 – Improved seasonal prediction 

4.1.1 Decadal variability of predictability and prediction skill 

The climate of south-eastern Australia varies markedly on multi-year and decadal time scales, 
impacting the capability to make seasonal climate predictions and potentially masking 
anthropogenic climate change. The capability to make seasonal climate predictions for south-
eastern Australia primarily depends on the capability to predict ENSO because ENSO is the 
most predictable component of the climate system and the most important driver of rainfall 
variability in Victoria. However, predictability varies on decadal time scales: decades of high 
predictive skill are associated with high ENSO variability (i.e. when the signal to noise is high), 
and decades of low skill occur during periods of quiescent ENSO variation (i.e. when the signal 
to noise is low). A source of decadal variability for Australian climate is tied to the IPO, which 
characterises decadal-scale variations in interactions between the ocean and atmosphere across 
the wider Pacific basin. Global warming may also have an impact on the predictability of ENSO 
and Australia's climate. The relationship of variations of ENSO predictability with recent 
warming trends in the tropical oceans and with varying phases of the IPO needs to be 
determined in order to inform users of seasonal predictions of expected variations in forecast 
reliability.  
 
Why has ENSO prediction skill been low since 1999 compared to the previous 20 years (1980-
1999)? Can the drop in ENSO prediction skill be related to changes in the global circulation 
associated with the expansion of the Hadley circulation? What is the relationship between 
changes in ENSO activity and forecast skill due to the IPO and epochs of enhanced global 
warming and strengthening of the sub-tropical ridge? 
 
The decline in skill for long lead prediction of El Niño since 1999 has been attributed to a 
decline in ENSO activity as a result of a swing of the IPO to its cold (or 'La Niña-like') phase. 
The IPO cold phase is characterised by relatively colder temperatures in the eastern equatorial 
Pacific Ocean and warmer temperatures in the western Pacific. The results of sensitivity tests 
with the seasonal forecast system confirm that the slow variation in the background climate 
associated with the swing from warm (or El Niño-like) to cold IPO affected the activity and 
predictability of ENSO. Despite continued improvements in forecast systems, skill in the 
prediction of ENSO can be expected to wax and wane decadally in the future as a result of 
natural variations of the background climate. Although the strength of the teleconnections 
between ENSO and rainfall in south-eastern Australia are expected to strengthen due to 
greenhouse warming, changes in predictability of ENSO are uncertain because they will depend 
crucially on the details of how the climate of the wider Pacific Ocean changes. This is still an 
area of active research.  

A La Niña-like state in the tropical Pacific with cold waters in the eastern equatorial Pacific and 
warm waters in the west promotes the expansion of the southern hemisphere Hadley circulation 
in the Australian region with contraction elsewhere. That is, tropical expansion has been 
promoted by the shift to the cold phase of the IPO after the late 1990s. Thus, both the drop in 
ENSO prediction skill and the recent expansion of the Hadley circulation have been associated 
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with the same shift to cold IPO. The implications of this finding are that there is a possibility of 
a reversed tendency if/when the IPO shifts back to its warm phase. However, this conjecture has 
not been carefully explored, and cannot be assumed.  

Finally, there is little relationship between the strengthening of the STR and the extent of the 
Hadley circulation in the Australian region except in early winter where the regional Hadley 
circulation expansion implies some weakening of the local STR. Thus, although the IPO and 
Hadley circulation are related (expanded Hadley circulation during cold phase of IPO), 
variations of the IPO seem largely unrelated to variations of the intensity of the STR. It is 
therefore not likely that a reversal of the IPO would affect the continued strengthening of the 
local STR apart from a small additional strengthening contribution in early winter, although 
further study would be required to confirm this.  

Why did the last two La Niñas (e.g. 2010-11 and 2011-12) bring a lot of rainfall to Australia, 
but the 2007-09 La Niña did not? 
 
The anomalously warm western Pacific during the cold IPO phase, as seen since 1999, acts to 
weaken the link between ENSO and the IOD. Typically, positive IOD occurs during El Niño 
and negative IOD during La Niña. But, during the cold IPO phase, the likelihood of positive 
IOD during La Niña increases. During a positive IOD, there are anomalously cold waters to the 
north of Australia, and anomalously warm waters in the western tropical Indian Ocean, which 
together act to make south eastern Australia drier than normal. The opposite happens during 
negative IOD. Thus, both La Niña and negative IOD usually act to increase winter-spring 
rainfall in south eastern Australia. These favourable conditions were all in place during the 
2010-12 La Niñas. But, as a result of being in the cold IPO state, during the 2007-2009 La Niña 
episode, weak positive IOD events occurred, and rainfall totals across SEA were relatively 
lower.  
 
How might ENSO prediction skill change in the future, if skill is tied to changes in the mean 
state? 

Research in VicCI has demonstrated that predictability of ENSO itself (ie the occurrence of El 
Niño or La Niña) varies in conjunction with decadal changes in the mean state of the tropical 
Pacific associated with the recent variation of the IPO. Epochs of high predictability of ENSO 
coincide with epochs of strong ENSO variability during the warm phase of the IPO (and 
contracted Hadley circulation) and epochs of low predictability of ENSO coincide epochs of 
weak ENSO variability during the cold phase of the IPO (and expanded Hadley circulation). 
Future variations of the IPO can be expected to similarly impact predictability of the ENSO but 
unfortunately little predictability of the IPO has yet to be demonstrated. Thus future variations 
in ENSO predictability due to naturally occurring variations of the IPO cannot yet be 
anticipated. At longer timescales, no consensus is yet emerging as to how ENSO variability 
might change as a result of anthropogenic climate change, hence little can yet be said about how 
ENSO predictability might change in a future climate. However a consensus is emerging that 
impacts of ENSO will systematically change in a warming climate regardless of the details of 
the projected changes in ENSO variability. Robust changes in ENSO impacts include a stronger 
shift of anomalous rainfall into the eastern equatorial Pacific such that "extreme" El Niño is 
projected to occur more frequently. Nevertheless, the implication for the prediction of the 
regional impacts of ENSO in south eastern Australia are not clear because predictable impacts 
of El Niño in south-eastern Australia weaken as El Niño shifts progressively eastward in the 
equatorial Pacific, at least in the current climate. 
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4.1.2 Multiyear variability and predictability 

The back-to-back La Niñas of 2010-11 and 2011-12 raise the interest for multiyear predictions. 
 
What are the mechanisms of the observed multi-year variations of climate in south-eastern 
Australia?  
 
The strength of the teleconnection of ENSO and the Indian Ocean Dipole (IOD) to SEA rainfall 
strongly varies on decadal timescales. Paradoxically, the teleconnection tends to be strong in 
decades when ENSO and the IOD have weak amplitude and when the covariation between 
ENSO and the IOD is also weak. These decadal changes in the covariance of ENSO with the 
IOD, in the amplitudes of ENSO and the IOD, and in the strength of the teleconnections of 
ENSO and the IOD to SEA rainfall are highly coherent over the last 40 years and have varied in 
conjunction with the IPO. Together with the variation in the IPO, these factors combine to bring 
multi-year variations in the climate and its predictability for SEA. 
 
The decadal change of the Indo-Pacific background climate associated with the swing to the 
cold phase of the IPO after 1999 can account for some of the decadal change in amplitude and 
predictability of ENSO and the IOD. However, it does not account for the change in short lead 
forecast skill of SEA rainfall in spring when the relationships between ENSO/IOD and SEA 
climate are strongest. Observed inter-decadal variation of the strength of the teleconnection of 
ENSO and the IOD to SEA spring rainfall in the past 35 years is associated with zonal shifts in 
the pattern of tropical convective activity driven by ENSO and the IOD.  
 
When convective activity is shifted eastward in the Indian Ocean, closer to Australia, the 
positioning of that activity will produce a stronger ridge in the proximity of SEA in winter 
during positive IOD events (and a weaker ridge during negative IOD events) via a series of 
atmospheric dynamical linkages. A strong ridge is associated with lower rainfall in SEA in 
winter. When the main centre of convective activity in the Indian Ocean is positioned more in 
the western Indian Ocean, the resulting position of the ridge over southern Australia during 
positive IOD events is further to the west and does not tend to bring as dry conditions.  
 
How predictable are the multi-year La Niña episodes that are the primary drivers of water 
resource replenishments (e.g. mid 1970s, late 1980s, 2010-2012)? 
 
The potential for multi-year prediction of El Niño and La Niña was explored by extending an 
ensemble of POAMA forecasts out to two years for two case studies. This was motivated by the 
observation that some La Niña events exhibit multi-year persistence following a strong El Niño 
event. Although the limit of skilful prediction of El Niño/La Niña using the full hindcast set is 
~nine months, exploration of longer lead-time prediction for a selection of events is warranted 
in order to reveal possible sources of predictability and to give a glimpse of what might be 
possible in the future with improved models. Two extended La Niña episodes (2007-2009 and 
2010-12) were targeted. Forecasts were initialized from the peak of the preceding El Niño in 
each case and run for two years. Preliminary results indicate some predictability for the 2007/09 
extended La Niña episode but no indication of predictability for the 2011/12 episode. 
Examining the cause of the predictability in 2007/09 could form the basis of a further study. 
However, based on the inconclusive results, it was decided not to pursue the question any 
further with POAMA. Outside of this program, evaluation of similar forecasts using the 
SINTEX-F model in Japan is being pursued as they are more promising. The Bureau’s new 
seasonal prediction system (ACCESS-S1) may provide an opportunity to revisit this issue. 
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4.1.3 Impact of climate change on seasonal prediction 

What has been the impact of the recent warming of ocean temperatures to the north of Australia 
on ENSO and ENSO’s impacts on Australian climate?  

The recent upward trend in ocean temperatures in the tropical Indian Ocean and western Pacific, 
due in part to the swing to the cold phase of the IPO, was found to have significantly amplified 
the springtime rainfall anomaly (10-30 per cent) over eastern Australia during the 2010-11 La 
Niña event. This occurred because the warm ocean temperatures of the La Niña event promoted 
high values of SAM. To the degree that the upward trend in SST in the tropical Indian and 
western Pacific is a result of anthropogenic climate change, the risk of extreme rainfall in 
eastern Australia during La Niña events can be expected to increase in future events. However, 
some of the recent SST trend appears to be a result of a naturally occurring swing of the IPO, so 
we may also expect epochs of reduced impact of La Niña events in the future when the IPO is in 
a warm phase. Although swings in the IPO are not yet predictable, persistence of the IPO is 
long and therefore its impact (and other ongoing trends) should be captured in the Bureau's 
POAMA seasonal forecast model because forecasts are initialised from the observed the ocean 
state, which holds memory of these long-term climate states. As a consequence, the extreme 
rainfall in spring 2010 was largely predictable at least one season in advance. 
 

What role does global warming play in multi-year wet or dry periods?  
 
The multi-year work described above with POAMA did not show enough promise to be pursued 
further. However, the question of how global warming will impact on protracted drought has 
been analysed as part of the analysis of the future rainfall projections across Victoria. An 
analysis of long periods with no very wet months suggests little change in the length of future 
dry periods for the cool part of the year and a reduction for the warm season. But these results 
are given with low confidence as there is a very large range of projected changes and the 
evaluation of the simulations of the current climate show that these models strongly 
underestimate the length of dry spells compared to observations.  

How might ENSO prediction skill change in the future, if skill is tied to changes on the mean 
state and these changes on the mean state are associated with an expansion of the Hadley 
circulation and a strengthening of the subtropical ridge? 
 
VicCI research demonstrated that predictability of ENSO itself (i.e. the occurrence of El Niño 
or La Niña) has varied in conjunction with decadal changes in the mean state of the tropical 
Pacific associated with the recent variation of the IPO. Epochs of high predictability of ENSO 
coincide with epochs of strong ENSO variability during the warm phase of the IPO (and 
contracted Hadley circulation) and epochs of low predictability of ENSO coincide epochs of 
weak ENSO variability during the cold phase of the IPO (and expanded Hadley circulation). 
Future variations of the IPO can be expected to similarly impact predictability of the ENSO but 
unfortunately little predictability of the IPO has yet been demonstrated. Thus future variations 
in ENSO predictability due to naturally occurring variations of the IPO cannot be anticipated. 
At longer timescales, no consensus is yet emerging as to how ENSO variability might change as 
a result of anthropogenic climate change, hence little can yet be said about how ENSO 
predictability might change in a future climate. However a consensus is emerging that impacts 
of ENSO will systematically change in a warming climate regardless of the details of the 
projected changes in ENSO variability. Robust changes in ENSO impacts include a stronger 
shift of anomalous rainfall into the eastern equatorial Pacific such that "extreme" El Niño is 
projected to occur more frequently. Nevertheless, the implication for prediction of regional 
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impacts of ENSO in south eastern Australia are not clear because predictable impacts of El 
Niño in south eastern Australia weaken as El Niño shifts progressively eastward in the 
equatorial Pacific, at least in the current climate. 

4.2 Theme 2 - Improved understanding of past climate 
variability and change 

A key outcome of SEACI was the confirmation that the Hadley circulation is expanding and 
this expansion could be playing a key role in the recent climate variability of south-eastern 
Australia. Projections of future climate indicate a continued expansion of the Hadley 
circulation, so it is imperative to understand its impact on the climate of the region and the 
mechanism for, and likely limits to, the expansion. Furthermore, climate model simulations best 
represent observed recent changes in the mean meridional circulation and the expansion of the 
tropics when ozone depletion and other anthropogenic external forcings are used, suggesting at 
least a partial human influence on recent changes. However, simulations of the tropical 
expansion are typically weaker than observed. It is thus critical to understand what is actually 
driving the changes and why the models are underestimating the change. 

4.2.1 The mean meridional circulation and its relevance to Victoria  

What role does the Australian land mass (including the maritime continent) play in the regional 
enhancement of the expansion of the Hadley circulation, and why is the enhancement different 
over South America and South Africa?  

A new technique capable of diagnosing sector mean estimates of the Hadley circulation has 
revealed that the Australian sector is the key region driving the variability of the hemispheric-
wide Hadley circulation on inter-annual timescales. It is also the sector which exhibits the 
greatest expansion of the Hadley circulation. A clear and significant expansion of the Australian 
sector Hadley circulation is observed that is consistent with, but slightly larger (about 0.65 
degrees per decade) than, the hemispheric-wide expansion. This VicCI result confirms earlier 
findings obtained using radiosonde data to measure the extent of the tropical tropopause which 
also showed a stronger expansion of the tropics in the Australian sector.  

The behaviour of the hemispheric Hadley circulation is governed primarily by the behaviour in 
the Australian sector, with the other two sectors (South America and South Africa) being out of 
phase with the Australian sector on inter-annual time scales. This dominance by the Australian 
sector is due to the presence of the world’s warmest stretch of water, the warm pool, in the 
Australia sector which acts as the “boiler box” of the global atmospheric circulation. Increased 
upper tropospheric outflow in the Australian sector associated with increased convection over 
the warm pool drives an expanded Hadley circulation in the Australian sector. The enhanced 
outflow in the Australian sector is compensated by increased inflow and contracted Hadley 
circulation in the South American and African sectors. The local expression of this regional 
expansion driven by increased convection over the warm pool in the Australian sector is a 
cyclonic anomaly covering most of Australia, thereby promoting increased rainfall in the 
subtropics.  

On inter-annual timescales, an expanded Australian sector Hadley circulation is associated with 
La Niña conditions, negative IOD, high SAM and increased rainfall in the Indian Ocean-
Maritime Continent region, and contraction in the other sectors (in spring to summer). 

Can we reconcile the seasonality of the Hadley circulation expansion as given by different 
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methodologies? Is it only due to methodology or is it about separate aspects of the mean 
meridional circulation which are evolving differently? What are the underlying factors that 
determine the seasonality of the expansion of the Hadley circulation? 

While all methods and data agree on an overall expansion of the Hadley circulation, there are 
similarities and differences when it comes to quantifying the annual cycle of this expansion. 
Earlier investigations of all existing reanalyses using the basic (isobaric) stream function 
calculation showed that the hemispheric expansion is primarily in summer and autumn with a 
smaller expansion in spring and none in winter. Radiosonde data in the region of Australia and 
New Zealand in contrast has similar expansion in all seasons.  

New results using a modified version of the stream function based on only the divergent wind 
and using a calculation made on isentropic surfaces largely agree with the earlier hemispheric 
results, with an expansion all year around but stronger in summer and autumn and weakest in 
late winter-early spring.  

However, when it comes to the expansion specifically in the Australian sector, the expansion is 
noticeable all year around. While these trends overall are consistent with the hemispheric 
averages (both isentropic and isobaric), the differences are that in winter and spring, in the 
Australian sector, the expansion is sizeable while for the hemispheric average it is very small. 
The Australian sector results align with the earlier results from radiosonde data in the region of 
Australia and New Zealand that showed a similar expansion in all seasons.  

That enhanced Hadley circulation expansion in winter and spring in the Australian sector is 
linked to the observed trend in Pacific Ocean SST towards a La Niña-like state since the 1980s 
(i.e. the IPO has swung from warm in the 1980s and 1990s to cold in the early 2000s).  

How do relationships between the Hadley circulation and the sub-tropical ridge vary on inter-
annual and decadal time scales? What mechanism explains the relationship between the 
expansion of the Hadley circulation and the intensification of the sub-tropical ridge? 

Previous work revealed that on decadal and longer time scales, the poleward expansion of the 
southern hemisphere Hadley circulation was related to both a poleward shift and an 
intensification of the hemispheric STR. However on inter-annual timescales and in the 
Australian sector a more complex picture is emerging. Similarly to the decadal timescale, the 
local STR is observed to shift poleward in conjunction with an expanded hemispheric Hadley 
circulation all year around but the relationship is extremely weak and only significant in JFM 
and the relationship with the intensity of the STR is essentially nil. Furthermore, while there is a 
significant positive relationship between the Australian sector Hadley circulation expansion and 
the local STR position from February-May, there is only a weak negative relationship between 
the local STR intensity and the Australian sector Hadley circulation (i.e. Hadley circulation 
expansion equals a weakening of the STR), with this relationship only being significant in May-
June. 

It appears that competing mechanisms driven by modes of inter-annual variability prominent in 
the Australian sector reduce the association between intensification of the STR and Hadley 
circulation expansion in winter-spring and early summer in this region. The mechanism is 
linked to SST variability and corroborated by the known relationships with ENSO and IOD. An 
expanded Hadley circulation in the Australian sector is related to a negative IOD and La Niña 
that drive low pressure anomalies over most of the Australian continent, thus counteracting the 
overall strengthening trend in the local STR.  
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4.2.2 Sub-tropical – extra-tropical interactions and their relevance to 
Victoria 

What is the nature and mechanism of the interaction of the SAM with the Hadley circulation? 
What determines the seasonality of the interaction?  
 
Evidence is emerging that variations in extra-tropical circulations associated with the SAM play 
a significant role in driving variations of the Hadley circulation, and especially subtropical 
rainfall on the poleward edge of the Hadley circulation. The high phase of the SAM is 
associated with a poleward shifted mid-latitude storm track in all seasons. In winter when the 
mid-latitude storm track plays an important role in the climate of the southern part of Australia, 
the poleward shift of the storm track results in drier conditions in the higher southern latitudes 
(i.e. across Victoria but especially along the Great Dividing Range). In contrast, during spring-
summer, the high phase of the SAM is associated with a poleward-expanded Hadley circulation 
and increased rainfall in sub-tropical latitudes in the warm season.  
 
What role does ENSO or other tropical sea-surface temperature anomalies play in promoting 
the interactions between SAM and the Hadley circulation? 

The near-record strength of drought over eastern Australia in 2002 spring was found to be 
driven not only by the moderate El Niño event whose maximum SST warming was shifted to 
the central Pacific but also by the strong low phase of the SAM, highlighting the important role 
of the SAM in the occurrence of extreme climate events and also in the limitation on long-lead 
predictability of extreme climate events.  

Similarly, the near-record high SAM in 2010 was found to have played a primary role in the 
extremity of the wet conditions over south-eastern Australia during spring in 2010. La Niña 
promotes high SAM by acting to weaken the equatorward flank of the sub-tropical jet, thereby 
shifting poleward the critical line in relation to wave breaking for poleward propagating mid-
latitude eddies. Hence, a meridional circulation is induced that acts to shift the mid-latitude jet 
poleward, thus resulting in high SAM.  

However, the warm SST to the north of Australia as a result of the cold phase of the IPO acted 
in conjunction with the extreme La Niña event in 2010 to further promote high SAM by a 
different mechanism, which was more akin to the response to increased greenhouse gases: the 
mid-latitude jet was accelerated by an increased equator to pole temperature difference, thereby 
resulting in faster eddies that break further poleward, hence acting to shift SAM to its high 
phase.  
 
What is the best diagnostic to represent and understand these SAM - Hadley circulation 
interactions? 
 
There are a number of different diagnostics that can be used, but one that has proven very useful 
for exploring a range of aspects of these interactions is the description of the meridional 
circulation in isentropic co-ordinates as it provides perspectives on the regional mass transport, 
and regions of heating and cooling. Software to compute the characteristics of the mean 
meridional circulation in isentropic coordinates (which essentially follow the trajectories of the 
air along surfaces of equal density) has been developed. This isentropic analysis is emerging as 
a potent tool to diagnose forced and naturally occurring interactions of the mid-latitude 
circulation with the low-latitude Hadley circulation. The isentropic analysis has been performed 
for 1979-2015 and allows the separation of the steady (primarily tropical as a result of direct 
forcing by latent heat) and transient circulations (primarily extratropical as a result of eddy 
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transports of heat and momentum). It captures changes in position, and changes in intensity as 
well.  
 
For the southern hemisphere Hadley circulation, the isentropic analysis shows the strongest 
expansion in MAM, consistent with the isobaric analysis, but large expansion is also seen in 
DJF and a smaller one in JJA. The SH Hadley circulation shows a significant increase in 
radiative cooling in the subtropics across all seasons (i.e. an increase in the intensity of the 
sinking branch of the Hadley circulation) with the largest changes seen in SON and JJA. This 
increase in sinking motion in the subtropics is counterbalanced by the noted increase in latent 
heating near the equator (i.e. an increase in the intensity of the upward branch of the Hadley 
circulation). 
 
The transient circulation also shows significant changes, particularly from 1998-2010, when the 
heating and cooling (up and down) components of the circulation weaken by 10-15 per cent on 
average over that period. This translates into a weakening of the storm track and a more 
isentropic flow between tropics and extra tropics. There is an apparent relation with the change 
in phase of the IPO.  
 
Can the interaction of extra-tropical circulations and the mean meridional circulation explain 
the link between the Hadley circulation expansion and the intensification of the sub-tropical 
ridge, associated with the deficit in cool season rainfall in south-eastern Australia? 
 
From the isentropic computation of the mean meridional circulation, two mechanisms are 
emerging which are likely to be part of the explanation of the intensification of the STR at the 
extra-tropical latitudes. The first one is the increased downward mass flux measured between 
the centre of the Hadley circulation and the centre of the equivalent of the Ferrel cell as obtained 
from the steady state component of the isentropic calculation. The second contribution is 
coming from an increase of the return flow from the high latitude storm-track driven circulation 
as obtained from the transient state of the isentropic calculation.  
 
Both these tendencies imply increased mass transport converging at SEA latitudes and hence 
very likely resulting in increased surface pressure as observed in the intensification of the STR. 
It is noted that the trends are observed in all seasons, but in the case of the return flow from the 
transient state it is more pronounced in autumn, consistent with the seasonality of the recent 
SEA rainfall declines.  
 
It is important to note that, at this stage, that isentropic analysis of the meridional circulation 
was only performed with a single reanalyses dataset. Further research is necessary to determine 
whether the findings are robust as previous work on trends in the intensity of the Hadley 
circulation in isobaric co-ordinates suggested that the direction of the intensity trends can be 
somewhat dependent on the dataset used.  
 
What are the implications of the interaction of the SAM with the hemispheric mean meridional 
circulation (including the Hadley circulation), especially the seasonality of the interaction, for 
predictability of sub-tropical rainfall? 

From the isentropic description of the meridional circulation, it is clear that tropical influences 
can interact with higher latitude influences (e.g. SAM) and vice-versa to impact on the eddy-
driven mid-latitude polar jet. As sub-tropical rainfall, for instance in the Victorian region, is 
often strongly influenced by the phase of SAM and as SAM on its own is not highly predictable, 
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the linkages with the tropics via the meridional circulation might give rise to an enhancement of 
the predictability of rainfall.  

One example where this occurred was during 2010, when the near-record high SAM was found 
to have been important in encouraging the development of the extremely wet conditions over 
south-eastern Australia during spring. This swing to high SAM and the occurrence of extreme 
rainfall was found to be largely predictable at least one season in advance because it was 
promoted by the strong La Niña conditions in the tropics that were acting on top of the recent 
upward trend in tropical SST. We further identified that the recent trend in SST to the north of 
Australia was in part due to the swing to the cold phase of the IPO and in part due to a broader 
scale warming trend in the tropics. The promotion of high SAM by these low frequency SST 
anomalies occurred because they directly expanded the Hadley circulation, which then acted to 
shift the mid-latitude polar jet poleward. Thus, the warming trend in SST to the north of 
Australia significantly contributed to the extremely wet conditions in 2010. 

The interactions between drivers that inherently have greater predictability, such as ENSO, and 
those with less predictability, such as the SAM, can lead to an enhancement of the predictability 
of the SAM. These linkages can occur via the mean meridional circulation.  

4.2.3 Climate change and the mean meridional circulation  

Will the expansion of the hemispheric Hadley circulation continue to be dominated by the 
Australian sector in a changing climate? 

The latest IPCC report shows that the dominant global SST pattern in a future climate will 
become rather El Niño-like (i.e. the equatorial central and eastern Pacific will warm faster than 
the other tropical basins) in response to increasing greenhouse gases. This pattern is different 
from what has been observed over the last 30 years with the shift to a cool, La Niña-like IPO. 
Based on the understanding of the response of Hadley circulation extent to ENSO variability, 
where the Hadley circulation expands during La Niña, the expansion in our sector may not be 
the largest across the southern hemisphere in the future. Furthermore, the overall hemispheric 
expansion may be reduced if expansion in the Australian sector reduces. Nevertheless, the 
Indonesian warm pool will continue to have the warmest SSTs across the globe and be the 
major source of tropical convection, driving the upward branch of the Hadley circulation. 
Therefore, inter-annual and decadal variability in this region will continue to modulate Hadley 
circulation expansion into the future. 
 
How will the interaction between the mid-latitude circulation and the Hadley circulation 
expansion change in future climates, and what is the implication for the future climate of 
Victoria? 
 
The climate models of CMIP5 with historical forcing correctly simulate the positive relationship 
between the SAM and SEA rainfall in summer (i.e. high SAM and increased rainfall), and the 
absence of a positive relationship in winter, which explains the expanded dry zone to the north 
of Victoria during high SAM in winter. However, the models show significant biases in the 
teleconnection between the SAM and tropical rainfall (i.e. too much rainfall during high SAM) 
and between the SAM and ENSO in austral warm seasons when these teleconnections are 
observed to be strong. Hence, the reliability of projected climate for SEA is limited by the bias 
in this interaction of the SAM and the Hadley circulation in the CMIP5 models. Work is 
underway to sort the models by the strength of their bias in these relationships so as to see 
whether a more consistent picture emerges for SEA climate if only the models that faithfully 
represent the SAM-Hadley circulation interaction are used. 
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What are the relative roles of greenhouse gases, stratospheric ozone depletion, and 
anthropogenic aerosols in producing the observed expansion of the Hadley circulation and the 
associated impact on sub-tropical rainfall?  

Earlier work based on a simple attribution analysis using both statistical analysis of 
observations and single forcing climate model simulations showed that since 1979, the southern 
hemisphere tropical expansion is attributable to a combination of factors: 30 per cent of the 
expansion has resulted from natural factors (including both external natural forcing such as 
volcanoes and internally generated variability such as ENSO or the swing from warm to cold 
IPO), 40 per cent from stratospheric ozone depletion and 30 per cent from increasing 
greenhouse gases, with an error range roughly estimated at ± 10 per cent. Compared with a 
longer period (since 1960), the natural factors have been of increased importance in the period 
since 1979, suggesting that some of the acceleration of trends since the late 1970s is not in 
response to external anthropogenic forcings. There has been no new work in VicCI to formally 
attribute observed changes in the Hadley circulation, and so the earlier conclusions are 
unchanged.  

If the Hadley circulation expansion is driven in part by greenhouse gases, what are the 
implications for future projections? 

Although some of the recent expansion has been attributed to natural variability and ozone 
depletion (which is expected to continue to recover), expansion in the future should be 
promoted by continued forcing from increasing greenhouse gases.  

If stratospheric ozone depletion is an important factor, what are the implications of the 
expected recovery of stratospheric ozone for projections at different time scales (e.g. 2020, 
2050, etc.) and how well is this captured in existing projections? 

Stratospheric ozone depletion in the 1980s and early 1990s acted to cause the mid-latitude 
westerly polar jet and poleward edge of the Hadley circulation to shift poleward by a similar 
mechanism as determined for greenhouse gas induced warming (i.e. the mid-latitude 
temperature gradient in the upper troposphere is increased). Thus ozone depletion, which has 
contributed to the expanded tropics and which has now levelled off, is not expected to 
contribute to further trends. No project in VicCI focused specifically on the impact of the 
stratospheric ozone recovery; nevertheless, answers can be found in the literature, where 
different models simulate the opposing effects of greenhouse gas increase and ozone hole 
recovery. In the RCPs, the ozone hole no longer exists by 2050, and thus the upward trend in 
the SAM that it initiates in summer will reduce. However, greenhouse gases also cause high 
SAM, and this effect will have increased to a point where it is likely that the ozone hole 
recovery will not cause a change in the trajectory of MSLP trends over southern Australia. 
 
As the Hadley circulation expansion is partly driven by variations in tropical sea surface 
temperatures (especially those associated with ENSO), how will the expansion vary in the 
future? 
Anthropogenic climate change is expected to lead to an El Niño-like SST pattern of warming in 
the tropics, so we can expect a promotion of Hadley circulation contraction due to the SST-
forced component. Hadley circulation expansion can also be driven directly by CO2 increases, 
which would work against an SST-driven component. Nevertheless, we can also expect inter-
decadal variations of the IPO in a warmer climate, so we should expect a waxing and waning in 
the extent of the tropics in the southern hemisphere. The rate of increase in global greenhouse 
gases depends on the future emissions scenario; however, the response to increasing greenhouse 
gases is for expansion. Whether the future pattern of SSTs will form a persistent El Niño-like 
state is less certain, and natural decadal-scale variability as seen in the current climate is very 
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likely to continue, with contraction (or reduced expansion) occurring in response to El Niño or 
warm IPO phases.  

Do current models under-estimate the observed Hadley circulation changes? Does it relate to 
the various forcings discussed earlier? 

It is clear that changes in the Hadley circulation extent reflect a combination of factors 
including direct greenhouse gases induced expansion, expansion due to stratospheric ozone, and 
additional expansion due to La Niña-like SST changes.  

Coupled climate models forced by anthropogenic forcings are free to evolve their own decadal 
variability, and these will only rarely align with the observed pattern. On the one hand, 
individual models generally do not simulate decadal variability well and typically underestimate 
impacts from internal decadal variations; on the other hand, averaging over an ensemble of 
models, the internal natural variability is removed and only the forced signal remains. In the 
observations, expansion has proceeded at a greater rate in response to the decadal SST evolution 
(i.e. the recent shift to cold IPO). It is therefore expected than an ensemble of model simulations 
of the recent past will not reproduce as great an expansion as seen in the observed Hadley 
circulation changes. 
 
Another factor worth mentioning is the stratospheric ozone depletion and its impacts, which is 
not adequately represented in many current climate models. Ozone depletion acted to shift the 
mid-latitude westerly polar jet and poleward edge of the Hadley circulation southward and 
significantly contributed to the acceleration of expansion from the 1980s and 1990s. Thus if 
these interactions are not simulated adequately by the climate models, this may be another 
reason why they underestimate the trends in expansion.  
 
Finally, there is the possibility that current climate models simply under-estimate the Hadley 
circulation expansion in response to the observed warming. Further attribution studies could 
elucidate the importance of this factor in the disparity in expansion trends between the 
observations and the models. 

What are the implications of climate change for our best estimate of the current climate 
baseline? 
 
Several lines of evidence point to the fact that the Hadley circulation has been expanding 
because of the warming planet and anthropogenic forcings, and that the expansion has been 
exacerbated in the Australian sector by the IPO swing to its cold phase since the later 1990s. 
The seasonal cycle of that expansion and the ways it has influenced Victoria’s climate is related 
to the upward trend in SAM and its interactions with tropical modes of variability. It is 
reasonable to expect a significant part of that trend is not reversible and that this is reflected in 
the identified abnormalities in Victoria’s climate over recent decades. It is therefore prudent to 
consider Victoria’s climate over the last 30 years as being an appropriate (if short) baseline 
climate record. 
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4.3 Theme 3 – Improved understanding of future climate and 
associated risks to water resources 

4.3.1 Critical assessment of climate model projections from a rainfall 
perspective 

How are model projections for either wet or dry tendencies related to the model's projections of 
tropical ocean warming (especially the relative warming between the Pacific and Indian 
Oceans)? 
 
The latest CMIP5 based climate projections for south-eastern Australia project an overall drying 
in the cool part of the year with little change in the rest of the year. This is generally in line with 
current trends. However, the projected changes have a large decline in spring, suggesting a 
mechanism driven by tropical modes of variability which are associated with SEA rainfall peak 
at that time of the year. A key issue is the very large uncertainties associated with these 
projections.  
 
Despite a general expectation that the projected rainfall decline in the cool season increases with 
emissions and global warming, only 10 per cent of the range of projected decline relates directly 
to the model temperature sensitivity to emissions. In contrast, the relationship between the 
projected rainfall decline and the pattern of tropical warming are strongly related. Up to 60 per 
cent of the range in SEA cool season rainfall projections is explained by the differences 
amongst individual models in tropical warming across the Pacific and Indian Oceans and the 
Maritime Continent. The more warming a model predicts north of Australia compared to areas 
in the central Pacific (where warm SST is expected during an El Niño event) and the western 
Indian Ocean (where warm SST is expected during a positive IOD event), the less drying trend 
is predicted. This study demonstrates that if the tropical warming of a model projects strongly 
onto a cold (warm) IPO signal, then the future rainfall projection is more likely to be a weak 
(strong) drying trend. This analysis of the CMIP5 model range of projections reinforces other 
findings showing the importance of the pattern of SST warming to the expansion of the Hadley 
circulation.  
 
It was also noted that the observed teleconnection between tropical modes of variability and 
SEA rainfall has marked multi-decadal variability during the 20th century. Similar multi-
decadal variability exist and is internally generated by climate models; but overall, the ensemble 
mean shows a stable picture for past and future centuries, suggesting that no change in the 
magnitude of this relationship is to be expected in response to anthropogenic forcing and that 
the observed changes in the last 100 years are not in response to external forcings. Therefore it 
is not expected that this influence will be reduced in a warmer world. 
 
Is the relationship between the sub-tropical ridge (STR) and rainfall across south-eastern 
Australia, which underpins the secular changes in rainfall across the region but which was 
poorly represented in CMIP3 models, better represented in the CMIP5 models (those used in 
the IPCC Fifth Assessment report) in 2013. What are the reasons for the poor representation? 
What implication does the poor representation of the STR-rainfall relationship have for future 
projections? 
 
Simulations of the Australian sub-tropical ridge (STR) in CMIP5 climate models were found to 
reproduce the broad character of the STR similar to that observed, with very few models failing 
to simulate this broad scale feature. However in general, CMIP5 models have a poor 
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relationship between the STR intensity and rainfall over Victoria in the CMIP5 models, with 
little improvement over the CMIP3 results. Therefore, this bias remains a source of uncertainty 
for climate projections for Victoria.  
 
In terms of future projections, all models simulate an intensification and southward shift of the 
STR over the 21st century. Despite this consistency, because many models do not accurately 
reproduce the relationship between the STR intensity and rainfall over Victoria, the projected 
decline in cool-season rainfall does not appear to be related to the overall changes in the STR. 
Models which were identified to performed better for the reproduction of the STR project 
overall a larger rainfall decline; it is therefore possible that the projected rainfall decline in 
response to future STR changes is underestimated. And as the few (9) models which were 
deemed unable to properly reproduce the local STR have a distinct wet rainfall projection for 
eastern Victoria, this suggests that these projections are not likely due to poor model 
representation of the impacts of the STR.  
 
Should the capability of models to simulate observed trends attributable to external forcings be 
used to confirm or invalidate future projections of these models? What is the best probabilistic 
approach to reconcile observed trends with model trends, and so to estimate future trends? 
 
As part of the release of national climate change projections, CMIP5 models were extensively 
studied for their ability to reproduce observed trends. The technical report documenting this 
work concluded that: “… areas where the CMIP5 ensemble fails to reproduce observed trends 
from 1956-2005 in seasonal mean daily maximum and minimum temperature and seasonal 
rainfall are evident. The extent of the areas for which these discrepancies exist, however, is 
generally not larger than expected due to the pronounced variability on inter-annual to decadal 
scales. Therefore, there is no conclusive evidence that CMIP5 models fail to reproduce recent 
observed trends in daily maximum and minimum temperature and rainfall. Nevertheless, 
confidence in rainfall projections is inevitably reduced where consistency is low, particularly 
north-western Australia in summer and south-eastern Australia in autumn”. 
 
The climate model evaluation work performed in VicCI focused on the key mechanisms of 
relevance to SEA rainfall. It has been found that, while climate models have shortcomings in 
many areas and they tend to underestimate observed trends and teleconnections, it is concluded 
climate model projections provide useful information on the future climate of Victoria, despite 
the small size of the region compared with the spatial resolution of the models. Moreover, 
continuing advances in understanding of the uncertainties in the models underpins enhanced 
confidence in application of the projections. 

4.3.2 Convection-resolving dynamical downscaling 

Statistical downscaling methodologies of varying complexity were investigated in SEACI in 
order to provide projections of future climate at the local scale. A key weakness in all methods 
used within SEACI was the underestimation of extreme rainfall events, which leads to 
underestimation of high runoff events, thereby also underestimating mean runoff. Improved 
simulation of spatial and temporal characteristics of rainfall can be obtained by using 
convection-resolving high-resolution regional climate models (RCMs) to downscale GCM  
projections to regional scales. 
 
What are the optimum physical parameterisation settings and grid resolution that best capture 
the key synoptic processes associated with heavy rainfall? Can a high-resolution RCM be 
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configured for regional Victoria that provides faithful representation of key physical processes 
that drive extreme rainfall and runoff? 
 
The Advanced Weather and Research Forecasting (WRF) modelling system was configured 
using three nested domains (50, 10 and 2 km grid cell resolution respectively), with the 
innermost nest focused on a region of about 450 by 600 km across the Great Dividing Range, 
including its western slopes and the Victorian coastline in the south. Three 15-day case study 
periods with contrasting synoptic conditions were identified during the 2010-11 La Niña event 
when south-eastern Australia experienced multiple flooding events. Sensitivity studies for a 
range of model physics options were carried out, showing that a properly-configured RCM is 
able to well simulate key precipitation processes relevant to rainfall and runoff in Victoria. 
Following an assessment of simulated daily rainfall patterns from four different configurations 
of WRF, a somewhat better performance (as judged by spatial skill metrics) was given by 
simulations using a specific microphysics scheme (WDM6) in combination with a specific 
planetary boundary layer scheme (MYNN). This configuration was selected for further 
experiments to investigate the relative value of convective permitting simulations from a water 
resource perspective.  
 
Are there quantifiable differences in rainfall simulations from 2 or 10 km resolution simulations 
that are of significant importance when downscaling for the purpose of water resource impact 
and adaptation work? 
 
A 5-year run (2010-2014) using WRF to simulate rainfall over Victoria with outputs at both 
2km convective permitting resolution and 10km (parameterised convection) resolution were 
completed. The 2km resolution rainfall is spatially more similar to observations, particularly in 
high accumulation areas, compared to simulations at 10 km resolution. This is particularly true 
in autumn and winter.  
 
There is an issue that the finest data for comparison (AWAP) is on a 5km grid. This led to some 
of the 10 km grid simulations more accurately matching the catchment rainfall simply because 
they better matched the smooth 5 km gridded data. Finer observational data would most likely 
further highlight the improvements with increasing resolution.  
 
If climatologies only are required, the 10 km resolution simulations provide a good estimate. 
The convection-resolving 2 km simulations might inform higher spatial- or temporal- scale 
questions such as flood risk. 

4.3.3 Improved methodologies for water availability projections 

The aim of this project was to provide information about the behaviour of the latest generation 
of climate models and methodological choices that can improve the reliability and usefulness of 
runoff projections for mid- to long-term future time horizons (out to about 2065). The analysis 
used the CMIP5 models, which are the next generation of GCMs, with more models operating 
at higher resolution than for the older CMIP3 project. 
 
Can downscaling provide useful insight into the source and associated uncertainties of the wide 
range of projections from CMIP5 models? 
 
Downscaling is the technique to transform the output of global climate models to a spatial 
resolution relevant for hydrological and other applications. Downscaling is designed to add 
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regional detail to coarse resolution output from GCMs; it cannot correct poor simulations of the 
large-scale climate. Because the output of climate models does not always include the required 
variables for each downscaling technique, and also because downscaling can be resource 
intensive, downscaling analysis generally involves only a subset of all available model results. 
This restriction may lead to an under-estimation of range of uncertainty in projected local 
variables. 
 
Furthermore, multiple lines of evidence point to the dominant role of teleconnections arising 
from the pattern of tropical SST warming on both the current trends and the range of future 
projections. The uncertain representation of these teleconnections imposes a limitation on all 
forms of downscaling. Dynamical downscaling, where a high resolution model is run on a small 
domain, is limited if the global model that provides its boundary conditions, does not represent 
the teleconnections properly. Similarly, statistical downscaling methods (such as the analogue 
and NHMM approaches) depend upon the global models providing accurate representation of 
remote teleconnections to local upper air variables.  
 
The key feature of downscaling is that is based on the fact that the global models more 
accurately simulate large-scale variations (such as the flow at mid-levels in the atmosphere) 
than local climate (such as the rainfall in Melbourne). The process of downscaling provides 
insight into the main drivers of local climate and it also tends to reduce the discrepancies 
between observations and models. For example, there is more agreement between models on the 
seasonality of the currently-observed rainfall decline (predominant in early cool season) and the 
projected rainfall decline (predominant in the later part of the cool season) when the BoM-SMD 
analogue-based downscaling technique is used. This “seasonal paradox” is reduced by the 
downscaled results projecting a stronger rainfall decline than that projected directly from the 
climate models. The enhancement of the signal is predominantly during the early part of the 
cool season, thus leading to a decrease in the seasonal paradox. 
 
Which CMIP5 models show best skill in reproducing rainfall characteristics that define 
regional streamflow characteristics, accounting for the spatial and temporal behaviour of 
streamflow across different meteorological seasons and time frames?  
 
CMIP5 model rainfall outputs cannot be directly compared for their usefulness for streamflow 
projections, and bias correction (see below) is an important step in preparing climate model 
output for local-scale applications. Such adjustments are needed because bias in climate model 
output can be amplified when fed into application models, especially on seasonal time scales. It 
is usually accepted that due to their coarse resolution climate model biases are too large for their 
outputs to be used directly in hydrological applications. Beside mean rainfall biases at the 
monthly timescale, model biases are even more important for shorter duration (daily) and more 
extreme values.  
 
Nevertheless, it is possible to evaluate the overall performance of CMIP5 models against a 
range of criteria that provide an indication of their ability to capture key characteristics of 
Victorian climate, and their ability to simulate the behaviour of the key influencing factors and 
the relationships between these factors and Victorian rainfall. 
 
The CMIP5 models are found to generate reasonable simulations of the mean annual cycle of 
Victoria’s rainfall, with the model ensemble mean having dry biases for small regions along the 
coast and at high elevations. Beside this overall dry bias, which is caused by the coarse 
resolution of the models, a group of fifteen models have been shown to have excessively high 
summer rainfall, together with too low inter-annual variability. This bias, which is not likely to 
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be due to resolution, is associated with a systematic error across most of the Australian 
continent and it is linked to model errors in the tropics. Removing this group of 15 “very wet 
summer” models leads to significantly drier future projections than simulated by the full model 
ensemble (from an average annual decrease in rainfall by 2080-2099 of -8.4 per cent for the full 
suite of models to -14.1 per cent after removal of the “very wet summer” models – i.e. more 
than 50 per cent drier). So if only the models’ ability to reproduce the annual cycle of rainfall in 
Victoria is considered, it is likely that the current full set of climate change projections used for 
streamflow projections are likely to underestimate the mean changes. When the models’ 
reproduction of all the key climate drivers which have been identified as important for Victoria 
are fully evaluated, only a small ensemble of models (6) appears to satisfy all the criteria. The 
ensemble mean from that small ensemble is slightly drier than that obtained when the “too wet 
summer” models are removed, showing a reduction in average annual rainfall of -17.5 per cent 
by 2080-2099 compared with -8.4 per cent for the full ensemble. These results suggest that 
model projections using the full ensemble are likely to underestimate projected future rainfall 
deficits.  
 
While VicCI research has evaluated model performance against a range of key criteria judged as 
being relevant to Victoria, it is nevertheless difficult to arrive at a consensus on the criteria to be 
adopted for selecting the ‘best’ performing models. It is however somewhat easier to justify 
excluding models that consistently perform poorly across a range of key criteria. 
 
Which existing bias-correction methods are best suited to adjust statistical characteristics of 
climate model output to observed data, in order to use model output directly in hydrological 
models? 

Downscaling methodologies often include the application of some form of bias correction 
process to either (i) correct known biases in the host GCMs prior to inputting data into a 
downscaling models or (ii) to correct the output of downscaling models to better match 
observational data. A commonly used method for generating projections is to scale local 
observations by a factor determined by the mean changes in a coarse-resolution global climate 
model, thus providing jointly a form of downscaling (albeit without downscaling of the climate 
change signal) and a calibration to observations, thus removing model biases.  
 

In the case of statistical (SDM) and dynamical downscaling (RCM) methodologies, the 
dynamical downscaling methods typically have larger biases than statistical downscaling 
methods. VicCI research in Year 1 confirmed the relatively higher skill of distribution-based 
methods in correcting salient precipitation characteristics from RCMs prior to input to 
hydrological models. In particular the best results were produced by distribution-based methods. 
However, the research also revealed the weaknesses of the bias correction methods in 
reproducing runoff characteristics because they cannot overcome the limitations of the RCM in 
simulating precipitation sequences. Results also showed that while bias correction does not 
seem to alter the change signals in mean RCM precipitation, it does introduce additional 
uncertainty to the change signals in high precipitation characteristics and, consequently, in 
runoff. 
 
It was also noted that no bias-correction technique can produce satisfactory results where 
climate models do not adequately capture changes in atmospheric processes and associated 
impacts that are occurring as a result of climate change. This problem will also affect runoff 
projections derived using any bias-corrected downscaled data set. 
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In the case of the streamflow projections made using SDM data and the empirical relationship 
for predicting streamflow as a function of rainfall (at various lags) and temperature, bias 
correction of the end product (i.e. streamflow) was found to be more effective than the 
application of successive corrections along the chain. 
 
How can outputs from different CMIP5 models and subsequent downscaling methods be most 
appropriately merged into projections of future streamflow? Which are the best methods for 
generating updated streamflow projections for periods around 2040 and 2065? 
 
Two methods were used in VicCI to create streamflow projections or runoff projections for 
Victoria. One was based on a statistical lagged-empirical relationship using only rainfall and 
temperature from bias-corrected SDM downscaled data from 22 of the CMIP5 GCMs and 
applied to a limited set of 27 catchments across the State. The other involved the use of a 
hydrological model SYMHYD run with empirically scaled rainfall and aPET. The runoff 
simulated by the hydrological model is provided on a river basin basis across Victoria using 
projected changes from 42 CMIP5 GCMs. These two datasets have not been comprehensively 
assessed for agreement on climate change signal. 
 
Beside these state-wide projections, a more focused study was conducted for 6 catchments 
across Victoria with input from all available downscaled datasets, aimed at documenting the 
range of results arising from different sources of climate change information. Assessment of 
seasonal runoff showed large uncertainty in the regional change signal; except for spring where 
all approaches agree on a decrease in runoff particularly in the western catchments. The greatest 
disagreement amongst sources was found in autumn and summer, where empirical scaling 
suggests plausible change in both directions, but the median result indicating a decrease in 
runoff. Dynamical downscaling showed predominantly increases in runoff in these seasons, 
while statistical methods project decreases in both seasons. Given the spread of results from 
each downscaling method and large differences between downscaling approaches, it is not 
appropriate at this stage to give guidance on the preferred method for simulating future change 
to regional runoff.  
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5. IMPLICATIONS FOR WATER RESOURCES MANAGEMENT 
AND PLANNING 

VicCI research has improved our understanding of the nature of the key climate factors 
influencing Victoria’s climate, their interactions and associated impacts on Victoria’s rainfall, 
and current and expected future trends. It has also contributed to improvements in forecasts and 
projections of water availability and, importantly, to a better understanding of the uncertainties 
in these forecasts and projections. This understanding, in turn, provides an improved 
understanding of the risks to water availability arising from climate variability and climate 
change and will underpin more informed usage of available information to support a range of 
water management and planning processes. 

 
The implications outlined below draws information from a range of sources, primarily from this 
year’s and the previous two years’ VicCI annual reports, and also the report ‘Climate Change 
Science and Victoria’ (Timbal et al., 2016) which was prepared as part of this year’s VicCI 
research program. This latter report provides a specific Victorian focus to work carried out in 
developing the latest national climate change projections in 2015 (see the “Climate Change in 
Australia website: www.climatechange in Australia.gov.au/en/ and CSIRO and BOM, 2015). It 
summarises the state of the science regarding the climate of Victoria, its variability, key 
influences, ongoing trends and projected future changes in response to continued anthropogenic 
forcings. 

5.1 Seasonal and interannual variability (ENSO, IOD, SAM and 
the IPO) 

While SEACI and VicCI research has identified a decreasing trend in cool season (April to 
October) rainfall, seasonal and interannual variability in Victoria’s rainfall will continue to be 
large and reflect the combined influence of the state of the Pacific (ENSO), and the Indian 
(IOD) Oceans and the state of the atmospheric circulation over the Southern Ocean (the SAM). 
These three influences have dry and wet phases, and in any one year the impacts of ENSO, the 
IOD and SAM may combine in a way that enhances or offsets the underlying trend in cool 
season rainfall.  
 
In developing short term outlooks of water availability, it is important that water managers 
consider the state of all three key climate influences, ENSO, IOD and SAM. The dominant 
impact of ENSO and the IOD is during winter/spring, although strong ENSO events may also 
have an impact into summer as well. SAM has different impacts in different seasons, with high 
SAM being associated with winter drying, and spring/summer wetting. The behaviour of ENSO 
and the IOD, their interactions, and associated impacts on Victorian rainfall have also been 
shown to vary with the phase of the IPO. This is important as it affects lead times for skilful 
predictions, the likelihood of wet and dry phases in the Pacific and Indian Oceans occurring 
concurrently and the strength of impacts on Victoria rainfall – i.e. flood and drought risk. The 
research has also shown that SAM can act to intensify the impacts of ENSO events in the warm 
season. While SAM operates on a much shorter timescale (~10-14 days) than ENSO and the 
IOD, and is considered to have limited predictability (out to about a month), the research has 
shown that its predictability may in fact be enhanced by its interactions with ENSO. 
 
Given the current cold phase of the IPO (which has been in place from around 1999) it can be 
expected that: 
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 the lead time for skilful prediction of ENSO and IOD events will be reduced to around one 
season due to the reduced amplitude of these events (compared to one to three seasons when 
the IPO is in a warm phase); 

 there is a lower likelihood of ‘dry’ (‘wet’) ENSO events occurring in conjunction with ‘dry’ 
('wet’) IOD events than when the IPO is in a warm phase; 

 there will be enhanced influences of ENSO and IOD events on south-eastern Australian 
rainfall, and better predictive skill at short lead times, due to the stronger teleconnections; 

 La Niña events may be more frequent (this is suggested by some but not all researchers). 

Further, the impacts of La Niña events on Victorian rainfall are likely to be enhanced as a result 
of the additional influence of warming sea surface temperatures to the north of Australia, and by 
interactions with SAM in the warm season.  
 
Overall, therefore, based on our understanding of the behaviour of ENSO, IOD and SAM, an 
enhanced risk of flooding in spring and summer might be expected if La Niña or negative IOD 
events occur, at least while the IPO remains in its cold phase. In the event of the IPO switching 
to a warm phase, we would expect to see increased lead time for skilful prediction of ENSO and 
IOD events, enhanced likelihood of 'dry' ('wet') ENSO events occurring in conjunction with 
'dry' ('wet') IOD events, but lower predictability of, and weaker, impacts on south-eastern 
Australian rainfall associated with ENSO/IOD events due to weaker teleconnections. 

5.2 Current trends and longer term changes in ENSO, IOD and 
the IPO 

Recent decades have seen an increase in the frequency of both: 
 El Niño Modoki events (where SST anomalies tend to be centred in the central Pacific 

Ocean) which tend to have greater impacts on Victorian rainfall than conventional El Niño 
events (where SST anomalies are greatest in the eastern Pacific Ocean).; 

 positive (dry) IOD events. 
 

However, these changes may in part reflect changes in the IPO and overall, future changes in 
the nature of ENSO and IOD events and their predictability are somewhat uncertain as they will 
depend on how SST patterns will change in response to global warming.  

Increasing greenhouse gases are expected to lead to an El Niño-like SST pattern of warming in 
the tropics (i.e. the equatorial central and eastern Pacific will warm faster than the other tropical 
basins). A consensus is emerging that robust changes in ENSO impacts include a stronger shift 
of anomalous rainfall into the eastern equatorial Pacific such that "extreme" El Niño is projected 
to occur more frequently. This is consistent with work outside of VicCI which concluded that 
global warming will intensify El Niño driven drying in the western equatorial Pacific. 
Nevertheless, the implications for the prediction of the regional impacts of ENSO in south 
eastern Australia are not clear because predictable impacts of El Niño in south-eastern Australia 
weaken as El Niño shifts progressively eastward in the equatorial Pacific, at least in the current 
climate. 
 
To the extent that the upward trend in sea-surface temperatures north of Australia in the tropical 
Indian and western Pacific oceans is due to anthropogenic climate change, the risk of extreme 
rainfall in eastern Australia during La Niña events can be expected to increase into the future, 
and (as discussed above) risks are likely to be further enhanced in the immediate future if the 
IPO remains in its cold phase. Further, as some of the recent SST trend appears to be a result of 
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a naturally occurring swing of the IPO, so we can also expect epochs of reduced impacts of La 
Niña events in the future when the IPO is in a warm phase. Since the beginning of 2014, there is 
some indication that IPO is changing to neutral and positive values, but it is too early to say 
whether it is actually changing phase. 

Changes in the IOD into the future are also uncertain. The overall frequency of events is not 
projected to change. Some research outside of VicCI suggests that the difference in amplitude 
between positive and negative events (currently positive events have larger amplitude) is 
projected to decrease, which may impact on its predictability. Also, there is some suggestion 
that the SST pattern of the IOD is expected to change in ways characteristic of a positive IOD. 
However, what happens to SSTs in the IOD’s eastern pole off the coast of north-west Australia 
may be more important for Victorian rainfall than changes in the dipole mode.  

A further consideration is that SEACI and VicCI research has shown that rates of increase in (i) 
global temperatures and (ii) in the intensity of atmospheric pressures in the STR tend to loosely 
parallel each other and be higher in IPO warm phases and flatten out in IPO cold phases. This is 
consistent with the finding that a cold IPO is associated with Hadley circulation expansion and a 
small weakening of STR-I. While the reasons for changes in phase of the IPO are not well 
understood and are not predictable, it nevertheless raises that possibility that a change of IPO 
phase has the potential to be associated with ‘step-changes’ in climate. As noted by Jones et al 
(2013) “If anthropogenic climate change interacts with climate variability, the resulting changes 
will be inherently non-linear and that non-linearity will be coincident with regime changes in 
decadal variability”. If the IPO, which has been in a cold phase from ~1999, were to change to a 
warm phase, based on historic behaviour it is possible that the rate of increase in pressures in 
the STR may accelerate. This could potentially intensify the cool season rainfall deficit. 

5.3 Current trends and longer term changes associated with 
changes in the Mean Meridional Circulation (Hadley 
circulation, STR and SAM) 

Research in VicCI and elsewhere has shown that the characteristics of the MMC have been 
changing over the last 50 years, in part due to anthropogenic forcings as well as natural 
fluctuations. These changes can be related to some of the observed changes in rainfall across 
Victoria. 

In particular, it is now well accepted that the descending arm of the Hadley circulation has 
moved southwards in recent decades, resulting in an expansion of the tropics. The sub-tropical 
jet has decreased in intensity while the polar front has increased in intensity – i.e. the location of 
maximum storminess has moved south. There has also been an intensification of atmospheric 
pressures across southern Australia, which is associated with an increasing intensity (and, to a 
lesser extent, a general southward movement of) of the STR. Drier conditions in winter are 
associated with the local STR being more intense and more poleward than usual. At the same 
time, expansion of the Hadley circulation is resulting in an expansion of tropical influences on 
rainfall which is also affecting Victoria. These changes in the Hadley circulation have been 
shown to be at least partly linked to anthropogenic influences although the change in phase of 
the IPO in the late 1990s has also played a role. Anthropogenic influences (increasing 
greenhouse gases and stratospheric ozone depletion) have also been shown to be contributing to 
current positive trends in SAM. These positive trends in SAM are expected to be contributing to 
rainfall deficits in winter but an enhancement of spring and, in particular, summer rainfall.   

While relationships between the various components of the MMC, and their associated impacts 
on Victorian rainfall, are complex at regional and seasonal scales, overall their combined impact 
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to date is a drying in the cool season and, somewhat less clearly, an enhancement of 
spring/summer rainfall. 

Looking forwards, climate models indicate expected further expansion of the Hadley 
circulation, increases in the intensity of atmospheric pressures in, and further southward 
movement of, the STR, and a continuing positive trend in SAM. This suggests current trends in 
cool season rainfall are likely to continue. 

However, there a number of limitations associated with climate models simulation of the 
various components of the MMC and their impacts on Victorian rainfall which mean that the 
magnitude of projected cool season rainfall deficits, may be underestimated by current climate 
models (and/or are projected to occur too far into the future), particularly for the winter months. 
In particular: 

 Climate models do not capture the magnitude of observed trends in the STR and the 
associated magnitude of reductions in rainfall for Victoria and therefore are likely to be 
under-predicting future trends and their associated impacts on rainfall 

 For Victorian latitudes, climate models have been shown to under-predict the rainfall 
decline associated with SAM in winter. The contribution of SAM to projected rainfall 
declines in winter may therefore be underestimated by global climate models. 

 
Overall therefore, current and projected longer-term trends in the MMC suggest the likelihood 
of a continuing, and possibly larger than projected, cool season (Apr-Oct) rainfall deficit.   

 
While trends in the MMC suggest the possibility of enhanced warm season (Nov-Mar) rainfall, 
future projections from climate models generally agree on a decrease in spring (SON) rainfall 
(the only season for which there is strong agreement) and produce a very mixed signal for 
changes in summer (DJF) rainfall.  It is also of note that climate models do not well capture the 
interactions between SAM and ENSO which mean that future impacts of this interaction on 
extreme rainfalls are likely to be underestimated in climate projections. So the outlook across 
the full warm season (Nov-Mar) is less clear as it extends from the end of spring to the 
beginning of summer. 

5.4 Overview of key implications of variability and trends in 
key climate influences for water managers 

VicCI research has highlighted the complexities of the interactions between the various key 
influences on Victoria’s climate and the uncertainties associated with future projections.  
 
Importantly, it supports the conclusion that the ‘filling season’ for water supply systems, which 
historically was considered to run from about May through to October, is likely to continue to 
be not as reliable into the future. Water managers are already dealing with the impacts of this 
cool season rainfall deficit (which was identified as emerging from around the early 1990s) on 
water availability and the deficit is likely to persist and possibly intensify. 
 
At the same time, there may be (but not as certainly) enhanced warm season rainfall due to 
trends in the MMC, which may to some extent offset the impact of the cool season rainfall 
deficits.   
 
In any one season or year, the impacts of these longer term trends in cool and warm season 
rainfall may be intensified or offset by the joint state of ENSO, IOD and SAM. In making short 
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term assessments of water availability, it is therefore important for water managers to consider 
the current and the forecast state (and associated forecast skill) of ENSO, IOD (and their 
modulation by the IPO) and SAM as well as the underlying longer term trends in cool and warm 
season rainfall.  
 
In any IPO cold phase, as is currently the case, there is likely to be an increased flooding risk in 
the warm season. This should be a consideration for water managers. There may also be other 
water management processes or operational considerations that would benefit from taking 
account of a generally increased likelihood of enhanced warm season rainfall – for example, 
methods for estimating risks of spill and methods for scheduling environmental flow releases.  

5.5 Implications for a current climate “baseline” for Victorian 
climate  

In the light of trends in cool season rainfall over the last 20-30 years and associated trends in 
key climate influences (which have been shown to be at least partly linked to anthropogenic 
influences), it is considered likely that recent decades (say the last 20-40 years) provide a better 
representation of ‘current’ climate than the full historical record, although the shorter period 
cannot be expected to capture the full range of natural variability.  
 
Further, given that climate models do not well capture the recent trends in observed climate or 
in key climate influences, and that there are reasons to expect they are likely to be 
underestimating future cool season rainfall deficits, current climate is likely a better guide to the 
next few decades than model projections. 
 
Decisions as to precisely what length of period to select for a baseline will depend on the 
specific application. Potter et al (2016) detail the considerations involved in selection of an 
appropriate baseline period in the context of the naturally high variability of, and current trends 
in, Victorian rainfall and streamflow.  
 
The most recent 20 years may potentially better capture the intensifying cool season rainfall 
deficit but is a very short period in terms of capturing natural variability. A 30 year baseline 
period is typically selected for the purposes of defining climatological averages. However, in 
the case of the streamflow projections prepared for Victoria, a 40 year period (1975-2014) was 
selected as it captures a greater amount of recent variability including the full extent of the 
Millennium Drought, the ongoing cool-season rainfall decline, as well as the 2010-12 heavy 
rainfall events. 
 
These considerations are reflected in DELWP’s 2016 ‘Guidelines for Assessing the Impacts of 
Climate Change on Water Supplies’ which detail a range of future streamflow scenarios that are 
to be used by water corporations in updating their long term planning strategies 

5.6 Short term seasonal predictions 

SEACI and VicCI research contributed to the development of the Bureau of Meteorology’s 
seasonal forecasting model POAMA and its seasonal streamflow forecasting system. These 
streamflow forecasts capture the influence of the state of the ENSO, IOD and SAM via the 
incorporation of various climate indices into the predictive system where they add 
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predictability. The forecasting system has also been extended to include shorter period 
streamflow forecasts 
(see http://www.bom.gov.au/water/ssf/index.shtml for the seasonal streamflow forecasts and 
http://www.bom.gov.au/water/7daystreamflow/ for the 7 day streamflow forecasts).  
 
These forecasts will continue to be useful for informing short-term management strategies in 
relation to drought response, seasonal allocations, environmental watering, water market 
planning and in estimating risks of spill. The reliability or ‘skill’ of the streamflow forecasts 
varies according to the time of year and the specific location, and this information is available 
on the Bureau’s seasonal streamflow forecast website and should be taken into account in 
considering potential uses of the forecast information. 
 
The Bureau’s new ACCESS-S1 forecasting model, which is replacing POAMA as its 
operational model, is showing a range of improvements relative to POAMA which may result in 
more useful forecasts for water managers. It demonstrates improved depiction of mean SEA 
climate and improved forecast skill for eastern Pacific and central Pacific ENSO, the IOD and 
warm season SAM. Of particular interest from a water management viewpoint is that there is a 
substantial improvement with the ACCESS-S1 forecasts initialised in February and May for 
predicting the development of ENSO throughout autumn to winter – i.e. overcoming the 
previous autumn predictability barrier. The SAM is also substantially better predicted in the first 
month of the forecast, which raises the possibility of making practical use of the monthly 
forecast for water resource management. VicCI research has however identified some 
limitations in the ability of ACCESS-S1 to reproduce the teleconnections between key climate 
influences and Victorian rainfall, which should guide model improvements. 
 
(Note also that outside of VicCI, through WIRADA, the developers of the Bureau’s seasonal 
streamflow forecasting system are working to extend the streamflow forecasts out to 12 months, 
taking advantage of advances in climate modelling, including the use of new forecasts from the 
Bureau’s new seasonal forecasting system. In addition, the intention is to break down forecasts 
of total streamflow volumes over three month periods into monthly volumes, provide more 
timely forecasts, and expand the number of forecast locations). 

5.7 Medium term decadal predictions 

While changes of phase of the IPO are not predictable (because the mechanisms are not 
understood), it does have persistence of around 10-30 years once a phase is established.  
Previous research (outside of VicCI) has shown there may be potential for changing operational 
rules for water supply systems to enhance system performance by taking account of the phase of 
the IPO.  

 
Water managers could examine system inflows and system behaviour and, accordingly, the 
potential for (and the associated risks) using different operational strategies in different IPO 
phases. However, given that that the climate of the last 20-40 years is now considered likely to 
be a better indicator of current climate than the full historical record, this really constrains such 
an analysis to only two IPO phases (IPO +ve ~1976-1998 and IPO –ve ~1999- present) which is 
a very small sample on which to base any changes in operational rules. Nevertheless, the phase 
of the IPO could be a useful qualitative consideration in developing short-term water 
availability outlooks. 
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The importance of decadal prediction is acknowledged by the climate research community and 
it is an area of active research. As part of the research program for the recently established 
National Environmental Science Program, under the Earth Systems and Climate Change Hub 
(the successor program to the ACCSP), a specific research project has been established with the 
aim of working towards a decadal prediction system using the ACCESS model. 

5.8 Long Term projections 

5.8.1 Background 

SEACI research underpinned the development of updated future streamflow scenarios (based on 
the IPCC’s CMIP3 suite of global climate models) across the State. These scenarios were used 
in 2012 for the purposes of developing long term strategic plans for Victoria (Water Supply 
Demand Strategies and Regional Sustainable Water Strategies). The range of uncertainty in the 
rainfall and runoff projections was large, and an evaluation of model performance (in terms of 
their ability to represent Victorian climate and key climate factors) did not suggest any obvious 
way of constraining the range of projections.  
 
Over the course of the three years of the VicCI program, new climate change information 
became available via the IPCC 5th assessment report and the associated CMIP5 model 
intercomparison project. With a view to improving future streamflow projections, and hopefully 
constraining the range of uncertainty, VicCI research has also examined how best to identify 
projections from CMIP5 models that adequately capture the rainfall characteristics that 
determine runoff. This has involved evaluation of: 

(i) the capability of the latest suite of IPCC models (CMIP5) to simulate the behaviour 
of key climate influences for Victoria and their associated impacts on rainfall  

(ii) methodologies for generating climate projections that best capture the changes in 
rainfall characteristics that are important for runoff generation.  

5.8.2 Climate model evaluation 

There are a range of key influences on Victoria’s climate that interact in complex ways, and 
important changes are also occurring in the way these influences behave and interact. When it 
comes to predicting how climate might behave into the future, it is therefore important to 
consider how well climate models can capture these behaviours.  

 
There has been a large amount of research conducted into model evaluation both internationally 
(e.g. as part of the IPCC AR5 process (see IPCC, 2013)), nationally (e.g. CSIRO and BOM, 
2015) and regionally (e.g. the SEACI, VicCI, ESCII, and Goyder climate programs). However, 
there is no agreed set of metrics to be used in such an evaluation (or what the cut-off point for 
satisfactory/unsatisfactory performance should be for any particular metric), and no clear 
agreement as to which metrics are the most important in any situation. Some models may 
capture important features of the behaviour of key climate influences but fail to simulate the 
associated impacts on SEA rainfall correctly. Some models do better in terms of being able to 
simulate current climate well but have an unrealistic representation of the key climate 
influences – i.e. they are getting the ‘answers’ right but for the wrong reasons, and will 
therefore not necessarily provide the ‘best’ projections for the future. There are also many 
issues associated with downscaling data from global climate models to relevant regional and 
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catchment scales. Climate extremes are particularly problematic, as is the correct sequencing of 
rainfall (which is important from a hydrological perspective).  
VicCI research has examined, in particular, the ability of models to simulate the Sub-tropical 
Ridge, the Hadley circulation, SAM, a tripole index that integrates the influence of SSTs across 
the top of Australia from the eastern Indian Ocean to the Western Pacific, and their ability to 
simulate associated impacts on Victorian rainfall. The capability of the models in simulating 
runs of dry periods and the annual cycle of historical Victorian climate has also been evaluated.  
 
A key concern associated with model limitations is that projected cool season rainfall deficits 
for Victoria may be underestimated (and/or are projected to occur too far into the future). 
Further, while the overall projections produced for NRM Clusters suggest an increase in the 
frequency, severity and duration of drought (as defined in terms of the Standardised 
Precipitation Index), VicCI research has shown that the models do not simulate dry spells 
(periods without very wet months) of comparable length to the that experienced during the 
Millennium Drought. This is the case for both the complete record and for the cool season 
considered separately. This means that the projected length of future dry spells may be 
underestimated. 
 
A group of 16 better performing models (over a range of criteria relevant to the Australian 
context) was identified in CSIRO and BoM (2015). Research conducted in VicCI this year, in 
the context of developing the updated streamflow projections described in the Project 8 report, 
showed that use of this suite of 16 models produced drier runoff projections over most of the 
study region than was the case for the full suite of 42 models. In addition, a group of 15 models 
was also identified in this year’s VicCI research (see this year’s Project 5 report) as simulating 
‘too wet summers’ specifically for Victoria in their historical runs, and consequently 
misrepresenting the observed annual cycle of precipitation for Victoria. When this group of 
models are eliminated from consideration, the projected response in rainfall under RCP 8.5 is 
drier. For the entire cool season, results for the 27 models not considered as having ‘too wet 
summers’ show a reduction in average annual rainfall across Victoria by 2080-2099 of -17.7 per 
cent compared with -12.1 per cent for the full ensemble, and on an annual basis results are also 
drier (-14.1 per cent compared with -8.4 per cent).  
 
Overall, across the full range of criteria considered relevant for Victoria’s climate, only a very 
limited number of climate models (6 out of 42 GCMs in the CMIP5 ensemble) were found to 
perform satisfactorily (see this year’s Project 5 report). Models that failed on the most criteria 
tended to be clustered at the wet and dry ends of the spectrum of results, but more particularly at 
the wet end. If results from only the 6 models considered to perform satisfactorily across the full 
range of criteria are used, the projected reduction in annual rainfall for Victoria by 2090 under 
RCP8.5 is -17.5 per cent compared with -8.4 per cent for the full model ensemble.  
 
These comparisons all suggest that projections based on the full model ensemble are likely to be 
underestimating future rainfall declines. (It is also important to remember that percentage 
changes in rainfall tend to be magnified by a factor of around 2.5 to 3.5 in determining 
corresponding percentage declines in streamflow in the Victorian situation.) 
 
While it is not a simple matter to agree on a consistent set of criteria to identify a set of ‘best’ 
models in any particular situation, it is perhaps easier to justify not utilising the consistently 
‘poorer’ performing models. This possibility will be considered in developing the next round of 
streamflow projections for Victoria. 
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5.8.3 Improved projection methodologies for runoff 

 A variety of different methods, of varying complexity and sophistication, are used to bridge the 
gap between the scale of the GCM output (typically 100-250 km) and the regional/catchments 
scales at which data for impact studies are desired. SEACI and VicCI research has extensively 
investigated the appropriateness of various downscaling techniques with a view to refining 
methodologies for deriving rainfall projections that best capture the key rainfall characteristics 
important for future runoff projections. 

Bias correction of climate model outputs 

Downscaling methodologies often include the application of some form of bias correction 
process to either (i) correct known bias in the host GCMs prior to inputting data into a 
hydrological model or (ii) to correct output of a regional climate model (RCM) to better match 
observational data.  

VicCI research in Year 1 confirmed the relatively higher skill of distribution-based methods in 
correcting salient precipitation characteristics prior to input to hydrological models. In particular 
the best results were produced by distribution-based methods. However, the research also 
revealed the weaknesses of the bias correction methods in reproducing runoff characteristics 
because they cannot overcome the limitations of the RCM in simulating precipitation 
sequences. Results also showed that while bias correction does not seem to alter the change 
signals in mean RCM precipitation, it does introduce additional uncertainty to the change 
signals in high precipitation characteristics and, consequently, in runoff. 

It was also noted that no bias-correction technique can produce satisfactory results where 
climate models do not adequately capture changes in atmospheric processes and associated 
impacts that are occurring as a result of climate change. This problem will also affect runoff 
projections derived using any bias-corrected downscaled data set.  

Different downscaling approaches 

As detailed in a recent comprehensive review of downscaling methodologies (Ekstrom et al 
2015), downscaling methods can be categorised into three types of approaches (1) change factor 
(simple or empirical scaling), (2) statistical and (3) dynamical downscaling. Sometimes scaling 
methods are considered as being a statistical method but it is useful to consider them separately 
as there is a fundamental difference between the two types of approach – scaling methods 
modify observational data to reflect a change signal derived from comparing GCM data at two 
different time periods, whereas statistical methods derive unique sequences of regional climate 
variables based on derived empirical relationships between local-scale climate variables and 
large-scale atmospheric variables. Dynamical downscaling involves the use of a numerical 
climate model (a regional climate model (RCM)) that operates on a finer resolution than the 
GCM and takes the outputs from the host GCM as inputs. 
 
VicCI research has compared the runoff projections obtained using rainfall inputs derived using 
a variety of downscaling methods using the same set of GCMs and the same hydrological model 
(SIMHYD) for a range of catchments across Victoria. Two statistical downscaling methods 
(SDM and NHMM), two dynamical downscaling methods (WRF and CCAM) and the empirical 
scaling method were compared (see this year’s Project 7 report). The results show that different 
methods can give very different results at a seasonal scale in terms of both the magnitude and 
direction of projected future changes in runoff. The only season they generally agree on is 
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spring, for which a decline in runoff is projected. Results also show that more complex 
downscaling techniques can give results outside the bounds of what empirical scaling will do. 
Overall, the statistical methods tend to give somewhat drier results and the dynamical methods 
somewhat wetter results than the empirical method. 
 
A limited preliminary comparison was also undertaken of these SIMHYD runoff projections 
with streamflow projections derived using the empirical methodology which relates streamflow 
to statistically downscaled (using the BoM’s SDM) rainfall and temperature data (see this year’s 
Project 7 report). This methodology was able to reasonably capture the depth of the Millennium 
Drought which has proved to be challenging for SIMHYD (and other rainfall-runoff models). 
For the three catchments for which comparable data was available, the empirical approach 
indicates potentially greater mean streamflow declines at 2065 (by about 10-20 per cent) than 
those obtained using SDM data input into SIMHYD, although results still lie within the full 
range of results obtained using SDM data inputs and SIMHYD. This again suggests that, from a 
water management viewpoint, results in the drier end of the projection range should probably be 
considered to be more likely. However, it is important to note that, as was the case for the 
SEACI projections and for the updated VicCI projections described in this year’s Project 8 
report, the projected reductions in streamflow at 2065 using SDM outputs and the empirical 
methodology are still smaller than or equal to the streamflow reductions experienced during the 
Millennium Drought. 
 
When fundamentally different methods give strong change signals of different direction, it is 
not possible to provide recommendations as to a preferred method for generating runoff 
projections. While downscaled data does potentially better capture the influence of features 
such as topography and coastlines on rainfall and provide information at finer spatial and 
temporal resolutions, this does not necessarily imply added value. Further assessment is needed 
to understand the physical reasons behind the different change signals and to determine whether 
these are plausible in the light of current understanding of Victorian climate.  

Convective permitting dynamical downscaling 

Because water managers would like climate change projection information at spatial and 
temporal scales relevant to catchment behaviour, VicCI research has investigated the potential 
for dynamic downscaling (using the WRF model) at 2 km and 10 km resolution to provide data 
for inputs to hydrological models. At these scales it is possible to better capture the influence of 
topographic features such as mountain ranges and coastlines, as well as possible changes in the 
synoptic conditions delivering rainfall resulting from changes in the climate system in a 
warming world.  
 
While results are promising (see this year’s Project 6 report), the fine resolution set-up is very 
resource intensive. This means that with limited computing resources, important choices are 
required with regard to the simulation period and extent of the spatial domain considered. The 
resource intensiveness of such simulations will also constrain the range of future scenarios and 
the number of host GCMs for which such downscaling can be performed. This will result in a 
limited representation of the uncertainty associated with projections. Unless the wider 
uncertainty context is properly understood, results could therefore potentially be misleading.  
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5.8.4   Updated streamflow projections for Victoria 

Updated streamflow projections (based on CMIP5) are described in Potter et al (2016) and are 
incorporated into DELWP’s ‘Guidelines for Assessing the Impacts of Climate Change on Water 
Supplies’ which are to be used by water corporations in updating their long term planning 
strategies (now called Urban Water Strategies). A summary is provided in the Project 8 report 
of this annual report. These projections are based on the full suite of 42 GCMs for which data 
was available. 
 
Rather than use of the more recent CMIP5 models reducing the range of uncertainty in rainfall 
and streamflow projections relative to those produced in SEACI using the CMIP3 suite of 
models, the range has actually increased. For roughly comparable degrees (2 to 2.5oC) of global 
warming, the ‘wet’ (10th percentile) and median (50th percentile) streamflow scenarios from 
the VicCI updated projections are slightly wetter than the SEACI comparable scenarios, while 
the VicCI ‘dry (90th percentile) streamflow scenario is somewhat drier than the SEACI ‘dry’ 
scenario.  
 
As discussed above, there are a number of considerations that suggest that these projections 
based on the full CMIP5 model ensemble are likely to be underestimating future declines 
streamflow. At 2065,under RCP8.5 there is around a 6 per cent difference in projected average 
annual rainfall declines across Victoria between results for the full ensemble of models and the 
six better performing models, with the 6 better models showing a drier result. Based on the 
typical elasticities of rainfall-runoff responses across the State, this would translate into around 
a further 15-20 per cent decline in projected streamflows (in absolute terms), which implies 
around a doubling of the projected mean response using the full model ensemble. Further, as 
was the case with the SEACI streamflow projections, projected future declines in streamflow 
for 2065 relative to 1986-2005 for the ‘dry’ updated scenario, are less than the reductions in 
streamflow experienced during the Millennium Drought across most of the State, with projected 
declines lying between the median and dry scenarios only in the far east of the State. In 
recognition of the fact that the MD streamflow reductions are generally more severe than the 
dry projections for 2065, and the current continuing cool season rainfall deficit, an additional 
scenario reflecting the continuation of current conditions is also incorporated into the 
Guidelines.  
 
Following the completion of Year three of VicCI, further refinement of these projections may 
be possible, building on the model evaluations undertaken this year.  

5.9 Use of climate change projections in water supply planning 

In the light of the discussions above, it is important that users understand the limitations of 
global climate models in realistically representing the behaviour of key influences on Victoria’s 
climate and associated impacts on rainfall. When conducting impact studies, users should:  

 
 recognise that the use of different GCMs and different downscaling techniques can give 

quite different answers in terms of the magnitude and even direction of projected changes in 
rainfall, especially at a seasonal scale (with projected changes in spring having the most 
consistent signal amongst different projection methods);  

 select a (wide) range of climate projections (different combinations of GCMs and 
downscaling techniques) with a view to sampling an appropriate 'uncertainty space' of 
outcomes relevant to the specific application, bearing in mind model limitations (which, in 
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particular, mean that outcomes in the drier end of the projected range of results using the 
full model ensemble should probably be considered to be more likely); 

 recognise that the apparent precision in currently available relatively fine-resolution (in time 
and space) data sets doesn’t necessarily imply a ‘better’ answer, but rather still only 
provides one realisation of all possible outcomes. 

Improved knowledge about model performance relative to the key influences on Victoria’s 
climate and associated impacts can be used to guide the further development of improved 
methodologies for developing runoff projections.  

 
However, the large uncertainty associated with the magnitude and timing of projected changes 
in rainfall and runoff means that robust and adaptive planning will continue to be required 
across a wide range of plausible futures.  There is now a significant body of literature available 
that considers methodologies for robust planning and their application in a water supply context 
(see for example Mortanzavi-Naenin et al., 2015, and references contained therein). 

5.10  Conclusions 

Overall, the key implications of the VicCI research for water managers are that: 
 
 The cool season (April to October) rainfall deficit, which was identified in SEACI as 

emerging from the early 1990s, is likely to persist and possibly intensify, with impacts 
likely to be experienced more evenly across the whole cool season rather than primarily in 
the early part as was the case during the Millennium Drought. Since the turn of the century 
the reduction in cool season rainfall averages around -14 per cent relative to last century. 
This trend is associated with changes in the mean meridional circulation (Hadley 
circulation, STR and SAM) which are at least partly attributable to anthropogenic 
influences. The winter/spring filling season is therefore likely to continue to be not as 
reliable into the future. 

 
 The impacts of this cool season rainfall deficit on streamflows may be partially offset by a 

(less certain) trend towards increased warm season rainfall (particularly in northern 
Victoria) due to an expansion of tropical influences and a positive trend in SAM.  

 In the light of the trends in cool season rainfall over the last 20-30 years, it is considered 
likely that the last 20-30 years will provide a better representation of current climate than 
the full historical record. This should be a consideration in the evaluation of current and 
expected future supply system performance. 

 In any one season or year, the impacts of these longer term trends in cool and warm season 
rainfall may be intensified or offset by the joint state of ENSO, IOD and SAM. In making 
short term assessments of water availability, it is therefore important for water managers to 
consider the current and the forecast state (and associated forecast skill) of ENSO, IOD (and 
their modulation by the IPO) and SAM as well as the underlying longer term trends in cool 
and warm season rainfall.  

 While the IPO is in its cold phase, as is currently the case, there may be an elevated 
spring/summer flood risk in Victoria because of the stronger interlinkages between ENSO 
and the IOD and with Victorian rainfall, but predictability will be limited to around one 
season. This elevated flood risk should be a consideration for water managers. There may 
also be other water management processes or operational considerations that would benefit 
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from taking account of a generally increased likelihood of enhanced warm season rainfall – 
for example, methods for estimating risks of spill and methods for scheduling 
environmental flow releases.  

 The Bureau’s new seasonal forecasting model (ACCESS-S1) shows promise in improving 
forecasts across the autumn period, which historically has been a ‘predictability barrier’. 
This forecasting system has not yet been operationally implemented by the BoM but will 
potentially be of use to water managers in improving short-term outlooks. 

 
 Climate change projections continue to show a wide range of possible and plausible impacts 

and there is therefore a high degree of uncertainty about future rainfall and streamflow 
scenarios. In the light of the model evaluations conducted as part of VicCI, it is considered 
likely that streamflow projections based on the full suite of CMIP5 models are likely to be 
somewhat optimistic. Further, projected impacts on streamflow at 2065 relative to 1986-
2005 for the ‘dry’ scenario are less than streamflow declines during the Millennium 
Drought across most of the State except in the east where the MD reductions fall between 
the ‘medium’ and ‘dry’ scenario projections. Water resource managers need to sample an 
appropriate 'uncertainty space' in future projections and ensure their planning and 
management processes are robust and adaptive across a wide range of future climate and 
streamflow scenarios and are subject to regular review. 
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6. PROJECT 1: UNDERSTANDING DECADAL VARIATION OF 
SEASONAL CLIMATE PREDICTABILITY AND THE 
POTENTIAL FOR MULTI-YEAR PREDICTIONS 

Eun-Pa Lim, Harry Hendon and Guo Liu   

R&D Branch, Bureau of Meteorology 

6.1 Key findings 

 The observed inter-decadal variation of the strength of the teleconnection of ENSO and the 
IOD to SEA spring rainfall in the past 35 years is associated with zonal shifts in the pattern 
of tropical convective activities driven by ENSO and the IOD. This finding indicates there 
is potential for anticipating epochs of strong and weak teleconnection, hence anticipating 
epochs of strong and weak seasonal predictability of SEA rainfall. 

 The new high resolution dynamical seasonal forecast system, ACCESS-S1, demonstrates 
improved depiction of mean SEA climate and improved forecast skill for eastern Pacific 
and central Pacific ENSO, IOD and warm season SAM and for winter and spring SEA 
rainfall and temperature.  

 Of particular note is the substantial improvement with ACCESS-S1 forecasts in predicting 
the development of ENSO throughout austral autumn to winter, thus overcoming the 
‘autumn predictability barrier’. This means that there will be substantial skill improvements 
in predicting autumn to spring Victorian rainfall at lead times up to 3 months using 
ACCESS-S1 compared to POAMA. 

6.2 Background 

Operational multi-week to seasonal forecasting at the Bureau of Meteorology is currently based 
on ensemble predictions provided by the POAMA seasonal forecasting system. The POAMA 
model was developed in conjunction with CSIRO in the early 2000s and components of the 
system (e.g. initialization of the atmosphere/land) were developed with support from SEACI.  
The POAMA system provides internationally competitive forecasts for large-scale oceanic and 
atmospheric climate drivers such as ENSO, the IOD, the SAM, and Madden-Julian Oscillation 
(MJO), as well as providing good depiction their impacts on Australian climate. The POAMA 
system has also been the workhorse model for predictability studies supported under the first 2 
years of VicCI. However, the capability of the POAMA system to predict Australian climate on 
regional scales is significantly limited by the relatively coarse horizontal and vertical resolution 
of the component models (~250 km horizontal resolution in atmosphere at 17 vertical levels 
including 1 level of stratosphere and 200 km horizontal resolution with 25 vertical levels in 
ocean). Furthermore, many of the physical parameterizations in the component models in 
POAMA are outdated, being based on model developments available in the early 2000s. 

To advance seasonal prediction capability, the BoM made the strategic decision in late 2014 to 
import the UKMO state-of-the art high resolution coupled model GC2 for the next generation 
seasonal prediction system as part of the ACCESS partnership. The new forecast system is 
referred to as ACCESS-S1, and the intention is that it will replace POAMA2.4 by early 2017.  



VICTORIA CLIMATE INITIATIVE FINAL ANNUAL REPORT 2015-16 

 

 

61 
 

ACCESS-S1 brings a step-change improvement in the coupled model used for seasonal 
prediction, jumping from ~250 km horizontal resolution for the existing POAMA2.4 to ~60 km 
resolution in the atmosphere and 25 km in the ocean. The increased resolution of ACCESS-S1 
provides for improved depiction of features such as the Great Dividing Range, south west and 
south east of Victoria and Tasmania (POAMA24 did not have a land point for south west and 
south east of Victoria and Tasmania), as well as providing for improved depiction of coastal 
currents such as the East Australian Current. Published results (e.g. Hendon et al. 2015; Zhou et 
al. 2015) based on hindcasts from an earlier version of the UKMO GC0 model, which has 
similar resolution and configuration as ACCESS-S1, indicate some substantial improvements in 
prediction of El Niño, the SAM, and the MJO. Research in Year 3 was undertaken to provide a 
specific assessment of anticipated improvements in the prediction of regional climate in 
Victoria with the updated version of the model GC2 that will form the basis of ACCESS-S1. 
This assessment is important for two reasons:  

1. Knowledge of the possible step-change improvement in forecast skill for regional climate in 
Victoria will help guide plans for utilization of seasonal forecasts for water resource 
management; and  

2. Final configuration and future updates of the model will be aided by evaluation of forecast 
performance locally so that possible model upgrades can be implemented.  

A comprehensive hindcast set based on the updated GC2 version of the model was acquired and 
evaluation commenced in May 2015. Local hindcasts using ACCESS-S1 were also generated 
later in 2015 and were available for evaluation from the end of 2015. 

6.3 Objectives 

1. Provide new insights into how mean state change affects the predictability, predictive skill 
and interactions of ENSO, IOD and associated SEA climate. 

2. Provide estimates of expected increases in seasonal forecasting skill for Victoria from 
ACCESS-S1 as compared to POAMA, especially focusing on benefits for improved 
seasonal predictions at regional scales of relevance to water resource management. 

6.4 Activity 1: Understanding decadal variations of ENSO-IOD 
co-variability/predictability and its impact on the 
predictability of SEA climate  

Previous studies have shown that the decades of the 1980s-90s were characterised by a warm 
phase of the IPO and associated large variance of ENSO whereas the 2000s were characterised 
by the cold phase of the IPO and reduced variance of ENSO (e.g. Parker et al., 2007, Hu et al., 
2013, Zhao et al., 2016). During the decades of the cold IPO, although the ENSO variance was 
smaller, the Australian rainfall response to ENSO was stronger (e.g. Power et al., 1999, King et 
al., 2013). Having considered that not only ENSO but also the IOD are important drivers of the 
rainfall over south-eastern Australia and the IOD is strongly related to ENSO in the austral 
spring season (e.g. Lim et al., 2009, Cai et al., 2011), we have addressed the following three 
questions: 
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1. What are the impacts of the decadal changes of ENSO amplitude on the co-variation of 
ENSO with the IOD and resultant changes in the predictability of the IOD and SEA rainfall 
for the last 30 years? 

2. What are the possible mechanisms that affect the decadal changes in teleconnection 
strengths of ENSO and the IOD to SEA rainfall? 

3. How does the skill of the BoM’s dynamical seasonal forecast system to predict the IOD 
and SEA rainfall vary decadally? 

In this study, the Nino3 SST index and the IOD index (also referred to as the Dipole Mode 
Index; DMI) were obtained, using Hurrell et al. (2008) SST data for times before 1982 and 
Reynolds et al. (2002) OI v2 SST data after 1982. The interannual variation of SEA rainfall was 
monitored by the area-averaged rainfall anomalies over the land points in the domain of 33 -45 
°S, 135 - 155 °E, using the Australian Water Availability Project gridded (0.25° grid) monthly 
rainfall analysis (Jones et al., 2009).  

Inter-decadal variations in the historical records 

Standard deviations and correlations computed in the 15-year running windows over 1951-2014 
suggest that the amplitudes of ENSO and the IOD and their co-variability have varied strongly 
in-phase since the 1980s (Hope et al. 2015a, their Figure 1.1; Lim et al., 2016a). In contrast, the 
strengths of the teleconnection of ENSO and the IOD to SEA spring rainfall have varied out-of-
phase with the variability and co-variability of ENSO and the IOD in the same period. Thus, 
during the 1980s-90s when the IPO was in its warm phase, strong El Niño (La Niña) events 
tended to occur, accompanied by strong positive (negative) IOD events; but their impacts on 
SEA springtime rainfall were not generally great. The opposite phenomena were found during 
the 2000s when the IPO was in its cold phase: ENSO and IOD variability and covariability were 
weak, but their impacts on SEA rainfall were strong.  

We have attempted to address the dynamical question of why the teleconnections of ENSO and 
the IOD to Australian rainfall were weaker in the 1980s-90s when the ENSO and IOD 
amplitudes themselves were stronger, and vice versa in the 2000s, which is somewhat counter-
intuitive. This was done by comparing two 15 year periods – 1985-1999 and 2000-2014, which 
are the most recent samples of a Warm IPO epoch and a cold IPO epoch. For this part of the 
analysis, we regressed rainfall and 200 hPa level geopotential height (Z200) data of the ERA-
Interim reanalysis (Dee et al., 2011) onto the Nino3 index and the DMI separately in the two 
periods. This regression analysis suggests that the strength of the teleconnection of the ENSO 
and the IOD to Australian rainfall could be sensitive to the pattern of rainfall response over the 
tropical Indian and western Pacific regions to ENSO and the IOD. In particular, during El Niño 
and the positive IOD, the suppressed convection in the tropical western Pacific was shifted 
westward from the SPCZ towards eastern Australia in the 2000s compared to the 1980s and 90s 
(Figure 6.1). The westward shift of the rainfall response to ENSO and the IOD over the tropical 
western Pacific region in the 2000s is consistent with the south-westward movement of the 
SPCZ found in the previous cold IPO decades of the mid-1940s and the mid-1970s as reported 
in Salinger et al. (1995) and Folland et al. (2002). The recent westward shift of the tropical 
western Pacific convection pattern is likely to be associated with the increased frequency and 
intensity of the central-Pacific/warm-pool type El Niño in the recent decade (Ashok et al., 2007; 
Lee and McPhaden, 2010; Chung and Li, 2013; Zhao et al., 2016), which was attributed to the 
cold phase of the IPO (Chung and Li, 2013; Zhao et al., 2016). 
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Figure 6.1  Regression of September-November mean rainfall anomalies on the standardized Nino3 
index (left panels) and the standardized DMI (right panels) in 1985-1999 (top) and 2000-2014 
(bottom). The unit is mm day-1 (as the regression coefficients are scaled by 1σ of the 
predictors). The stippling indicates statistical significance at the ten per cent level, assessed 
by a two tailed Student t-test with 13 degrees of freedom. The long dashed red lines indicate 
the nodes of the wet and dry responses over the tropical western Pacific associated with 
ENSO and IOD on the equator. 

Also, there was an eastward expansion of the enhanced (suppressed) convection in the tropical 
central Indian Ocean during El Niño (La Niña) and the positive (negative) IOD in the 2000s 
compared to the 1980s and 90s. This east-west shift of the pattern of convective anomaly in the 
tropical Indian Ocean during ENSO/IOD seems to have modulated the Rossby wave trains that 
emanate from the tropical Indian Ocean toward south-eastern Australia (Figures 6.1 and 6.2). 
Consequently, a stronger high (low) geopotential height anomaly during El Niño (La Niña) and 
the positive (negative) IOD occurred over southern Australia in the recent 15 years. The 
geopotential height anomaly associated with this Rossby wave train is known to be a key 
mechanism for causing anomalous spring climate across the southern parts of the country (Cai 
et al., 2011, Hope et al., 2015b). The eastward expansion of the convection anomaly during the 
IOD/ENSO over the tropical central Indian Ocean in the 2000s could be a result of a change in 
the Indo-Pacific Walker circulations caused by the recent cold phase of the IPO and/or the on-
going warming trend over the tropical Indian Ocean (Luo et al. 2012; Hartmann et al. 2013; Lim 
et al. 2016b), but this requires further investigation.  
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Figure 6.2  Regression of September-November mean 200 hPa geopotential height (Z200) anomalies on 
the Nino3 index (left panels) and the DMI (right panels) in 1985-1999 (top) and 2000-2014 
(bottom). The unit is m (as the regression coefficients are scaled by 1σ of the predictors). The 
stippling indicates statistical significance at the ten per cent level, assessed by a two tailed 
Student t-test with 13 degrees of freedom.  

Predictability and Prediction skill of the IOD and SEA rainfall 

To understand the inter-decadal variations of predictability and predictive skill of the IOD and 
SEA rainfall, we have analysed seasonal forecasts of the IOD and SEA rainfall and their 
relationship in the two periods of 1985-1999 and 2000-2014. A comprehensive retrospective 
forecast set was generated from the BoM’s atmosphere-ocean coupled seasonal prediction 
system, POAMA (Cottrill et al., 2013). Here we make use of 3-month forecasts that were 
initialized from observed atmosphere-ocean states on the first of September. A 33-member 
ensemble was generated. During 1985-1999, POAMA skilfully captures the large amplitude of 
the IOD and its strong linkage with ENSO (Hope et al., 2015a, their Figure 1.2; Lim et al., 
2016a), which were related to the large amplitude of ENSO during this warm-IPO period 
(Barnston et al., 2012; Zhao et al., 2016). Thus, the potential predictability and predictive skill 
of the IOD were high. During 2000-2014, POAMA skilfully depicts the reduced amplitude of 
the IOD and its weakened connection with ENSO, which was related to the smaller amplitude 
of ENSO during this cold IPO period. Therefore, the potential predictability and predictive skill 
of the IOD were both lower in the recent 15 year period.  

POAMA’s skill in predicting SEA spring rainfall is higher in 2000-2014 than 1985-1999 as 
expected from the stronger observed teleconnection of SEA spring rainfall with ENSO and the 
IOD in the recent 15 year period (Hope et al., 2015a, their Figure 1.3; Lim et al., 2016a). 
However, our investigation showed that the distinction of the rainfall forecast skill between the 
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two 15 year periods occurred more likely by chance rather than by the model’s good 
performance in simulating the underlying dynamics. This is highlighted by the generally poor 
depiction of the ENSO/IOD rainfall teleconnection, as seen in the regression of forecast rainfall 
and Z200 anomalies onto to the IOD at zero lead time (Figures 6.3 and 6.4).  

 

Figure 6.3 The same as Figure 6.2 except the regressions are computed with forecast rainfall and 
forecast Nino3 index and DMI at zero lead time. 

Figure 6.3 shows that forecasts do not capture the realistic decadal differences in the 
longitudinal positions of the rainfall nodes associated with ENSO and the IOD over the tropical 
Indo-Pacific Ocean even at zero lead time. Consequently, upper level circulation patterns of the 
forecasts associated with forecast ENSO and IOD are very different from those of the reality in 
both epochs (Figure 6.4 compared to Figure 6.2).  

Therefore, the effort for future model development to improve forecast skill for SEA rainfall 
and to better anticipate epochs of high and low predictability should be focused on improving 
the models’ simulations of the mean climate and tropical convection processes especially over 
the Indian Ocean and the western Pacific Ocean. In so doing, biases in tropical rainfall forecasts 
will be reduced, which can lead to better simulations of the tropical Indo-Pacific teleconnection 
to SEA rainfall.  

 



VICTORIA CLIMATE INITIATIVE FINAL ANNUAL REPORT 2015-16 

 

66 
 

 

Figure 6.4  The same as Figure 6.2 except the regressions are computed with forecast Z200 and forecast 
Nino3 index and DMI at zero lead time.  

6.5 Activity 2: Evaluation of high resolution seasonal forecasts 
for Victoria 

The Bureau of Meteorology’s next generation sub-seasonal to seasonal climate prediction 
system version 1 (ACCESS-S1) has been successfully implemented and run on the Australian 
national supercomputing system to produce a 23-year hindcast set for the period 1990-2012. 
The ACCESS-S1 system is based on the UK Met Office coupled model GC2, which consists of 
the Unified Atmospheric Model version Global Atmosphere version 6 (GA6), the JULES land 
surface scheme version 6, the NEMO Ocean model version 5, and the Los Alamos Sea Ice 
Model version 6 (CICE) (Williams et al., 2015). The ACCESS-S1 contains a number of state-
of-the-art features compared to the Bureau of Meteorology’s current operational system, 
POAMA, such as higher horizontal and vertical resolution, improved model physics and 
parameterization, and an interactive multi-level sea-ice model. For instance, the ACCESS-S1 is 
run on 60 km horizontal resolution in atmosphere, which resolves details of topography such as 
the Dividing Range and the east coastal areas and resolves southern Victoria and Tasmania; and 
it has 85 vertical levels with fully resolved stratosphere (cf. POAMA has 250 km horizontal 
resolution and 17 levels with 1 level in the stratosphere). The ocean model of the ACCESS-S1, 
NEMO also has much higher horizontal (0.25° globally) and vertical resolution (75 levels) than 
POAMA (0.5° tropics to 1.5° at the poles and 25 vertical levels), which better resolves tropical 
instability waves and the ocean subsurface processes that help to simulate the dynamics of 
ENSO. Also, climate forcings for greenhouse gases have realistic time-variation in the 
ACCESS-S1, while they are held constant in POAMA. Further details of the model 
configuration can be found in Hendon et al. (2015) and Shi et al. (2016). 
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Figure 6.5  SST bias in the ensemble mean climatology of ACCESS-S1 (left) and POAMA (right) relative 
to Reynolds OI v2 SST analyses at 2 month lead time (LT2). Initialisation time and verification 
time are shown at the left and right top corners of each plot, respectively. Unit is °C. 

For hindcasts, the atmosphere and land models of the ACCESS-S1 are initialised with the ERA-
Interim reanalysis data, and the ocean and sea-ice models are initialized with the conditions 
produced from the NEMO 3-dimentional variational ocean data assimilation system 
(NEMOVAR) run at UKMO. Only a single set of atmosphere-ocean initial conditions is 
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generated at four different start times of the 1st of Feb, May, Aug, and Nov for 1990-2012. An 
additional 10 ensemble members are then generated by perturbing the atmospheric state. In 
these hindcasts, the soil moisture is initialized with climatological values, as the land surface 
initialization had not yet been implemented. By the end of April 2016, hindcasts covering 1990 
to 2011 consisting of 11 members have been completed and analysed for this report.  

 

Figure 6.6:  Mean sea level pressure (MSLP) bias in the ensemble mean climatology of ACCESS-S1 (left 
panels) and POAMA (right panels) relative to the ERA-Interim reanalysis at LT2. Initialisation 
time and verification time are shown at the left and right top corners of each plot, respectively. 
Unit is hPa. 
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For comparison, we analyse 11 member ensemble hindcasts of POAMA for the same period 
1990-2011. Hindcasts were verified against the AWAP monthly rainfall analysis (Jones et al., 
2009), the ERA-Interim reanalysis (Dee et al., 2011) and Reynolds OI v2 SST data (Reynolds et 
al., 2002). 

Model mean bias 

Careful comparisons of ACCESS-S1 to POAMA suggest that systematic model biases for 
depiction of rainfall, surface temperatures, and jet structures are significantly reduced in the 
ACCESS-S1. For instance, the pronounced global cold SST bias in POAMA, which appears 
soon after initialisation, is substantially alleviated, and the Southern Ocean warm bias is also 
significantly reduced (Figure 6.5). Consequently, there is noticeably less bias in the mean 
circulation at the surface and aloft in the ACCESS-S1 compared to POAMA (Lim et al., 2016c). 
For instance, there is a cold bias everywhere except along the west coast of North and South 
America in POAMA (Figure 6.5 right panels), which causes the model’s mean circulation to be 
somewhat El Niño-like in the tropical Pacific and to be somewhat low Southern Annular Mode 
(SAM)-like in the extra tropics (Figure 6.6 right panels ). This equatorward displacement of the 
eddy-driven jet together with a poleward displacement of the subtropical jet in POAMA (Lim et 
al., 2016c) is not as pronounced in ACCESS-S1 (Figure 6.6 left panels).  

 

Figure 6.7  Rainfall bias of the ensemble mean climatology of ACCESS-S1 relative to the ERA-Interim 
reanalysis at LT2. Initialisation time and verification time are shown at the left and right top 
corners of each plot, respectively. Unit is mm/day. 
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However, in ACCESS-S1, the equatorial eastern Pacific SST is much colder than observed and 
so are the eastern Indian Ocean and the equatorial Atlantic SST. These cold SST biases lead to 
dry biases in the equatorial regions in most seasons and in the Maritime Continent region in 
winter (Figure 6.7). On the other hand, the ACCESS-S1 has wet bias in the central-west Indian 
Ocean in spring to summer. The dry bias in the Maritime Continent and the wet bias in the 
central Indian Ocean appear to play deleterious roles for prediction of the IOD and associated 
teleconnection to SEA region (33-40 °S, 135-156 °E), which are discussed below. For SEA 
rainfall, the 22 year mean rainfall is skilfully reproduced in ACCESS-S1 with great spatial 
detail (Figure 6.8). For example, the mean rainfall and large rainfall variability on the east and 
west sides of the Great Dividing Range are well captured by ACCESS-S1. Also, the mean 
rainfall and large rainfall variability over Gippsland and South West, the districts POAMA 
could not resolve, are skilfully simulated in ACCESS-S1 (Lim et al., 2016c).  

 
Figure 6.8  Mean rainfall in the AWAP analysis (top panels), ACCESS-S1 (middle panels) and POAMA 

(bottom panels) initialised on the 1st of August and verified in August-October (left panels; 
LT0) and October-December (right panels; LT2). Unit is mm/day.  

Prediction of ENSO, the IOD and the SAM / simulation of teleconnections 

ACCESS-S1 demonstrates higher skill than POAMA for predicting the development and decay 
of El Niño/La Niña and the different flavours of El Niño (i.e. eastern Pacific El Niño versus 
central Pacific El Niño, monitored by the Nino3 index versus El Niño Modoki index, 
respectively; Figure 6.9). In particular, there is a substantial improvement with the ACCESS-S1 
forecasts initialised in February and May for predicting the development of ENSO throughout 
austral autumn to winter (i.e. overcoming of the austral autumn predictability barrier). The 
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winter-to-early spring IOD is better predicted by ACCESS-S1, led by the improved skill for 
predicting the tropical western Indian Ocean, which presumably derives from improved 
prediction of eastern Pacific ENSO. Despite the improvement in forecast skill by ACCESS-S1 
for the IOD, the skill is not high for forecasts initialized in May, likely due to the reduced 
predictability of the IOD post-2000 (Lim et al., 2016a). The Southern Annular Mode (SAM) in 
late spring to summer (i.e. forecasts initialized in August and November for upcoming spring-
summer seasons) is also better predicted in ACCESS-S1 compared to POAMA (Lim et al., 
2016c).  

 

Figure 6.9  Correlation skill to predict the Nino3 index (i.e. eastern Pacific El Niño/La Niña), the El Niño 
Modoki index (i.e. central Pacific El Niño/La Niña) and the IOD index as a function of forecast 
lead time from the four forecast start dates (1st of February, May, August and November). The 
red line and pink shading indicate ACCESS-S1 ensemble mean forecasts and ensemble 
spread, respectively. The blue line and blue shading indicate POAMA ensemble mean 
forecasts and ensemble spread. 
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The teleconnection of ENSO and the IOD to Victorian rainfall is skilfully simulated in 
ACCESS-S1 during the key winter-spring season when the impacts of ENSO/IOD are greatest 
(Lim et al., 2016c). However, the relationship of tropical western Indian Ocean SST with the 
IOD in ACCESS-S1 is weaker than that in observations and as simulated by POAMA. 
Furthermore, the tropical rainfall response to SST anomalies in the tropical western Indian 
Ocean is weak, which appears to result in biases in the Rossby wave trains emanating from the 
tropical western Indian Ocean that teleconnects to southern Australian climate.  

Consequently, the teleconnection between tropical western Indian Ocean SST and Victorian 
rainfall is nearly absent in the ACCESS-S1 while it is strong in the observations and POAMA. 
This implies that the skilful simulation of the IOD-Victorian rainfall teleconnection is 
dominantly led by the eastern pole of IOD-Victorian rainfall teleconnection rather than the 
observed co-variation between the eastern and western poles. A similar teleconnection bias is 
also found between the SAM and western Victorian rainfall in late autumn-winter seasons. 
These biases imply that skilful prediction of the IOD and the SAM do not translate into skill in 
predicting Victorian rainfall in ACCESS-S1. In other words, predictive skill of Victorian 
rainfall with ACCESS-S1 could be expected to improve if these misrepresented teleconnections 
could be rectified. 

Prediction of Victorian seasonal climate 

Our analysis suggests that there will be substantial skill improvements in predicting autumn to 
spring Victorian rainfall at lead times up to 3 months from ACCESS-S, especially along and to 
the north of the Dividing Range, compared to POAMA. The improvements are seen for 
predictions of rainfall being above/below median and being in tercile categories with enhanced 
reliability (Figures 6.10, 6.11).  

Furthermore, forecasts for extreme dry and wet conditions (above the top quintile and below the 
bottom quintile) are more skilful in ACCESS-S1 with better spatial coverage at lead times up to 
3 months when forecasts are initialised in February, August and November (e.g. Figure 6.14 left 
panels). However, predicting summer and autumn rainfall at short lead times with ACCESS-S1 
appears to be less skilful than with POAMA (Figure 6.10 top left and bottom right panels). We 
found substantial improvements in predicting minimum temperature (Tmin) for both median 
and tercile thresholds over Victoria for forecasts initialised in February, August and November 
(Figure 6.12). ACCESS-S1 also demonstrates superior performance to POAMA in predicting 
extreme Tmin being above (below) the top (bottom) quintile for spring and summer seasons 
from forecasts initialized on the 1st August and November (e.g. Figure 6.14 middle panels). 
However, skill in predicting Tmin from the 1st of May is low in both ACCESS-S1 and POAMA, 
which requires further investigation (Figure 6.12).  

While ACCESS-S1 offers some noticeable improvements in predicting Victorian rainfall and 
Tmin compared to POAMA, the overall skill of ACCESS-S1 in predicting maximum 
temperature (Tmax) is similar to or slightly lower than POAMA (Figure 6.13). This possibly 
stems from initializing ACCESS-S1 with climatological soil moisture, which will be overcome 
in ACCESS-S2. Nonetheless, extreme Tmax appears to be better predicted by ACCESS-S1 with 
higher accuracy and reliability for the spring and summer seasons at short lead times of 0-1 
months (e.g. Figure 6.14 right panels) and for the autumn season at longer lead times up to 3 
months.  
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Figure 6.10  Proportion Correct (PC) of predicting rainfall above/below the median. PC of climatological 
forecast is 0.5, and therefore PC greater than 0.55 is considered to be a skilful forecast in 
this verification. Left and right panels of each subfigure show PCs of the ACCESS-S1 and 
POAMA forecasts, respectively. 
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Figure 6.11  Reliability Diagram of probabilistic forecasts to predict rainfall above/below the median at 
lead time 0 (upper panels) and 3 month (lower panels) at the four different forecast start 
times 

 

LT 0 

February May Start 

August Start November Start 

LT 3 

February May Start 

August Start November Start 
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Figure 6.12  Proportion Correct (PC) of predicting Tmin above/below the median. PC of climatological 
forecast is 0.5, and therefore PC greater than 0.55 is considered to be a skilful forecast in 
this verification. Left and right panels of each subfigure show PCs of the ACCESS-S1 and 
POAMA forecasts, respectively. 
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Figure 6.13  The same as figure 6.12 except for predicting Tmax 
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Figure 6.14  The ACCESS-S1’s Proportion Correct of August initialised forecasts for rainfall 
(left), Tmin (middle) and Tmax (right) being above and below the top and bottom 
quintile thresholds, respectively, at 0 (top) to 4 month (bottom) lead times.  

6.6 Conclusions, program review and future perspectives 

In Activity 1, we have investigated variations of the relation between ENSO and the IOD and 
resultant changes in the predictability of the IOD and south-eastern Australian (SEA) springtime 
rainfall over the past 35 years. This period encompasses a swing in the IPO from its warm phase 
in the 1980s-90s to the cold phase in the 2000s. Using observational analyses, we have shown 
that during the warm phase of the IPO in the 1980s-90s, the amplitudes of ENSO and the IOD 
were large, and the correlation between them was high; thus predictability of the IOD was high 
because predictability of ENSO is typically much greater than the IOD. Nevertheless, during 
these decades SEA spring rainfall was only weakly related to ENSO and the IOD, and therefore 
predictability of SEA rainfall was low. In contrast, during the cold phase of the IPO in the 
2000s, the opposite was found: ENSO and the IOD were weaker and the IOD occurred more 
independently from ENSO, so the IOD was less predictable. Nonetheless, SEA spring rainfall 
was more strongly related to ENSO and the IOD, and therefore SEA rainfall was more 
predictable in the 2000s than in the 1980s-90s. The cause of this decadal variation in the 
relationship of SEA rainfall with ENSO and the IOD between the recent warm and cold states 
of the IPO appears to be a systematic zonal shift in the pattern of the rainfall anomalies in the 
tropical Indo-Pacific associated with the IOD and ENSO, hence causing changes in the Rossby 
wave train path over Australia.  

In Activity 2, we have evaluated the anticipated skill of the ACCESS-S1 system, the Bureau of 
Meteorology’s next generation sub-seasonal to seasonal climate forecast system, for predicting 
Victorian climate and associated large-scale climate drivers. This new system has state-of-the 
art features such as high horizontal and vertical resolution for atmosphere, land and ocean 
component models and improved physics parameterisation schemes and represents an enormous 
upgrade compared to the current POAMA system. For example, Victoria is resolved by only 13 
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grids of 250 km by 250 km in POAMA whereas it is resolved by 148 grids of 60 km by 60 km 
in ACCESS-S1, which allows for distinctive climate forecasts over the south-west and south-
east districts of Victoria, along the coastal regions and over the western and eastern sides of the 
Great Dividing Range.  

11 member ensemble forecasts for 1990-2011 from both ACCESS-S1 and POAMA were 
analysed and compared. Evaluation of the ACCESS-S1 forecasts and comparison of their skill 
to those from POAMA has shown a range of improvements for ACCESS-S1 which can be 
summarised by i) reduced mean climate bias; ii) improved prediction of the early stages of the 
development of ENSO and the IOD; iii) improved prediction of Victorian rainfall for late 
autumn to spring at lead times up to 3 months; iv) improved prediction of Victorian Tmin 
except for the prediction initialised in the beginning of May; and v) improved prediction of 
extreme climate conditions (rainfall and temperature) in spring to summer at short lead times of 
0-1 months.  

However, our investigation shows that there is still a large scope for the ACCESS-S system to 
improve regarding the depiction of the strength of the IOD and teleconnections of large-scale 
drivers to Victorian climate. Thus, future research to improve forecast skill for rainfall and 
temperature over Victoria should address the sources of these forecast biases. For instance, 
McIntosh and Hendon (2016) showed that teleconnection from the IOD to Victorian climate is 
determined by the details of the Rossby wave source in the tropical Indian Ocean and the 
detailed interaction of the excited Rossby wave with the subtropical and eddy-driven jets.  
Assessing the realism of the simulated Rossby wave source over the tropical Indian Ocean and 
interaction of the Rossby wave train with the subtropical jet will be a good starting point to 
understand the model’s IOD teleconnection bias. Also, we are running experimental hindcasts 
initialised with realistic land surface conditions (in comparison to the current hindcasts that are 
initialised with climatological land conditions), which will shed some light on the impact of 
land initial conditions on the skill in predicting sub-seasonal to seasonal climate of Victoria.  
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7. PROJECT 2 & 4: UNDERSTANDING THE MEAN 
MERIDIONAL CIRCULATION AND ITS RELEVANCE TO 
VICTORIA  

Hanh Nguyen, Eun-Pa Lim, Harry Hendon and Maggie Zhao 

R&D Branch, Bureau of Meteorology 

7.1 Key findings 

 A new technique capable of diagnosing regional mean estimates of the HC extent reveals 
that the Asia-Pacific sector is the key region driving the variability of the hemispheric-
average HC. 
 

 An expanded Asia-Pacific sector HC is associated with La Niña conditions, negative IOD, 
high SAM and increased rainfall in the Indian Ocean-Maritime Continent region.  

 

 The extent of the HC in the South American sector correlates with the full hemispheric HC 
in May to July, but the association is reversed in spring. Similar behaviour is noted in the 
African sector, but the switch to negative values is later in the year and the correlations do 
not reach a significance level.  
 

 The local expression of an expanded HC in the Asia-Pacific sector is a cyclonic anomaly 
covering most of Australia, which reflects a classical localised response to warmer SSTs 
with increased rainfall in the Indian Ocean-Maritime Continent region. 

 
 The Asia-Pacific sector HC has been expanding in all seasons over the last 36 years (1979-

2014). The expansion is significant in all seasons except spring and always larger than the 
hemispheric expansion. The additional signature in the regional expansion compared to the 
hemispheric is largest in winter and spring, consistent with the annual cycle of the modes of 
variability identified as driving that regional expansion. 

 
 As part of SEACI it was established that for trends computed over the last 30 years, both 

regional and hemispheric measures of the STR showed intensification and a poleward shift 
while the HC was expanding. But the regional analysis shows that at least in the Asia-
Pacific sector, the relationship between the HC expansion and the STR intensification and 
shift poleward on long-term trends is not explained by mechanisms associated with year to 
year variability, at least in annual means.  

 

 While for summer, there is some statistically significant indication that local STR poleward 
shift relates to regional HC expansion, the only significant results for STR intensity is a 
weakening of the local STR in late autumn-early winter in response to the regional HC 
expansion. It is likely that this local mechanism is being opposed by a global mechanism as 
this signature disappears when the hemispheric HC expansion is considered. As the strength 
of this regional analysis is to explain how modes of inter-annual variability impact the HC 
regionally, no additional insight has been gained on the global mechanism relating HC 
expansion and STR intensification.  
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 Model sensitivity experiments suggest cold IPO conditions, such as occurred from 1999-
2014, promote high SAM and an expanded HC in the Asia-Pacific sector. So part of the 
step change in the HC extent in the Asia-Pacific sector that occurred around 1998 can be 
attributed to the swing to the cold IPO at that time. However as the model failed to simulate 
the observed hemispheric HC expansion, it cannot be the sole explanation for the overall 
HC hemispheric expansion.  

7.2 Background 

Based on observational and reanalysis data, we previously identified that tropical expansion was 
regionally variable, with the largest expansion seen over Australia-New Zealand and Asia 
(referred to as the Asia-Pacific sector). Preliminary assessments indicate that some of this 
expansion occurs in association with the decadal variability of tropical and extra-tropical SST. It 
is also possible that tropical SST decadal variability is in response to extra-tropical SSTs.  

7.3 Objectives 

3. Activity 1: Further investigate the seasonal and decadal variability of the regional Hadley 
circulation over the Asia-Pacific sector 

4. Activity 2: Investigate the role of the SST in the variability of the regional meridional 
circulation over the Asia-Pacific sector 

7.4 Activity 1: Seasonal and decadal variability of the regional 
Hadley circulation in the Southern Hemisphere  

Last year we showed that most of the hemispheric Hadley circulation expansion is dominated 
by the expansion in the Asia-Pacific sector. Here we further demonstrate their co-variability. 
This is shown by means of correlation coefficients applied on the seasonal and annual mean HC 
indices in Figure 7.1a. Seasonal correlation between the latitudinal extent of the hemispheric 
HC and the Asia-Pacific HC (HEAUS) is strongly positive year round. Note that the Asia-Pacific 
sector is called the Australian sector when referring to only the Southern Hemisphere 
component. This is in stark contrast with the correlations between the hemispheric HC and the 
other two sector’s HCs (Africa and South America), which are positive during the cold seasons 
and negative during the warm seasons.  

More evidence of the dominance of the hemispheric HC variability by the Asia-Pacific sector is 
demonstrated by correlations between the HCs and the principal modes of large scale climate 
variability in the Southern Hemisphere (Figure 7.1, panels b, c and d). The modes of variability 
considered here are the ENSO (Nino3.4), the IOD (DMI) and the SAM indices. For all three 
modes, the seasonal variation of the correlation coefficient with the hemispheric HC is similar 
to those with the Asia-Pacific HC, which is in contrast to South America and Africa that have 
opposite correlation during the warm seasons. In particular, a significant correlation is obtained 
throughout the seasons between an expanded HC in the Asia-Pacific sector and La Niña 
conditions in the tropics. In spring, La Niña promotes an expanded HC in the Asia-Pacific 
sector but a contracted HC in the South America and African sectors. A positive correlation is 
found between the Asia-Pacific HC and the SAM, while the correlation of the SAM with the 
South American and African HCs is negative. These correlation relationships suggest that 
during spring an expanded HC (hemispherically and in the Asia-Pacific sector) is associated 
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with a La Niña condition, negative IOD and high SAM while an expanded HC in the South 
American and African sectors is associated with El Niño, positive IOD and low SAM. 
Compensation effects at a regional scale highlight the importance of understanding regional 
impacts of the tropical expansion that has occurred since 1979.    

 
 

 

Figure 7.1 Seasonal and annual mean correlation between the Southern Hemisphere hemispheric and 
regional Hadley Circulation Extent (HE)s an between the HEs (top panel, ‘a’) and various 
large scale modes of variability (ENSO ‘b’, IOD ‘c’ and SAM ‘d’). The horizontal grey dashed 
lines indicate the 90, 95 and 99 per cent significant levels. Note that Aus refers to the 
‘Australian sector’ which is analogous to the Southern Hemisphere component of the full Asia-
Pacific sector described earlier. 

Trends in tropical expansion robustly observed in various metrics in the literature have been 
referred to as hemispheric (zonal mean) tropical expansion, as also seen in the hemispheric 
Hadley circulation. Here we show that this expansion over the past 36 years (1979-2014) is 
dominated by the expansion in the Asia-Pacific sector (Figure 7.2). Indeed the seasonal trends 
in Figure 7.2 show a consistently expanding HC trend for the Asia-Pacific sector, in all seasons 
larger than the hemispheric expansion all year around and reaching statistically significant for 
all 3 months periods apart from SON; thus extending the statistical significance and magnitude 
of the signal relative to the hemispheric signal for the late part of the cool season (from JAS to 
OND).  

In contrast the other 2 regional sectors display more erratic signals with large trends in some 
seasons (i.e. a very large contraction in summer in the South America sector and a large 
expansion in Africa sector in spring). It is worth remembering that the identification of the HC 
regionally is at times more difficult for these two sectors compared to the Asia-Pacific sector 
and the hemispheric HC, thus explaining the lack of significance of the result even when the 
magnitude is large, due to high inter-annual variability.  
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A further step is to relate the expansion of the HC globally and regionally to the regional 
climate. A meaningful approach is to use the local STR which was used extensively in SEACI 
and found to relate closely to rainfall across SEA (Timbal and Drosdowsky, 2013).  

Figure 7.2  Seasonal and annual trends of the HEs. Trend values statistically significant at the 90 per 
cent level are marked by an asterisk.  

In the annual mean, there are no meaningful relationships between the local STR over SEA 
longitudes and either the hemispheric or regional HC. All correlations coefficients are +/- 0.2 or 
less (Figure 7.3, annual mean results are displayed on the far right of each panel).  

 

Figure 7.3  Seasonal and annual correlation between the local (SEA) STR and the hemispheric      (left 
panel) and Australian sector (right panel) HE expansion. Values statistically significant at the 
90 per cent are marked by an asterisk.  

At the seasonal timescale, some statistically significant correlation coefficients emerge. For 
example, in JFM (coinciding with the most poleward STR all year around) a positive correlation 
exists for the position of the STR with the hemispheric HC. This is further extended to February 
to May when the regional HC is considered (Figure 7.3: right panel versus left panel) suggesting 
than the poleward displacement of the STR in relation to an expansion of the HC is more tightly 
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linked to what is happening in term of HC expansion in the Australian region. When it comes to 
the intensity of the STR, while earlier results in SEACI (CSIRO, 2012) showed that the 
hemispheric intensification of the STR was linked to the expansion of the HC on long time-
scales, that relationship disappears completely on an inter-annual time-scale for the local STR 
when the hemispheric HC is considered (Figure 7.3, left panel). It is even replaced by a slightly 
negative relationship (i.e. HC expansion equal to a weakening of the STR) when the Australian 
sector HC only is considered (Figure 7.3, right panel) with the relationship being only 
significant in May-June. On face value, that analysis reveals that for the local STR, the overall 
hemispheric relationship between an expansion of the HC and a strengthening of the STR is 
nullified by a component driven by the regional HC expansion leading to a weaker STR which 
is consistent with the mechanism described in last year annual report (Hope et al., 2015). 

7.5 Activity 2: Role of the IPO mean state on the regional 
Hadley circulation  

Here we investigate the cause of the abrupt change around 1998 in the HC extent 
hemispherically and more marked in the Asia-Pacific sector (Figure 7.4).  

We use the POAMA2.4 coupled model seasonal prediction system which consists of a coupled 
model and data assimilation/initialisation systems (Zhao et al., 2016). A 10-member ensemble is 
initialised with observed ocean/atmosphere states on 1st of each month for the period 1981-
2010 (referred to as control hindcasts). This period of the hindcasts covers the swing in the IPO 
from a warm to a cold phase around ~1997/98. Two experiments with altered mean states 
(background climate) were rerun whereby the mean climate for the cold IPO state (2000-2010) 
was added to the initial conditions of forecasts in the earlier warm phase of the IPO (1985-1995) 
and vice versa: 

1. Hindcasts initialised in the cold IPO period (2000-2010) rerun with warm IPO background 
climate (ms85-95) 

2. Hindcasts initialised in the warm IPO period (1985-1995) rerun with cold IPO background 
climate (ms00-10) 

Initialising the hindcasts, in the cold IPO period, with the warm IPO background climate results 
in increasing Nino3.4 amplitude and vice versa for the hindcasts in the warm IPO period. Here 
we want to verify whether the recent cold IPO have contributed to the HC expansion.   

The HC was computed for each experiment and the results were compared with the ERAI 
reanalysis. Figure 7.4 shows the annual mean latitudinal extent of the HC (HE) for the Asia-
Pacific sector. The modelled HE from all three experiments are too narrow compared to the 
ERAI, with mean values around 3 degrees equatorward. However, interannual variability is 
relatively well simulated, including the abrupt change around 1998 for the Asia-Pacific sector. 
A persistent poleward expansion of the HC is found for the hindcasts during the warm IPO state 
(1985-1995) but initialised with the cold IPO background climate (2000-2010).   
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Figure 7.4  Annual mean HC extent (HE, expressed in degree of latitude) for the hemispheric (top) and 
Australian sector (bottom) from ERAI reanalysis from 1979 to 2014 (solid line) and from 
POAMA experiments (dashed lines; see text for details on the experiments). 

This result is consistent with our hypothesis that cold IPO acts to promote an expanded HC. 
Figure 7.5 offers a mechanism explaining the contribution of IPO to the HC expansion. The top 
left panel shows the difference of MSLP forecast climatology between the control run and the 
experiment run for the earlier 11 years (i.e. 1985-1995 hindcasts with the warm IPO background 
climate (control) minus those with the cold IPO background climate (experiment)). The top 
right panel shows the same except for the later 11 years (i.e. 2000-2010 hindcasts with the cold 
IPO background climate (control) minus those with the warm IPO background climate 
(experiment)).  

The bottom left panel shows the difference of MSLP control forecast climatology between the 
two 11 year periods. The bottom right panel shows the difference of MSLP forecast climatology 
between the cold IPO background climate experiment and the warm IPO background climate 
experiment. The response to the cold IPO background climate in both earlier and later 11 year 
periods in the control minus experiments and in the later minus earlier 11 years in the control 
run is a high SAM-like mean change in the pressure field. The SAM-like pattern, promoted by 
the cold-IPO background state, is strongest at the Asia-Pacific longitudes 



VICTORIA CLIMATE INITIATIVE FINAL ANNUAL REPORT 2015-16 

 

 

85 
 

 

Figure 7.5  POAMA ensemble mean annual mean MSLP differences showing: control minus 
experiment for 1985-1995 (i.e. 1985-1995 forecasts with the warm IPO background 
climate minus 1985-1995 forecasts with the cold IPO background climate, top left), control 
minus experiment for 2000-2010 (i.e. 2000-2010 forecasts with the cold IPO background 
climate minus 2000-2010 forecasts with the warm IPO background climate, top right), the 
difference in control hindcasts between 2000-2010 and 1985-1995 (bottom left) and 
experiment for 1985-1995 minus experiment for 2000-2010 (bottom right).  

 

Figure 7.6  ERAI annual mean MSLP difference between the period 2000 to 2010 and the period 1985 to 
1995. 

Note however that this high SAM-like pattern in POAMA is stronger than in ERAI (Figure 7.6). 
While looking like the POAMA ensemble response, the ERAI MSLP anomalies are markedly 
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different in the Australian sector where the positive trend is much further poleward (south of 60 
°S in ERAI as opposed to around 45 °S, in POAMA) effectively a reversal of the POAMA 
response in the vicinity of SEA. The associated changes in the annual mean HCs are shown in 
Figure 7.7.  

Both the hemispheric and the Asia-Pacific sectors are shown here. Starting with the CTL 
anomalies, only the Asia-Pacific sector shows an expanded HC amongst all ten members and 
which are of comparable amplitude to the ERAI. This is consistent with the high SAM pattern 
in the sector (Figure 7.5) promoting HC expansion. The cold minus warm IPO climate 
background experiment anomalies also shows an expanded HC in the Asia-Pacific sector, 
similarly to the CTL anomalies. In the swapped-background climate experiments, the HE trend 
for the Asia-Pacific sector shows expansion under cold IPO and contraction under warm IPO 
conditions. Note however that the HC expansion in the cold IPO experiment is smaller than in 
the CTL. These results suggest that SST forced response (as indicated by the POAMA 
differences) is Asia-Pacific HC expansion and cold IPO/high SAM circulation pattern. 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.7  POAMA hemispheric and regional HC extent annual mean anomalies showing (from left to 
right) impact of warm IPO, impact of cold IPO, the difference in control hindcasts (indicative of 
cold IPO) and the difference in the cold minus warm IPO impact (with the same differences as 
defined in Figure 7.5). The dots represent the number of experiments (10 plus one ensemble 
mean). The red crosses in the two rightmost ensembles are the values derived from ERAI.    

7.6 Conclusions, program review and future perspectives 

Activity 1 is a follow up from last year’s decomposition of the hemispheric (zonal mean) HC 
into three regional HC in the Southern Hemisphere: Asia-Pacific, South America and Africa. 
Interannual variability of the HC latitudinal extent confirms the dominance of the hemispheric 
HC by the Asia-Pacific sector and suggests teleconnection of the HC with tropical and 
extratropical modes of variability. In particular for the Asia-Pacific sector, an expanded HC is 
associated with La Niña conditions, negative IOD and high SAM.   
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Long term trends computed over the last 36 years (1979-2014) also show the co-variability of 
the seasonal trends for the hemispheric and Australian sector HEs, with expansion throughout 
the year. However, little relationship is found between the southern hemisphere HC expansion 
and the local STR intensification and poleward shift and when only the regional HC is 
considered, the relationship while weak, tends to oppose the global relationship found during 
SEACI between HC expansion and STR intensification. This is in agreement with previous 
findings that while a strong link is found between SEA drying trends and STR intensification 
locally, an expanded regional HE is more likely to be associated with a weaker STR and wetter 
conditions in the tropical latitudes of Australia, although this signal does not appear to extend 
all the way across to Victoria.   

Activity 2 was focused on the mechanism behind tropical expansion and causes of regional 
variability. The POAMA seasonal forecast model was used, with experimental set-ups as 
reported in Zhao et al. (2016). These experiments were designed to highlight the impact of the 
swing to the cold IPO around 1997/98. Results from these model experiments suggest that a 
swing to cold IPO results in a change towards a high SAM. This change in turn promotes the 
HC expansion in the Asia-Pacific sector (Lim et al., 2016). La Niña acts to promote high SAM 
by shifting the low latitude critical line for wave breaking poleward.     

This result offers a hypothesis as to why models have underestimated the tropical expansion 
observed during the historical period: a part of this observed expansion has been driven by a 
recent transition to more La Niña-like SSTs (swing to cold IPO), a transition which is not 
captured in un-initialized historical climate model simulations.   

However, as the ensemble mean of future model projections of pattern of SST warming tends to 
be more El Niño like, it is unlikely that the mechanism describe will contribute to drive the 
future HC expansion projected by climate models, if anything it is likely to reduce for the 
Australian sector the overall HC expansion expected in conjunction with projected high SAM. 
This change towards a high SAM-like mean state and associated drying over the southern part 
of Australia in winter and compensated by a wetting across most of the continent in summer, is 
simulated as one of the most robust signals of the future climate due to increasing greenhouse 
gases. However, it is largely uncertain whether wetter conditions over northern Australia with 
an expanded HC, which is largely driven by La Niña conditions in the present climate, may 
eventuate in a future climate. The regional particularities of an expanded HC in the future 
climate as a result of increased greenhouse gases will therefore require appropriate 
examinations which were not undertaken during VicCI. 
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8. PROJECT 3: UNDERSTANDING SUBTROPICAL-
EXTRATROPICAL INTERACTIONS AND THEIR 
RELEVANCE TO VICTORIA 

Harry Hendon, Eun-Pa Lim and Chris Lucas 

R& D Branch, Bureau of Meteorology 

8.1 Key findings 

 An analysis of the mean meridional circulation in isentropic coordinates provides a novel 
perspective on the circulation of the Southern Hemisphere and its changes. It describes 
motion associated with the classic HC: strong upwards vertical motion near the equator 
associated with deep convection in the Intertropical Convergence Zone (ITCZ), and 
downward motion in the subtropics (15-35°) due to radiative cooling. At higher latitudes the 
view is very different from the usual three-cell isobaric view, and the polar front is evident, 
a region that is key to understanding the variability of the mid-latitude weather systems that 
influence Victoria.  

 Thus, changes in both the southern hemisphere HC edge and polar front circulation are 
identified from the analysis. The HC edge in this view is moving poleward in all seasons 
but spring and shows increased downward mass transport (i.e. stronger radiative cooling) in 
all seasons.  

 During the warmer seasons, the position of the HC edge is linked to various modes of 
variability, including SAM and ENSO, but most of the trend in these seasons is related to 
low-frequency changes in SST, the IPO. Residual trends not explained by climate 
variability are observed in MAM and JJA, and could be linked with the global warming 
trend. 

 The trends in radiative cooling show no relationship with climate variability.  

 The upward portion of the polar front, between about 20 and 40 °S, weakened strongly from 
approximately 1998 to 2010 in all seasons. This shift was found to be entirely consistent 
with the change in the IPO at this time. 

 The robust positive trend in the SAM that is projected to increase during the 21st century 
under the RCP8.5 scenario results in rainfall decreases in the midlatitudes and increases in 
the high latitudes in the SH. This SAM trend also increases rainfall over the SH subtropics 
in summer but results in a pronounced poleward expansion of the subtropical dry zone in 
winter. Victoria, which is situated between 34 and 38°S, lies at the border of the subtropics 
and the midlatitudes and its rainfall variability is therefore affected by changes in 
subtropical vertical motion and also in the north-south shift of the mid-latitude storm track, 
both of which are associated with variations in SAM. Accordingly, Victoria is anticipated to 
be wetter during summer but drier during winter in response to the projected SAM trend. 
However, the limited ability of the CMIP5 models to simulate the SAM’s relationship with 
ENSO limits confidence in the projected rainfall changes in spring when this link between 
SAM and ENSO is strongest. 
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 The mechanisms for the apparent Rossby wave train emanating from the Indian Ocean 
during IOD and ENSO events, which acts to perturb Victorian climate, have been 
diagnosed. It involves a complex combination of traditional divergence (convective) forcing 
in the tropics and transient eddy-mean flow interaction modulated by the presence of the 
subtropical jet across Australia. These finding highlights challenges for seasonal prediction 
and projection of Victorian climate due to the challenge of properly predicting not only 
convective variability in the tropical Indian Ocean but also the eddy driven jet to the south 
and west of Australia and the subtropical jet at Australian longitudes. 

8.2 Background 

The focus in year 1 and 2 of Project 3 on tropical-extratropical interaction was on the role of 
ENSO in forcing variations of the SAM. However, results from Project 1 highlighted the 
important role of the Indian Ocean Dipole for driving variations of climate in SEA, both during 
ENSO and independent of ENSO. The mechanism of this interaction was proposed by Cai et al. 
(2011) to be Rossby wave propagation forced by upper level divergence anomalies resulting 
from tropical rainfall anomalies due to the IOD. However, the details of how the Rossby waves 
are excited and how they propagate towards SEA have not been elucidated. In particular, 
cursory examination of the mean zonal flow in the Australian sector suggests Rossby wave 
propagation across the subtropical jet should be inhibited. Hence, the mechanism for the 
appearance of a continuous wave train from the equatorial eastern Indian Ocean to SEA, which 
results in dry conditions along the Great Dividing Range during a positive IOD event, needs to 
be clarified. These details matter because the IOD is a key source of rainfall variability for SEA, 
so the proper connection between tropics and extra-tropics needs to be simulated for reliable 
rainfall prediction on monthly to seasonal time scales. The teleconnection between the IOD and 
Victorian rainfall as depicted in the new high resolution GC1/GC2 model, which is the basis for 
the new ACCESS-S1 seasonal forecast model at BoM, was also examined, and sources of 
model error identified so as to facilitate improved predictions of regional rainfall in the new 
model. 

8.3 Objectives 

1. An alternate view of the MMC that will provide a different perspective on the 
tropical/extratropical interactions that are critical to understanding the impact of the 
changing MMC on Victorian climate 

2. Gain new insights into the capability required to simulate the tropical-extratropical 
interactions that are important to SEA climate, and therefore, an enhanced understanding of 
future climate projections for SEA climate 

3. Gain new insights into how the IOD affects SEA climate and into the limitations of 
predictive capability of SEA climate as a result of convective/SST variations in the Indian 
Ocean. These insights will also shed light on the limitations of future climate projections, 
which typically show an increase in IOD activity but whose impact in SEA may be 
misrepresented due to biases in Indian Ocean rainfall and in the mean state through which 
the Rossby waves are propagating 
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8.4 Activity 1: Use isentropic analysis to explore tropical-
extratropical interactions within the MMC and their 
relationship to tropical expansion. 

Introduction 

The mean meridional circulation (MMC) is a planetary scale flow that acts to transport solar 
energy received in the equatorial regions towards the higher latitudes. In this process, water 
vapour and its phase transitions are crucial, as are radiative processes. The feedbacks between 
these processes and the resulting dynamics act to produce the characteristics of the MMC. 
Typically, the MMC is represented by the computation of the mass stream function in isobaric 
coordinates (Oort and Yienger, 1996; Nguyen et al., 2013) based on a vertical integration of the 
mean meridional wind. This analysis yields the familiar ‘three-cell’ model of the MMC, 
dominated by the Hadley Cells (HC) in the tropics, with the considerably weaker Ferrel and 
Polar cells in the extra-tropics.  
 
Changes in the MMC – wrought by anthropogenic climate change or natural variability – 
potentially have significant societal impacts. A particular focus over the past 10 years has been 
the idea of tropical expansion or the widening of the Hadley Cell (see Seidel et al., 2008; Lucas 
et al., 2014), which on average results in a poleward displacement of the subtropical dry zones, 
bringing an increased frequency of drought and heat waves to these highly populated areas. 
Analyses of the stream function show the MMC has been changing since 1979, with the 
downward branch of the HC shifting poleward at a rate of 0.5 to 1.0 degrees latitude per decade 
(~50-100 km per decade), with highest rates in the warmer seasons (Hu and Fu, 2007; Nguyen 
et al., 2013). Numerous proxies for the ‘tropical edge’ support this broad claim, including 
tropopause-based metrics from radiosonde data (Seidel and Randel, 2007; Lucas and Nguyen, 
2015) and satellite-based metrics (Fu et al., 2006) amongst others. However, considerable 
differences exist between the various metrics and the rates of expansion determined from them 
(Davis and Rosenlof, 2012), creating uncertainty in the estimates. The attribution of observed 
changes also remains uncertain, with some combination of greenhouse gases (Lu et al., 2007; 
Nguyen et al., 2015), ozone depletion (Polvani et al., 2011; Min and Son, 2013) and aerosol 
forcing (Allen et al., 2014) being prime suspects. The response of the HC to the forcings is 
likely not a purely tropical response, but instead is strongly linked to the extratropical 
circulations (Son et al., 2010). Further, the effects of tropical expansion may be spatially 
regional (Lucas and Nguyen, 2015), with most of the expansion (and presumably the 
subsequent impacts) occurring over smaller areas. Low-frequency variability in the SST with 
time scales of a decade or more may also play a significant role (Grassi et al., 2012; Allen et al., 
2014; Bronnimann et al., 2015). 
 
In this work, tropical expansion and other changes to the MMC will be examined in terms of the 
dry isentropic mass stream function, which uses potential temperature (Ɵ) as a vertical 
coordinate instead of pressure. Townsend and Johnson (1985) examine the differences in the 
view of the MMC between the two systems. In both views a zonally symmetric ‘ageostrophic’ 
component of the circulation centred on the tropics is identified. This results in the familiar 
Hadley Cell overturning circulation. In the isentropic framework, an additional ‘geostrophic’ 
mode of mass transport can be identified. This mode arises from the covariance of meridional 
wind anomalies and variations in mass associated with amplifying baroclinic waves, primarily 
located in the extratropical regions. In a developing trough, warmer air is preferentially 
advected poleward, while at colder temperatures air is preferentially advected equatorward. This 
signature shows up quite clearly in the analyses, creating a vertical circulation in isentropic 
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coordinates. The combination of these two modes in isentropic coordinates creates a complex 
hemisphere-wide circulation that is significant in both the tropics and extra-tropics. Another 
benefit of isentropic analysis is the ability to directly diagnose diabatic heating in the 
atmosphere. In these coordinates, the ‘upward’ transport of mass corresponds to heating and 
vice versa. The ‘vertical’ mass transport value can be easily converted into a heating rate. 
Horizontal flow corresponds to adiabatic motion within the atmosphere. Identification of these 
flows can generate insight into important atmospheric processes. 

Computation of the isentropic MMC 

The isentropic stream function (Ψ) is computed following the methods described in Juckes et al. 
(1994) and Schneider et al. (2006) for the period 1979 through 2015. These methods are briefly 
outlined below. Daily fields of three-dimensional meridional wind and temperature from the 
ERA Interim reanalysis (Dee et al., 2014) are interpolated to a 90-level staggered isentropic 
grid, ranging from 210 to 450 K, a range which incorporates the entire troposphere and portions 
of the lower stratosphere. The key quantity of interest here is the zonally averaged field of the 
meridional mass flux. This requires an estimate of the meridional wind v and the amount of 
mass at a given isentropic level. This latter quantity is called the ‘isentropic density’, and is 
defined by applying the appropriate Jacobian transformation to the ordinary density (Townsend 
and Johnson, 1985). Mathematically, it is given by: 
 

. (1) 

 
In the atmosphere, isentropes often intersect the surface. This can make the computation and 
interpretation of, say, zonal mean quantities difficult. Following Townsend and Johnson (1985) 
and others, the pressure on underground portions of the isentropes is set equal to the surface 
pressure ps, meaning that the isentropic surface is treated as contiguous with the physical 
surface. Hence, there is no mass present in these underground layers and the mass flux in these 
layers is zero. For some quantity Q (meridional velocity), zonal means are computed using a 
mass-weighted mean, defined as 
 
∗ . (2) 

 
The mass-weighted mean is the key property in distinguishing between the isentropic and 
isobaric perspectives. 
 
To identify the MMC, we calculate the isentropic stream function that describes streamlines of 
mass flux/transport within the isentropic coordinate system. The isentropic stream function is 
defined by 
  

Ψ 2 cos , (3) 

	
where the overbar indicates the zonal mean and a is the equatorial radius of Earth.  
 
To identify the ‘full’ isentropic circulation, the procedure described in the previous subsection is 
performed for each daily file. Examined individually, daily fields are quite noisy and can be 
difficult to interpret. To highlight the climate signal, monthly fields are computed by averaging 
all the daily fields within a given month. For the majority of this report, the focus will be on the 
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seasonal means, formed by averaging the monthly data over the ‘typical’ meteorological 
seasons (i.e. December-January-February (DJF), March-April-May (MAM), etc.). 

Decomposing the flow 

Following Tanaka et al. (2004), the circulation can further be deconstructed into ‘steady’ and 
‘transient’ components (or ‘ageostrophic’ and ‘geostrophic’ components in the terminology of 
Townsend and Johnson (1985)). The steady component of the flow measures the contributions 
of the mean flow, an Eulerian viewpoint similar to that described by the isobaric stream 
function. The steady circulation is determined as described in the previous subsection, but uses 
the monthly mean fields from the reanalysis instead of being computed with daily time scales. 
As before, the monthly fields are then averaged over seasons. 
 
The ‘transient’ component of the circulation represents the cumulative effects of shorter term 
phenomena, particularly baroclinic waves in the mid-latitude and extratropical regions. As 
discussed in Townsend and Johnson (1985), this ‘geostrophic’ (or transient) component of the 
flow is due to amplifying waves which transport warm air towards the poles and colder air 
towards the equator. The separation of the flow based on Ɵ allows these features of branches of 
the flow to be distinguished, unlike in a traditional isobaric analysis. The transient flow is 
computed as the difference between the full stream function and the steady stream function. 

Quantifying the MMC components  

To effectively characterize the long-term changes of the MMC, a suitable metric must be 
defined. In previous studies of tropical expansion (Lucas et al., 2014) using the (isobaric) 
stream function, the ‘zero contour’ of the stream function in the subtropical mid-troposphere is 
used as a measurement of the tropical edge. While this simple metric is easy to identify and use, 
it is ultimately arbitrary, possibly subject to high levels of uncertainty (Lucas et al., 2014) and 
of little physical significance. Further, in the isentropic MMC, the zero contour is often not 
continuous throughout the regions of interest; a new metric is needed. 
 
A useful property of the mass stream function (Oort and Yienger, 1996) is that the difference in 
Ψ between any two points is equal to the mass transport normal to the line joining those points. 
Using this property, a more robust metric is defined. The basis for this metric is taking a simple 
difference of Ψ at each latitude along an isentrope. This yields the vertical mass transport as a 
function of latitude, which is proportional to the diabatic heating rate. Figure 8.1 illustrates this 
calculation for the full, steady and transient circulations at ~320 K in DJF 1998.  
 
The basic calculation (thin lines) is noisy; the noise is dampened with a seven-point running 
mean (thick lines). From this smoothed field, large-scale regions of contiguous 
upward/downward vertical motion (i.e. heating/cooling) are identified, illustrated by the red and 
blue shading. For each vertical motion ‘core’, several statistics are derived. These are: 
 

i. Width – the difference in latitude between the beginning and ending of the core;  
ii. Total mass transport – The sum of all mass transport values within a core. This is 

proportional to the heating rate of the core; and 
iii. Position – the mass transport-weighted mean latitude of a given core. 
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Figure 8.1 Latitudinal profiles of vertical mass transport, calculated as the difference in Ψ between 
latitudes, at the 320 K level for DJF. Thin lines are the raw profiles and the thick lines are the 
7-point smoothing. Red and blue shaded areas represent the updraft and downdraft regions 
over which statistics are computed. Shown are the profiles for the full (top), steady (middle) 
and transient (bottom) circulations. 

These statistics are compiled at the closest available isentropes for 10 levels (275, 280, 285, 
290, 295, 300, 310, 320,330, 340 K), where the circulation is defined. The calculations 
performed on the steady and transient circulations are most important for this study. Statistics 
are compiled on a seasonal basis for each of the 37 years in the dataset. 
 



VICTORIA CLIMATE INITIATIVE FINAL ANNUAL REPORT 2015-16 

 

94 
 

The mean isentropic MMC 

Figure 8.2 presents the mean fields of the full, steady and transient Ψ for the period 1979-2015. 
Two seasons, DJF and JJA, are shown. Overall, the full circulation (Figure 8.2, top row) differs 
considerably from the 'three cell' model of the isobaric MMC as depicted in earlier studies (Oort 
and Yienger, 1996; Nguyen et al., 2013). Instead, a circulation with two prominent 'lobes' in 
each hemisphere is seen. Near the equator, strong upwards vertical motion is present; this 
reflects the strong latent heating associated with deep convection in the Intertropical 
Convergence Zone (ITCZ). Heating rates here are calculated at 2-4 K/day. Downward motion is 
present near 15-35° latitude of each hemisphere, reflecting radiative-cooling (peak values 1-2 
K/day) driven subsidence in the subtropics. This circulation in the tropics is analogous to the 
Hadley Cell identified in isobaric coordinates. 
 
 

 

 

 

Figure 8.2  Average full (top), steady (middle) and transient (bottom)  for the period 1979-2015 for the 
solstice seasons, DJF (left) and JJA (right). Abscissa is latitude and ordinate is potential 
temperature (). Flow is counter clockwise around negative (orange and brown) centres and 
clockwise around positive (blue) centres. Heavy red line indicates the average median surface 
. Dashed red lines show the average 10th and 90th percentile surface  and dotted red lines 
are average maximum and minimum surface . Purple line shows the average location of the 
tropopause as a function of latitude. 

Large differences from the three cell model are identified outside of the tropics. In this region, a 
second overturning circulation is observed, with smaller heating and cooling rates and a more 
horizontal quasi-isentropic flow. The mass transport values here are larger than what are seen in 
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the Ferrel and Polar cells in the three-cell model. This circulation pattern represents the polar 
front, a symbiotic result of baroclinic waves and the eddy driven jet stream that is significant for 
understanding extratropical weather systems. As noted in the introduction, this circulation 
shows up strongly because the isentropic circulation captures the ‘geostrophic’ circulation 
linked to amplifying (and mature) baroclinic waves (Townsend and Johnson, 1985). The two 
lobes are linked by flow near the surface. Colder (below median temperature) air transits 
equatorward, while warmer air moves poleward; these flows are heated/cooled by surface 
processes. Together, the components create a single meridional circulation that encompasses the 
entire hemisphere. The overall circulation is weaker in the respective summer season of each 
hemisphere. 
 
The HC is the dominant feature of the steady circulation (Figure 8.2, middle row). It shows 
similar strength and variability as that defined in the full circulation. In the SH in particular, are 
the Ferrel and Polar Cell equivalents; these circulations are quite weak. Despite the similarities, 
the match with the isobaric circulation is not exact. In the NH, the steady circulation in the 
tropics shows some of Asian monsoon feature during JJA, although not as extensively as in the 
full circulation. The steady circulation also shows some of the ‘bridge’ between the tropical and 
extratropical flows. In the SH, the linkage is either weak or ‘not quite there’. In the NH, the 
linkage between tropics and extra-tropics, along with the ‘polar front’ circulation, during DJF 
(winter) is strong and the flow bears some resemblance to the ‘full’ circulation. In the NH, 
surface orography is known to be an important source of wave activity. 
 
The primary features of the transient circulation (Figure 8.2, bottom row) during all seasons are 
two deep overturning cells centred in the mid-latitudes. These cells have a broad rising branch 
in the subtropics, centred near 30° latitude, but extending from approximately 15-45° latitude. 
These represent the cumulative effects of wave activity in the mid-latitudes, including the 
‘storm track’. The sinking branch of the transient circulation is similarly broad and found in the 
polar regions, centred near 60-65° latitude for much of the year. These cells are strongest during 
the winter and weakest during summer, but remain reasonably well defined throughout the year. 
The circulations are comparatively stronger in the SH. Deeper in the tropics, there are weak 
cells that rotate in the opposite sense to the HC; the ‘steady’ HC is generally more intense than 
the ‘full’ HC. During JJA, the opposite HC is comparatively enhanced as a result of the Asian 
monsoon circulation. 
 
Using Figures 8.1 and 8.2, there are seven important components of the isentropic MMC that 
can be identified. From the steady circulation (Figure 8.1 middle), the ITCZ, the region of 
upward mass flux near the equator is key. Adjacent to the ITCZ in each hemisphere are the 
downward/cooling cores associated with the Hadley Cell edge, centred between roughly 20 and 
40 degrees in each hemisphere. From the transient circulation (Figure 8.1 bottom), the primary 
upward and downward motion cores in each hemisphere are examined; these are referred to by 
the particular hemisphere plus transient upward or downward branch. The results presented 
below in this report focus on two of those branches: the Southern Hemisphere HC edge and the 
SH transient updraft. For the HC edge, statistics from the 320 K level will be used. In these 
regions, this isentropic surface is found in the mid-troposphere at approximately between the 
400-600 hPa levels. The transient circulations tend to be strongest and most cleanly defined in 
the lower troposphere. Hence, for the transient upward branches, the 295-300 K surfaces will be 
used. For the transient downward branches, the 275-280 K surfaces are considered. This is 
approximately between the 700-900 hPa levels in most circumstances.  
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Trends in the Southern Hemisphere MMC 
 

 

 

Figure 8.3  Time series of position (top) and mass transport (bottom) for the SH HC edge (or Steady state 
Southern Hemisphere Descending (SSHD) branch) along the 320 K isentrope. Time series for 
all seasons shown (red=DJF, brown=MAM, blue=JJA, green =SON). Dashed line is the trend.  

Figure 8.3 presents seasonal time series plots of position and total mass transport for the SH HC 
edge. Table 8.1 provides a summary of the trends and their statistical significance. In the SH, 
statistically significant poleward movement of the HC edge (i.e. tropical expansion) is observed 
during all seasons except SON, although only at the 90 per cent level during JJA. Where 
significant, the rate of expansion varies between 0.25 and 0.56 degrees/decade. Examining other 
levels (not shown), HC expansion appears to be primarily a mid- to upper-tropospheric 
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phenomenon. Accompanying the changes in position are generally statistically significant (at 90 
per cent in some cases) negative trends in total mass transport in the mid and upper troposphere.  
 
Component variable DJF MAM JJA SON 
SH HC 
(320K) 

position -0.38±0.34 -0.56±0.30 -0.23±0.24 -0.03±0.28 
mass transport -2.24±2.53 -2.89±2.73 -3.53±4.67 -5.79±3.04 
width -0.14±0.42 -0.21±0.70 0.25±1.10 0.49±0.94 

SH transient 
updraft 
(300K) 

position 0.14±0.35 0.27±0.25 0.37±0.25 0.37±0.44 
mass transport -2.65±2.83 -2.60±2.82 -5.07±3.54 -2.31±3.76 
width 0.50±0.81 -1.01±0.97 -0.06±1.01 -0.56±0.81 

 

Table 8.1 Trends and 2-sigma confidence intervals for the SH MMC components. Bold indicates statistical 
significance at the 95 per cent level; italics at the 90 per cent level. 

 

 

Figure 8.4  As in Figure 8.3, except for the SH transient updraft. 
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The sign of the trend indicates that radiative cooling in the downward branch of the SH HC is 
becoming stronger over the 37 years analysed. Trends in SON mass transport are particularly 
strong, despite there being no change in position. No statistically significant trends in width are 
identified for the SH HC. 
 
Figure 8.4 presents seasonal time series plots of position and total mass transport for the SH 
transient updraft with Table 8.1 also summarizing the trends of the 300 K circulation.  
 
Significant trends in position (Figure 8.4 top) are noted at 300 K during MAM and JJA, with 90 
per cent statistically significant trends during SON. These trends are positive, indicating 
movement towards the equator in the SH. Trends in mass transport at 300 K (Figure 8.4 bottom) 
are negative, reaching 90 per cent significance in DJF, MAM and JJA. In SON, the value is also 
strongly negative but not statistically significant. Values are largest during JJA. Weakening 
trends indicate a reduction in the diabatic heating of the SH transient (polar front) circulation. 
These substantial negative trend values are seen throughout the lower-to mid-troposphere. There 
are no trends in the transient updraft width identified. 
 
The behaviour of the SH transient updraft is more complex than what is suggested by the 
statistics. As is seen with Figure 8.4, the overall trend of the mass transport is negative, but 
there is considerable decadal variability in that metric during all seasons. From the start of the 
period (1979) until around 1996-7, the mass transport is quasi-steady, with variability generally 
within one standard deviation of the 1979-1997 mean. From 1997/8 until about 2002, the mass 
transport shows an abrupt, strong decline, followed by a gradual recovery to near its original 
value by 2010; values were again below the one standard deviation level of the earlier mean 
during several periods of 2013 and 2014.  
 
 

 

Figure 8.5  Composite vertical mass transport latitudinal profiles for the ‘normal’ (blue) and ‘low’ (red) 
periods as explained in text. 

To highlight the differences in the transient updraft, composites of the ‘normal’ and ‘low’ mass 
transport profiles for JJA transient Y field are shown in Figure 8.5. The mass transport profiles 
are largely similar over most of the globe, with the exception being in the SH transient 
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circulations. The transient updraft is located between 15-45°S. The overall location is nearly 
identical in both composites, but there are differences in the upward mass transport between 20-
40°S, where the ‘low’ period is about 13-15 per cent weaker than the ‘normal’ years. This 
indicates that the reduction is mass transport from 1998-2010 is associated with a decrease in 
strength in subtropical portion of the transient/polar front circulation. The loss of this more 
poleward mass flux results in the apparent equatorward trend; the location of the mean heating 
of the transient updraft is changing, but its absolute position on the globe remain fixed. 

Role of Climate Variability 

To estimate the influence that natural climate variability has on the individual components of 
the MMC, a partial correlation/regression analysis analogous to that presented in Lucas and 
Nguyen (2015) is performed. Here, the effects of six climate modes are examined: ENSO, 
SAM, the Pacific North America pattern (PNA), the North Atlantic Oscillation (NAO), the 
Atlantic Multidecadal Oscillation (AMO) and the IPO. Briefly, detrended time series of these 
indices are partially correlated/regressed with the detrended time series of the components of 
the MMC, giving insight into the individual contribution of a given climate mode to the 
interannual variability of the MMC. Climate modes often have real or apparent trends over the 
1979-2015 period examined. With the (significant) partial regression coefficients, the effects of 
these trends in the climate mode time series can be removed from the observed MMC trends, 
thereby providing an estimate of how much of the change in the MMC is due to a particular 
mode of variability. 
 
For the SH HC edge, the primary influences are SAM and ENSO. High SAM acts to shift the 
edge poleward, increase the downward mass flux and increase the width of the HC in nearly all 
seasons. The effects of SAM are largest in the lower- and mid-troposphere. ENSO acts to shift 
the edge poleward during La Niña during all seasons, while the HC downward mass flux 
increases during El Niño during SON and DJF. All MEI effects are strongest in the mid- and 
upper-troposphere. The IPO appears to be important for downward mass flux during JJA with 
stronger flow during the warm phase. Teleconnections appear to affect the trends most strongly 
during DJF and MAM, with the IPO and AMO, respectively accounting for 30-80 per cent of 
the trend, by far the largest component. The effect of teleconnections is particularly strong in 
DJF, accounting for the entirety of the trend (and then some…). Residual expansion trends of 
about 0.2 degrees per decade are observed in MAM and JJA after climate effects are removed. 
 
For the SH transient updraft, the IPO appears to be the dominant mode of climate variability, 
where such connections exist. Overall, the correlations with position are weak. During DJF, the 
transient updraft is further equatorward in El Niño. During MAM, the transient updraft is 
further equatorward during warm phases of the IPO in the mid troposphere. During JJA and 
SON, the IPO shows weak negative relationships with position at lower troposphere. The 
strongest relationships with modes of climate variability are identified in the mass transport. 
During all seasons, the IPO has a significant positive correlation in the mid-and lower 
troposphere, meaning the mass flux is lower during the cold phase. During all seasons, the 
effect of IPO accounts for almost all of the variability within the SH transient upward mass flux. 

Summary and Discussion  

This work examines changes to the MMC defined in an isentropic coordinate system, which 
allows for a decomposition of the circulation into steady and transient components. The steady 
circulation is used to define the edge of the HC, while the transient circulation allows for a 
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closer look at the polar front circulation in the extra-tropics. This look at the extratropical flow 
is a key advantage of using an isentropic coordinate system. A metric has been developed to 
quantify the various properties of the MMC, allowing for estimates of their changes in position 
and strength. The changes in the different aspects of the MMC are subsequently related to 
modes of climate variability through partial correlation and regression analyses. For brevity, the 
discussion here is limited to the SH. 
 
Changes in both the SH HC edge and the SH polar front circulation are identified from the 
analysis. The HC edge is moving poleward in all seasons but SON and shows increased 
downward mass transport (i.e. stronger radiative cooling) in all seasons. During the warmer 
seasons, the position of the HC edge is linked to various modes of variability, including SAM 
and ENSO, but most of the trend in these seasons is related to low-frequency changes in SST, 
the IPO. Residual trends not explained by climate variability are observed in MAM and JJA. 
The trends in radiative cooling show no relationships with climate variability. The polar front 
circulation changes most strongly in mass transport, with the upward portion of the transient 
circulation weakening strongly from approximately 1998 to 2010 in all seasons. This is shown 
to be related to a reduction in the upward mass flux of about 15 per cent between 20 and 40 °S. 
Further, this variability is found to be entirely consistent with the change in the IPO at this time. 
 
While no explicit linkage has been shown in this work, the nearly coincidental timing of the 
changes to the polar front and the Millennium drought in South-eastern Australia suggests that it 
is highly plausible that the two are related. The IPO associated changes in SST appear to have 
reduced the vigour of the extratropical polar front circulation in the SH. There is no indication 
of a shift, simply a reduction in strength. Over the past few years, the strength of the circulation 
has returned to most of its pre-1997 levels. However, connection between the two should be 
treated cautiously as other historical droughts across Australia did not occur preferentially 
during phases when the IPO was cold. 
 
How and why this apparent linkage between drought, the IPO and the reduction in the transient 
circulation has taken place remains uncertain and the conclusion that ‘it’s all caused by the IPO’ 
should be avoided. Is the timing simply a chance occurrence, or caused by something else that 
was coincident with the switch in IPO phase? The IPO is a very poorly understood phenomenon 
and the patterns and index simply represent an EOF pattern of variability in SST over decadal 
time scales. There is no widely accepted theory to explain the physical mechanisms of the IPO 
and it may simply have a large component of randomness to it (Henley et al., 2015). Hence, it is 
not really clear as to what the IPO truly represents, how it responds to unprecedented changes to 
climate forcing being made across the globe (i.e. increasing greenhouse gases, ozone depletion) 
and whether the changes as seen in this event will apply to future cases. This is the first 
occurrence of this switch that has been captured by the modern space-based global observing 
system; more high-quality observations (available only as opportunities arise) combined with 
well-designed modelling studies are needed to fully understand the IPO and its impacts. 
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8.5 Activity 2: Assess the capability of CMIP5 models to 
simulate seasonal variations of subtropical precipitation 
associated with the SAM 

Victorian seasonal rainfall variability is strongly affected by the variability of the SAM, which 
is the leading mode of variability of the SH extratropical circulation on weekly to centennial 
time scales (Trenberth, 1979; Kidson, 1988; Hartmann and Lo, 1998; Thompson and Wallace, 
2000). High SAM is characterised by a poleward shift of the eddy-driven jet that typically sits at 
~50°S, resulting in a poleward shift of the SH storm track with concomitant higher surface 
pressure in the midlatitudes and lower surface pressure at high latitudes (Hartmann and Lo, 
1998). Consequently, zonally symmetric anomalies of reduced rainfall in the midlatitudes and 
enhanced rainfall in the high latitudes are observed with high SAM, and vice versa with low 
SAM (Gillett et al., 2006; Hendon et al., 2007; Meneghini et al., 2007). Furthermore, Kang et 
al. (2011), Purich et al. (2013) and Hendon et al. (2014a) noted that high SAM tends to increase 
rainfall over the SH subtropics in our spring-summer-autumn by inducing anomalous upward 
motion in the subtropics, thus acting to shift poleward the descending branch of the Hadley 
circulation. Hendon et al. (2014a) further argued that such change in the poleward extent of the 
Hadley circulation and associated increase of subtropical rainfall during high SAM are nearly 
absent in austral winter due to the presence of the strong winter subtropical jet, which acts as a 
buffer between variations of the mid-high latitude circulation and the Hadley circulation in the 
SH. As a result, the subtropical dry zones shift poleward in association with a positive excursion 
of the SAM during spring-summer-autumn but they expand during winter.  

Because Victoria lies at the border of the subtropics and the midlatitudes, its rainfall variability 
is affected by both the change of subtropical vertical motion and the north-south shift of the 
mid-latitude storm track that are associated with the SAM variation. As shown in Hendon et al. 
(2007) and Hendon et al. (2014a), high SAM renders Victoria to be drier than normal in winter 
likely due to the poleward shift of storm track but to be wetter than normal in spring and 
summer likely due to the anomalous upward motion as well as the moist on-shore flow from the 
Coral Sea.  

The SAM is regarded as an internally-driven weather phenomenon with a typical decorrelation 
time of ~2 weeks (Lorenz and Hartmann, 2001). However, its low-frequency variability can be 
forced by ENSO (Karoly, 1989), stratospheric polar ozone depletion (Thompson and Solomon, 
2002; Fyfe et al., 2012; Arblaster et al., 2014), and increasing greenhouse gases (GHGs) (Fyfe 
et al., 1999; Fyfe et al., 2012). In particular, a strong positive trend in the SAM is one of the 
most robust projections of the 21st century climate as a result of increasing GHGs (Arblaster and 
Meehl, 2006).  

 

Thus, the current study is aimed at investigating the contribution of the projected robust changes 
in the SAM to the changes of SH precipitation at the end of the 21st century with focus on its 
seasonality. For this study, we use the CMIP5 models with the radiative forcing following the 
Representative Concentration Pathway 8.5 (RCP8.5) (Flato et al., 2013). In the climate 
projected with the RCP8.5 forcing, a strong trend in the SAM is projected due to the increasing 
GHGs being the dominant forcing, and therefore, the SAM’s impact on SH rainfall can be 
clearly identified. Thus, we first examine the capability of the CMIP5 models to simulate the 
observed relationship between SH rainfall variations and the SAM in contrasting summer and 
winter seasons by comparing relationships in the historical simulations of the CMIP5 models to 
observed behavior for the base period of 1979-2005. Then, we diagnose the role of the projected 
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changes in the SAM for the changes in rainfall for 2071-2100 with the RCP8.5. Data from 37 
models (1 simulation per model) of the CMIP5 are analysed (Flato et al., 2013). 

Data and Methods 

The SAM index is formed by the difference of normalised three-month averaged MSLP 
anomalies at 40 °S and 65 °S, following the definition of Gong and Wang (1999). The modelled 
SAM and rainfall from the historical runs of the CMIP5 are compared to the observed SAM 
diagnosed using MSLP from the ERA-Interim reanalyses (Dee et al., 2011) and the monthly 
GPCP rainfall analyses (Adler et al., 2003), respectively, for the period 1979-2005. A 
significant proportion of SAM variation is observed to be forced by ENSO in austral warm 
seasons but not in austral cold seasons (Karoly, 1989, L’Heureux and Thompson, 2006, Lim et 
al., 2013). Therefore, we examine the CMIP5 models’ ability to simulate the seasonality of this 
teleconnection by correlating the SAM index with the Nino3.4 index defined by the SST 
anomalies averaged over 5 °S – 5 °N, 120 °W – 170 °W. The observed Nino3.4 index is 
computed, using Hurrell et al. (2008)’s SST analyses. Lastly, all anomalies are computed 
relative to the base period 1979-2005. 

Observed relationship between the SAM and rainfall 

 
Figure 8.6  Regression of GPCP rainfall to the SAM index (top), the ENSO-removed SAM index (middle) 

and the ENSO-removed and de-trended SAM index (bottom) in December-January-February 
(DJF; left panels) and June-July-August (JJA; right panels) over 1979-2005. Hatching 
indicates statistically significant regression at the 90 per cent confidence level (c.l.) with 25 
degrees of freedom, using a two-tailed Student-t test.  

In the observations, high SAM is associated with nearly zonally uniform increases of rainfall in 
the SH high latitudes and decreases of rainfall in the SH midlatitudes in all seasons (Gillett et 
al., 2006) (Figures 8.6a,b). However, the rainfall relationship with the SAM (both increase and 
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decrease) over the subtropics (equatorward of 30 °S) is stronger in summer than in winter, 
which appears to be largely due to the co-variability of the SAM and ENSO in austral warm 
seasons (Figure 8.6c; Hendon et al., 2014a). 

When further removing the influence of the trend from the ENSO-independent SAM and 
rainfall relationship (Figure 8.6e cf. 8.6c), there is little change compared to removing ENSO 
only from the original SAM index (Figure 8.6c cf. 8.6a). Once the ENSO signal and the trend 
are regressed out from the SAM index, the overall strength of the relationship between SAM 
and rainfall is comparable between summer and winter over the SH subtropics and extra-tropics 
(Figures 8.6c-f).  

A close inspection of the rainfall regression to the ENSO-removed de-trended SAM (Figures 
8.6e,f) reveals that the zonally symmetric dry zone associated with high SAM in the 
midlatitudes starts slightly more poleward in summer than in winter. Furthermore, a substantial 
increase in rainfall is observed over South Africa and Australia, southern Brazil and the 
southern part of the South Pacific convergence zone (SPCZ) during high SAM in summer, 
which is not seen in winter except for over eastern Australia and southern Brazil.  

Simulation of the SAM-rainfall relationship in the CMIP5 historical runs 

At first glance, the observed SAM-rainfall relationship is well reproduced in the CMIP5 
historical runs (CMIP5 HIST) (Figure 8.7). However, while the strength of the observed 
relationship between the SAM and subtropical rainfall is sensitive to the SAM-ENSO 
connection in summer, such sensitivity is hardly reproduced in the CMIP5 HIST. This lack of 
sensitivity is because most of the models fall significantly short in simulating the seasonality of 
the correlation between the SAM and ENSO (Figure 8.8a). The SAM trend in the warm seasons 
is also significantly underestimated in these historical runs as reported in Zheng et al. (2014) 
(Figure 8.8b).  

Although the majority of the models fail to simulate these two key forced components of SAM 
variation, the models skilfully reproduce the overall patterns of the relationship between the 
internally driven SAM and the rainfall in both summer and winter (Figures 8.7e,f). For instance, 
the poleward shift of the northern boundary of the rainfall decrease and the increase of the 
subtropical rainfall over South Africa, Australia and the southern part of SPCZ during high 
SAM in summer as compared to winter are correctly simulated. Then, what will be the 
proportion of the projected rainfall change in the last 30 years of the 21st century resulting from 
the upward trend in the SAM?  
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Figure 8.7  The same as Figure 8.6 but the mean of the rainfall regressions to the SAM of the 37 models 

in the CMIP5 HIST. Stippling indicates where three quarters or more of the models agree with 
the mean of the regressions (i.e. the multi-model mean) between the rainfall and the SAM. 

 
Figure 8.8  Correlation of the SAM and Nino3.4 SST indices (left) and the trend of the SAM index over the 

1979-2005 (right) for the observations (black solid curve) and the CMIP5 HIST (thin dotted 
curves for individual models and red solid curve for the mean of individual model correlations 
and regressions (i.e. the multi-model mean)). Correlation coefficients greater than 0.33 are 
statistically significant at the 90 per cent c.l. with 27 independent samples, using a two tailed 
Student-t test in (a), and the 90 per cent confidence interval for the observed trend is shown 
with the grey shading in (b).  
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Projected changes in SH rainfall by the end of the 21st century 

Projected rainfall changes obtained from the last 30 years (2071-2100) of the CMIP5 RCP8.5 
compared to the 27 years (1979-2005) of the CMIP5 HIST demonstrate strong increases of 
rainfall in the tropics and the SH mid-high latitudes and decreases in the SH subtropics (Figures 
8.9a,b; see also, Collins et al. (2013)). It is interesting to note that the wet-dry-wet pattern of the 
change from the tropics to the SH extra-tropics is much more pronounced in winter than in 
summer, with projected significant drying over South Africa, southern Madagascar, eastern and 
western Australia and central Chile. 

 
Figure 8.9  Rainfall changes (a,b) 2071-2100 from the CMIP5 RCP8.5 compared to 1979-2005 from the 

CMIP HIST; (c,d) as in (a,b) but congruent with the SAM change; and (e,f) the difference 
between (a,b) and (c,d). Stippling indicates where three quarters or more of the models agree 
with the multi-model mean changes. 

We now address how much of these projected rainfall changes stems from the projected trend in 
the SAM. We base the analysis on the SAM index that is linearly independent of ENSO 
(hereafter, SAM|enso). To estimate the change in rainfall that is congruent with the change of 
the SAM|enso, we scale the regression coefficients, which were obtained by regressing the 
rainfall anomalies onto the de-trended SAM|enso index using the CMIP5 HIST for the 1979-
2005 period (Figure 8.2e,f), by the difference of the SAM|enso index from 1979-2005 to 2071-
2100. We can justify the use of this method as the relationship between rainfall anomalies and 
the de-trended SAM|enso remains relatively unchanged in the 21st century simulations (not 
shown). The regression coefficients and the SAM|enso index are calculated in each of 37 
models, and the multi-model mean of the individual scaled regressions is shown in Figures 
8.9c,d. The multi-model mean change of the SAM|enso between the two periods is 1.0σ in 
summer and 1.4σ in winter. As expected from the SAM-rainfall association simulated in the 
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CMIP5 HIST, the projected positive trend of the SAM|enso appears to result in significant 
increases of the rainfall over the SH subtropics including South Africa and Australia; significant 
decreases of the rainfall over the SH midlatitudes including Tasmania, New Zealand and the 
southern tips of Chile and Argentina; and significant increases of the rainfall over the Antarctic 
circumpolar region in summer (Figure 8.4c).  

Overall, a similar pattern of rainfall change associated with the SAM|enso is found in winter 
(Figure 8.9d). However, in winter the northern boundary of the midl-atitude drying signal 
associated with the SAM|enso is extended equatorward reaching the southern ends of Australia, 
and the SAM|enso-congruent increase of the subtropical rainfall is not as strong as in summer. 
These two winter features of the SAM|enso-rainfall relationship together explain how the 
positive trend of the SAM would contribute to the poleward expansion of the SH subtropical 
dry zone in the future climate with increasing GHGs (Previdi and Liepert, 2007).  

A comparison of the total projected rainfall changes to those congruent with the SAM|enso 
change reveals that the projected rainfall changes tend to be offset by the rainfall changes driven 
by the enhanced high SAM|enso in the SH subtropics (equatorward of ~30°S) and midlatitudes 
(~30°-50°S) in summer and in the SH midlatitudes (~40-50 °S) in winter (Figures 8.9c-f). In 
other words, the positive trend of the SAM|enso appears to play a mitigating role for the drying 
of the SH subtropics and the wetting of the SH midlatitudes projected for the end of the 21st 
century. Previous studies (Emori and Brown, 2005; Held and Soden, 2006; Seager et al., 2010) 
have shown that an increase of the atmospheric moisture content in a warmer world, following 
the Clausius-Clapeyron relation (namely, the wet get wetter-dry get drier/thermodynamic 
processes), is a dominant contributor to the drying of the poleward side of the SH subtropics 
and the moistening of the SH extra-tropics. On the other hand, the strong positive trend in the 
SAM|enso appears to exacerbate the drying of the south-east and south-west of Australia in 
winter (i.e. a poleward expansion of the subtropical dry zone) and enhance the significant 
wetting of the SH polar region in both summer and winter (Watterson, 1998; Seager et al., 
2010). 

Concluding remarks 

To summarise, a robust positive trend in the SAM, projected to continue during the 21st century 
under the RCP8.5 scenario, appears to result in rainfall decreases in the midlatitudes and 
increases in the high latitudes in the SH. We find this SAM trend also increases rainfall over the 
SH subtropics in summer but not in winter, leading to a pronounced poleward expansion of the 
subtropical dry zone in winter. Consequently, Victoria is anticipated to be wetter during 
summer but drier during winter if the SAM trends, as anticipated, towards its high phase in the 
future with increasing GHGs. While there is a reasonable consensus among models on these 
projected changes in the SAM and the associated rainfall, the SAM’s relationship with ENSO in 
austral warm seasons is poorly simulated in most models. The inability of the CMIP5 models to 
capture these observed relationships substantially limits the confidence in their future rainfall 
projections, especially regarding the future projections of extreme seasonal rainfall, since 
extreme rainfall often results from the concurrence of SAM and ENSO events (Hendon et al., 
2014b; Lim and Hendon, 2015; Lim et al., 2016a). Therefore, future research should be 
prioritized to diagnose the causes of the model bias in simulating this tropical-extratropical 
interaction and to reduce the bias.  
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8.6 Activity 3: Determine the mechanism of the teleconnection 
between the IOD and SEA climate 

In work supported by SEACI, Cai et al. (2011) identified a Rossby wave train that affects 
climate across south eastern Australia during El Niño/La Niña in the June to November part of 
the year. The wave train appears to emanate from low latitudes over the Indian Ocean and arc 
poleward and eastward, resulting in an equivalent barotropic anticyclone (during El Niño) or 
cyclone (during La Niña) in the Great Australian Bight, which affects seasonal rainfall across 
southern portions of Australia by altering the behaviour of rain-bearing mid-latitude weather 
systems. Australia is upstream of the main region of SST variations caused by El Niño in the 
central Pacific, so the wave trains described by Cai et al. (2011), if forced by tropical 
convection, must be forced to the north and west of Australia. Cai et al. (2011) argued that the 
SST variation associated with the IOD, which strongly covaries with El Niño/La Niña during 
austral spring (Zhao and Hendon, 2011), is a primary source of the tropical convective 
variations that force these Rossby wave trains during El Niño/La Niña.  

The IOD, which describes an anomalous gradient in zonal SST across the tropical Indian Ocean 
(Saji et al., 1999), tends to develop during El Niño/La Niña because the shift of the Walker 
circulation in the Pacific results in anomalous surface zonal winds over the equatorial Indian 
Ocean, thereby instigating the air-sea interaction at the root of the IOD (Shinoda et al., 2004). 
Importantly, Cai et al. (2011) further suggested that similar Rossby wave trains are also 
generated by SST variations due to the IOD that are independent of the occurrence of El 
Niño/La Niña (Saji and Yamagata, 2003), which is especially important during austral winter 
when the IOD and ENSO are largely independent. A key implication is that predicting rainfall 
variations across south eastern Australia during ENSO is limited by the capability to predict 
convective variations associated with the IOD even when the IOD and ENSO strongly co-vary 
as is typical during spring. And, during winter when the IOD and ENSO are more independent, 
the IOD plays an even larger role for governing predictability of SEA rainfall.  

Although the theory for the excitation (Sardeshmukh and Hoskins, 1988) and propagation 
(Hoskins and Karoly, 1981) of stationary barotropic Rossby waves generated by tropical 
convective variations is well established, the details of the wave trains associated with the IOD 
have not been well established. In particular, it is not obvious during the austral winter/spring 
season that a stationary Rossby wave train could even propagate continuously from low 
latitudes in the Indian Ocean to the south of Australia as envisioned by Cai et al. (2011). Strong 
easterly shear on the poleward side of the subtropical jet that is prominent in the austral winter-
spring seasons in the Australian sector results in a region of less than zero meridional gradient 
of absolute vorticity just to the south of Australia (Ambrizzi et al., 1995; Li et al., 2015). Hence, 
Rossby waves propagating poleward and eastward from the tropical Indian Ocean would 
presumably be refracted back to the tropics or possibly be absorbed before reaching the south of 
Australia (Hoskins and Ambrizzi, 1995). Either way, a wave train could not directly cross the 
subtropical jet and thus influence south eastern Australian climate. 

So, why does the teleconnection from the Indian Ocean Dipole, as depicted in Cai et al. (2011), 
appear at first glance to be a continuous Rossby wavetrain emanating from the tropical Indian 
Ocean and arcing poleward and eastward into the extra-tropics of the Southern Hemisphere? 
We answer this question by investigating in more detail the Rossby wave source and 
propagation characteristics of the Rossby wave trains that emanate from the convective 
variations in the tropical Indian Ocean associated with the IOD. 
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Data and methods 

The primary data source used to calculate the Rossby wave diagnostics is the ERA Interim 
reanalysis (Dee et al., 2011) for the period 1979-2011, which is available on a 1.5°×1.5° 
longitude-latitude grid. We use daily or monthly resolution as appropriate to the calculation. 
Data from the 200 hPa level are used for all calculations as representative of upper level 
conditions appropriate to barotropic Rossby wave propagation. There is little sensitivity to this 
choice; very similar results are obtained if either the 300 hPa or 150 hPa levels are used. 
Furthermore, this level facilitates comparison with the results of Cai et al. (2011). 

To isolate convection and circulation anomalies associated with IOD-convective variability, we 
adopt the technique used in Cai et al. (2011) of regressing fields of interest onto the Dipole 
Mode Index (DMI), which is the SST in tropical eastern Indian Ocean minus that in the west. 
However, we first remove influences of ENSO by linear regression onto Nino34. The resulting 
DMI time series with the linear influence of ENSO removed is referred to as DMI|Nino34. In 
the remainder of the study, we will show regressions results for the positive phase of the IOD 
(ie suppressed convection in the eastern Indian Ocean), but because the regression approach 
used here is linear, the anomalies for the negative phase of the IOD (i.e. enhanced convection in 
the eastern Indian Ocean) are simply the opposite of those displayed for the positive phase 
(notwithstanding that asymmetries between the positive and negative phases of the IOD have 
been reported; Cai et al., 2012). We first examine the winter season, when the IOD is largely 
independent of ENSO, the SST/convection variations are primarily in the eastern Indian Ocean 
(i.e. resulting in a single Rossby wave source) and the subtropical jet is strongest. We then 
contrast with the spring season, when the IOD and ENSO strongly covary, the SST/convection 
variations in the Indian Ocean tend to vary more strongly as a dipole (i.e. resulting in a dipole 
pair of Rossby wave sources) and the subtropical jet is seasonally weaker.  

Rossby wave trains forced by the IOD 

Similar to Cai et al. (2011), the wintertime regression of 200 hPa heights onto DMI|Nino34 is 
shown in Figure 8.10 but we also superimpose the anomalous wave activity flux vectors 
(Plumb, 1985). The wave activity flux vectors are a 3-dimensional extension of the EP-flux 
(Andrews and McIntyre, 1976) and point in the direction of the group velocity of Rossby 
waves. Divergence of the wave activity flux indicates a wave source region (hence westerly 
acceleration) and convergence indicates regions of wave absorption (hence easterly 
acceleration). The height anomaly associated with the IOD shows alternating positive and 
negative extrema extending south-eastwards from the tropical Indian Ocean from about 15 °S to 
the central Southern Ocean ~70 °S. There is then some indication of equatorward propagation 
of the anomalies from high to midlatitudes to the east of the dateline (off the edge of the plot), 
which together is indicative of a stationary Rossby wave train emanating from the tropical 
Indian Ocean and dispersing across the South Pacific along quasi-great circle roots (e.g. as 
expected from theory applied to zonally uniform background flow). The vertical coherence of 
the regressed anomalies (not shown) in the extra-tropics indicates the expected barotropic 
structure away from the forcing region in the tropics.  

At first glance, the wave activity flux vectors in Figure 8.10a give the impression of continuous 
poleward and eastward propagation of the Rossby wave train from the tropical Indian Ocean, 
where there is a divergence of wave activity flux consistent with a tropical source of the wave 
packet in the eastern Indian Ocean. But, closer inspection reveals two key discrepancies with 
this simple view of continuous poleward and eastward propagation.  
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Figure 8.10  (top) Regression of 200 hPa heights (contour interval 5 m) onto standardized DMI|Nino34 for 
JJA with regressed wave activity flux vectors superimposed (vector scale in lower left 
corner). (middle) Total wavenumber for stationary baroclinic Rossby waves (unit s-2) with 
wave activity flux vectors repeated. (bottom) Mean zonal wind at 200 hPa for JJA (unit ms-1).  
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The first is the strong convergence of wave activity flux just to the south and west of Australia. 
The second is the pronounced region of flux divergence at higher latitudes of the Indian Ocean 
to the west of Australia (~50-60 °S, 70-80 °E), from whence wave activity appears to emanate 
and then propagate eastward then arcing poleward to the east of Australia.  

Insight into the cause of the strong convergence of wave activity flux across the south of 
Australia is gained from examination of the total stationary Rossby wavenumber, 

  2/1* /UKs   ,  

where β* is the meridional gradient of mean state absolute vorticity and  U is the mean 2-
dimensional varying time mean zonal wind at 200 hPa (Figure 8.10b).  

Ks can be thought of as an index of refraction for stationary Rossby waves (Hoskins and 
Ambrizzi, 1993). Stationary Rossby waves can propagate where Ks >0 and will be refracted 
toward regions of high Ks. The wintertime distribution of Ks generally increases toward low 
latitudes, so poleward propagating waves will eventually turn and propagate equatorward where 

they then will break when they encounter their critical line ( 0U ). More importantly, there is 
a large region extending from the south-west of Australia eastward toward New Zealand and the 
central South Pacific Ocean for which Ks is undefined (ie Ks

2<0). This region of undefined Ks is 
attributed to the large meridional gradient of mean absolute vorticity (equivalently, meridional 
curvature of the zonal wind) along the southern flank of the winter-time sub-tropical jet, which 
is prominent across southern Australia and extending into the subtropical west South Pacific 
during the wintertime (Figure 8.10c).  

The wintertime subtropical jet thus appears to act as a barrier to southward propagation of 
Rossby waves emanating from the tropical Indian Ocean. The wave activity flux vectors show 
strong convergence precisely along the poleward edge of this region of undefined Ks (Figure 
8.10b). Although, Rossby waves theoretically should be refracted away from minima in Ks, the 
perception here is that the poleward propagating wave emanating from the tropical eastern 
Indian Ocean is absorbed or breaks when it encounters Ks

2 <0 to the south of Australia. 
Presumably this absorption should result in an easterly acceleration, which we will address 
further below. On the other hand, wave activity also appears to emanate from higher latitudes of 
the Indian Ocean to the south-west of Australia (50 °S, 70 °E), and then propagate zonally along 
a wave guide on the sub-polar (or eddy-driven) jet, turning poleward in the New Zealand sector 
where the region of Ks

2<0 expands further poleward.  

So, how does tropical convection in the eastern Indian Ocean result in the apparent Rossby 
wave source to the south of the subtropical jet, thus resulting in a strong anticyclone south of 
Victoria? We suggest a 2 step process. First, the direct Rossby wave forcing due to the 
divergence/convergence associated with variation in tropical convection results in anticyclonic 
tendency to the west of Australia along about 35S. The resulting anticyclonic height response to 
maintain Sverdrup balance (Hoskins and Karoly, 1981) causes an acceleration of the sub-polar 
(or eddy driven) westerly jet further south and west over the Indian Ocean. And, the strong 
convergence of wave activity flux along Ks

2<0 to the south of Australia provides an easterly 
acceleration along southern Australia, thus acting to slow down the exit of the eddy driven jet 
over the Australian Bight. This pattern of acceleration/deceleration of the eddy-driven jet results 
in enhanced baroclinicity and increased eddy activity in the core of the eddy-driven jet west of 
~100E and decreased eddy activity the jet exit (east of ~100 °E; Figure 8.11a). Increased eddy 
activity results in stronger convergence of zonal momentum flux into the jet core and reduced 
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momentum flux convergence in the jet exit region (Hartman, 2007). Thus, the eddies act to 
further accelerate the eddy driven jet to the south-west of Australia over the southern Indian 
Ocean and decelerate it more directly to the south of Australia.  

The net effect of these induced changes in transient eddy activity on the seasonal mean height 
anomaly are depicted, following method of Li and Lau (2012), in Figure 8.11c: Negative height 
tendency is centred at (60 °S, 60 °E) and positive height tendency centred at (45 °S, 130 °E), 
which matches well the seasonal height anomalies associated with the IOD (Figure 8.10a) and 
which is consistent with this deduced pattern of zonal acceleration/deceleration of the eddy-
driven jet by the anomalous transient eddies discussed above. The magnitude of this transient 
eddy forcing of the seasonal mean height anomaly (~maximum tendency ~ 8 m d-1) is sufficient 
to produce the observed height anomalies if it acts over 3 days. 

 
Figure 8.11  (top) 200 hPa transient eddy height variance regressed onto DMI|Nino34 for JJA season (units 

m2). (bottom) Barotropic forcing of the seasonal mean height anomalies by the divergence of 
transient eddy vorticity flux at 200 hPa regressed onto the DMI|Nino34 (units 10-4 ms-1). 

Hence, during winter, the forcing of the seasonal mean flow anomalies by the induced changes 
in transient eddies appears to be a key process that instigates the Rossby wave train to the south 
of the subtropical jet over the southern Indian Ocean during IOD events. Together with the 
strong convergence of wave activity flux emerging from the tropical Indian Ocean along the 
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poleward flank of the subtropical jet to the south of Australia, a continuous Rossby wave train 
appears to emanate from the tropical Indian Ocean. The net effect is development of a strong 
anticyclonic anomaly just to the south of Victoria, which plays a primary role in acting to 
reduce rainfall along the Dividing Range during wintertime IOD events (either in conjunction 
with El Niño or independently), but which is not simply the result of continuous Rossby wave 
propagation from the tropical eastern Indian Ocean. 

 

Figure 8.12  (top) Regression of 200 hPa heights (contour interval 5 m) onto standardized DMI|Nino34 for 
SON with regressed wave activity flux vectors superimposed (vector scale in lower left 
corner) and (middle) the associated total wavenumber for stationary baroclinic Rossby 
waves (unit s-2).  

Cai et al. (2012) reported a more robust wave train associated with IOD-convective variations 
during austral spring, when the IOD is strongest (but also more strongly co-varies with ENSO). 
The springtime 200 hPa height anomalies and wave activity flux vectors regressed onto 
DMI|Nino34 are shown in Figure 8.12a. As compared to winter, the Rossby wave train 
emanating from the tropical Indian Ocean appears to more continually disperse into higher 
latitudes. The wave activity flux vectors also suggest a more distinctive dipole source region in 
the tropical eastern and western Indian Ocean, in contrast to winter when the main source 
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appears to be in the eastern Indian Ocean. These separated wave paths emanating from low 
latitude come together to share the anticyclonic centre to the south of Australia (Cai et al., 
2011). Notably, this anticyclonic centre is shifted westward and southward relative to the 
wintertime anomaly. Close inspection of the wave activity flux vectors also shows some 
evidence of convergence of wave activity flux along about 40S to the west of Australia, but 
which is much less dramatic than in winter and more suggestive of continuous propagation. 

This weak convergence of wave acidity flux again occurs in a region diminishing Ks on the 
poleward flank of the subtropical jet (Figure 8.12b). However, in contrast to winter, the region 
of undefined Ks is much smaller and more contracted to the east of Australia. This reflects the 
seasonal weakening and merging of the subtropical jet with the eddy driven jet (not shown). The 
overall impression is that the springtime subtropical jet is acting as a much weaker impediment 
to Rossby wave propagation from the tropics but which still influences the Rossby wave 
downstream of Australia. The westward shift of the anticyclonic height anomaly to the south of 
Australia relative to winter appears to be governed more by the merging of the two wave paths 
from the east and west tropical Indian Ocean rather than be some effective Rossby wave source 
on the poleward side of the subtropical jet over the south western Indian Ocean. 

Concluding remarks 

In summary, the apparent Rossby wave train emanating from the IOD during austral winter is 
not simply explained by simple Rossby wave propagation along a great circle route, emanating 
from the tropical Indian Ocean (e.g. Hoskina and Karoly, 1981). Rather, the wintertime wave 
train, which results in an anticyclonic anomaly in the Bight and dry conditions in south-east 
Australia during positive IOD years, is explained by a complex process of (i) direct tropical 
Rossby wave source that produces a Rossby wave that cannot cross the subtropical jet at 
Australian longitudes and (ii) extratropcial transient eddy-mean flow interactions, that allow for 
a Rossby wave source on the poleward side of the subtropical jet, which can then propagate 
eastward to the south of Australia unimpeded. On the other hand, the springtime wave train 
associated with the IOD appears to be primarily forced by the low latitude convective-
divergence dipole and generally propagates poleward and eastward to the south of Australia un-
impeded by the seasonally weaker subtropical jet, although the subtropical jet acts to shape the 
wave path. Because the springtime wave train is forced more directly by a dipole in convection 
in low latitudes, the resultant anticyclonic anomaly to the south of Australia is shifted westward 
relative to winter, thus producing a more diffuse impact on rainfall across southern parts of 
Australia than does its counterpart in winter, when the impact is more strongly confined to the 
south-east especially along the Dividing Range.  
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8.7 Conclusions, program review and future perspectives 

Activity 1 

The computation of the changes to the MMC in an isentropic coordinate system allows for a 
decomposition of the circulation into steady and transient components. The steady circulation is 
used to define the edge of the HC, while the transient circulation allows for a closer look at the 
polar front circulation in the extra-tropics, a key advantage of using an isentropic coordinate 
system. A metric has been developed to quantify the various properties of the MMC, allowing 
for estimates of their changes in position and strength. The changes in the different aspects of 
the MMC are subsequently related to modes of climate variability through partial correlation 
and regression analyses. For brevity, the discussion here is limited to the SH. 

Changes in both the SH HC edge and the SH polar front circulation are identified from the 
analysis. The HC edge is moving poleward in all seasons but SON and shows increased 
downward mass transport (i.e. stronger radiative cooling) in all seasons. During the warmer 
seasons, the position of the HC edge is linked to various modes of variability, including SAM 
and ENSO, but most of the trend in these seasons is related to low-frequency changes in SST, 
the IPO. Residual trends not explained by climate variability are observed in MAM and JJA. 
The trends in radiative cooling show no relationships with climate variability. The polar front 
circulation changes most strongly in mass transport, with the upward portion of the transient 
circulation weakening strongly from approximately 1998 to 2010 in all seasons. This is shown 
to be related to a reduction in the upward mass flux of about 15 per cent between 20 and 40 °S. 
Further, this variability is found to be entirely consistent with the change in the IPO at this time. 

Activity 2 

A strong positive trend in the SAM, projected during the 21st century under the RCP8.5 
scenario, is expected to lead to rainfall decreases in the midlatitudes and increases in the high 
latitudes in the SH. This SAM trend also increases rainfall over the SH subtropics in summer 
via enhanced upward motion, but this SAM-driven rainfall increase is absent in winter due to 
the presence of the strong subtropical jet, which results in a pronounced poleward expansion of 
the subtropical dry zone in winter. Consequently, Victoria is anticipated to be wetter during 
summer but drier during winter if the SAM trends towards its high phase in the future with 
increasing GHGs. However, we noted that the CMIP5 models fall significantly short in 
simulating the SAM’s relationship with ENSO, which leaves a significant level of uncertainty in 
the projected rainfall changes that could result from the SAM-ENSO interaction. Thus, future 
research should diagnose possible sources of this bias in the tropical-extratropical interaction 
and seek solution to reduce the bias.  

Activity 3 

A key implication of results in this activity is that prediction of climate anomalies in southern 
Australia during IOD and ENSO events depends not only on the capability to predict SST and 
associated convective anomalies in the tropical Indian Ocean (which is much lower than the 
predictability of ENSO-SST anomalies in the Pacific), but also on the capability to properly 
simulate the subtropical and eddy-driven jets and associated induced feedbacks from changes in 
transient eddy activity. A common problem in climate models is the inability to properly 
maintain the separation of the higher latitude eddy driven jet from the subtropical jet (Barnes 
and Hartmann, 2010). Hence, transmission of the Rossby wave train and its excitation on the 
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poleward side of the subtropical jet will be misrepresented. The Bureau’s seasonal forecast 
system POAMA is not an exception for the bias in simulating the double jet structure as shown 
in Lim et al. (2016b). This bias could partly explain the failure of POAMA to capture the inter-
decadal variations of the Rossby wave train path over the Australian sector and associated 
predictability of Victorian springtime rainfall observed for the last 30 years (Lim et al., 2016c). 
The new seasonal forecast system, ACCESS-S1, demonstrates substantial improvements in 
simulating the double jet structure, but it has a problem with the path of Rossby wave trains 
emanating from the tropical western Indian Ocean, and therefore, the teleconnection between 
the tropical western Indian Ocean and Victorian climate is somewhat misrepresented (Lim et 
al., 2016b). Reduction in the bias of the eddy-driven and subtropical jets thus should be a focus 
of efforts to improve prediction and simulation of Southern Hemisphere climate in the 
Australian sector.  

Looking at future climate, impacts of the ENSO and the IOD on south eastern Australia climate 
will depend upon changes of the behaviour of the IOD, including its impacts on tropical 
convection and its relationship with ENSO. Future work in VicCI could focus on understanding 
the sensitivity of these teleconnection mechanisms revealed here to the projected changes in the 
subtropical jet, the behaviour of the IOD and the relationship of the IOD with ENSO. More 
detailed investigation into the degree that convective variations in the tropical Indian Ocean are 
acting to limit predictability of south-eastern Australia climate can also be pursued, with the aim 
both better quantifying uncertainty of seasonal climate forecasts for SEA but also to help guide 
model improvements of key processes that control Indian Ocean convective variations. 
Diagnosing variability of the subtropical jet and its causes could also help understand variations 
in, and the predictability of, SEA climate driven by tropical forcing.  
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9. PROJECT 5: EVALUATION OF CURRENT CLIMATE AND 
CRITICAL ASSESSMENT OF CLIMATE MODEL 
PROJECTIONS FROM A RANIFALL PERSPECTIVE 

Bertrand Timbal1, Sonya Fiddes2, Dewi Kirono3, Louise Wilson3, Nick Potter4 

1: R&D Branch, Bureau of Meteorology 

2: Melbourne University 

3: CSIRO Ocean and Atmosphere 

4: CSIRO Land and Water 

9.1  Key findings 

 Recent Victorian climate remains “abnormal” when viewed in a historical perspective. 
Rainfall deciles for the last 20- and 30-year periods show marked deficits during the cool 
season (April to October) and temperatures steadily increasing. With dry conditions during 
the cool season, clear night-time skies imply minimal warming of night-time temperatures 
(e.g. daily minimum). Despite the 2010-12 floods, inflows into major water supply systems 
across Victoria over the last twenty years continue to be significantly below the long term 
average to 1996. 
 

 The ongoing rainfall decline is captured with a statistical reconstruction based upon indices 
of the large-scale drivers of Victorian rainfall (SAM, Australian STR, and tropical tripole). 
The recent shifts in these indices are unusual.  
 

 Many CMIP5 models are able to simulate the broad character of the STR. All models 
simulate an intensification and southward shift of the STR over the century. However, many 
models do not accurately reproduce the relationship between the STR intensity and rainfall 
over Victoria. Thus, the projected changes in the atmospheric circulation are also associated 
with projected reductions in Victorian rainfall in the cooler seasons, but the magnitude of 
the rainfall decline projected in response to the STR changes is likely to be underestimated. 
 

 The ability of CMIP5 models to reproduce Victorian rainfall characteristics and 
relationships to tropical modes of variability was analysed and found to be meaningful. 
Indeed the majority of the range (up to 60 per  cent) in simulated rainfall appears to be 
related to the way the models capture that relationship or how the tropical SSTs behave. 
Thus, the tropical tripole regions are very important when assessing the impact of future 
SST warming and how that may impact future SEA rainfall trends. It was also noted that 
while this teleconnection between tropical SSTs and Victorian rainfall has a strong and 
natural multi-decadal variability, that variability is not expected to differ from the present in 
response to anthropogenic forcing. 
 

 A group of 15 CMIP5 models were identified in this year’s research as poor performers 
with regard to simulating Victorian seasonal rainfall characteristics. They had overly wet 
summers, with relative inter-annual variability that was too low. Removing this group of 15 
“very wet summer” models leads to significantly drier future conditions (-14.1 per  cent 
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reduction in annual rainfall by 2080-2099 under RCP8.5) than simulated by the full model 
ensemble (-8.4 per cent reduction), indicating that, based on this criterion alone, projections 
at the wetter end of the range would have to be regarded as less likely. However, as noted 
below, consideration of model performance against a range of key criteria indicates that 
projections at both the dry and wet ends of the range should be considered as less likely, 
particularly the wet end. 

 
 The Millennium Drought was characterised by 15 years in a row of no-very wet months (i.e. 

no months with rainfall greater than the 90th percentile) (Timbal, 2010). While the CMIP5 
GCMs produce no-very wet periods as part of their 20th century simulation, these periods 
are shorter than observed in the case of the cool season. Most models suggest that such 
periods could happen in the future with a frequency that could be less than that of the 20th 
century, but with a large range of uncertainty. 
 

 A synthesis of CMIP5 GCM evaluations conducted over the three years of the program was 
compiled with a view to better understanding the reasons for the large range of uncertainty 
in rainfall projections and, in turn, highlighting for users of the streamflow projections 
generated in Project 8 which, if any, of those projections should be considered as less likely 
due to issues in the underpinning modelling capability. The analysis suggests that both ends 
of the range of projections (wet and very dry) should be considered as less likely, 
particularly the wet end, and that model projections based on the full suite of CMIP5 
models are likely to be underestimating future rainfall declines. 

9.2  Background 

Some important characteristics of climate and streamflow patterns across South-Eastern 
Australia during the Millennium Drought and, subsequently, during the recovery in 2010-12 
were identified and monitored as part of the South Eastern Australian Climate Initiative 
(SEACI), together with associated key climate influences. It is important to understand 1) 
whether the climate anomalies and trends identified during SEACI have continued since 2012 
and 2) to what extent these can be explained by the behaviour of identified key climate 
influences. An understanding of the observed relationships between key climate influences and 
Victorian climate also helps inform the evaluation of the performance of climate models.  

Climate projections from climate models are showing some consistent behaviour (e.g. dry to the 
south and wet to the north across SEA) and some inconsistent behaviour (the degree of future 
rainfall change). Some of this uncertainty is linked to the models’ ability to represent important 
teleconnections (e.g. the impact of the SAM on the HC) and key modes of climate variability 
(e.g. the tropical influences of the Pacific vs. Indian oceans) identified through SEACI research 
as being important for SEA rainfall. In order to provide guidance as to which models to use for 
projecting future climate (with a particular focus on subsequent impacts on water availability), 
we need to assess individual models for the capability to simulate these key teleconnections and 
modes of climate variability. 

9.3  Objectives 

1. Provide an updated evaluation of current climate anomalies and associated key climate 
influences 
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2. Understand the source of spread in rainfall projections by evaluating model projections of 
tropical sea surface temperatures and their association with Victorian rainfall  

3. Evaluate CMIP5 models ability to capture extended dry spells such as Millennium Drought. 
Explore the risk for SEA to experience such a spell in the future.  

9.4  Activity 1: Evaluation of current climate anomalies and 
associated key climate influences  

Introduction 

This Activity focused on updating many of the key findings of SEACI to the end of 2015. 
Monitoring has been ongoing since the early part of VicCI, with most of the information 
presented below being displayed in formats that were developed during SEACI or the early part 
of VicCI. Characteristics considered include: 

 the magnitude and seasonality of the rainfall deficit for both the SEA box monitored in 
SEACI and a region focussed more narrowly on the State of Victoria; 

 the role of key climate influences as represented by large-scale indices such as the 
tripole index and the STR; and 

 streamflow in key catchments.  

The monitoring update focuses on the last 20 years 1996-2015 and the last 30 years 1986-2015 
respectively.  

Data and Methods 

For assessment of rainfall and temperature across Victoria, the observed data are derived from 
the Australian Water Availability Project (AWAP) (Jones et al. 2009b). This is the current 
operational gridded dataset used by the Bureau of Meteorology and the data are accessible on-
line. The highest resolution available for these gridded observations is a regular grid of 0.05° in 
latitude and longitude which approximates to a regular grid of 5 by 5 km. This data is updated 
from time to time and hence some updated graphs may show slight differences from past 
versions due to the underlying data updates. Some global data sets are relied upon to derive 
global quantities and large-scale indices: e.g. surface temperatures are from HadCRUT4, Sea 
Surface Temperatures (SST) are from HadISST, local STR intensity and position, computed 
both from Bureau of Meteorology local observations of MSLP and from reanalysis data using 
the method of Drosdowsky (2005), the SAM index, derived from observed MSLP in locations 
across the Southern Hemisphere mid-latitudes (Marshall 2003) and streamflow data were 
provided by Melbourne Water and the Murray Darling Basin Authority (MDBA). 

Results 

Monthly rainfall anomalies across Victoria (Figure 9.1) show that the amplitude of that annual 
cycle has decreased in the 21st century (thus far) compared to the 20th century. While May to 
October were consistently “wet” (above the mean monthly rainfall being the annual mean 
divided by the number of months) during the 20th century, only June, July and August (with the 
addition of November in the warm season) are “wet” in the 21st century. The rainfall anomalies 
(computed from the 20th century mean) are mostly consistent in sign across the Millennium 
Drought (1997-2009), the last 20 years (1996-2015) and the last 30 years (1986-2015) but 
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stronger anomalies were observed during the MD compared to the other 2 periods. In all periods 
considered, there is a marked contrast in the sign of the anomalies between the warm and cool 
parts of the year, with March being an exception. 
 
 
 

 
 

Figure 9.1  Monthly Victorian rainfall: 20th and 21st century climatologies with anomalies from the 20th 
century climatology for the Millennium Drought (1997-2009), the last 20 years (1996-2015) 
and the last 30 years (1986-2015). Cool season (April to October) anomalies are outlined with 
a red box.  

Rainfall decile maps across Australia of non-continuous seasonal deciles (Figure 9.2) show a 
marked difference between the cool and warm season across most of Australia.  Very similar 
pictures are emerging for the last 20 and 30 years, although there is a tendency for more 
extreme deciles for the shorter period in particular in Victoria. In the last 20 years, Victoria has 
become a “hot spot” for rainfall deficiency during the cool season: most of the State outside 
Gippsland and the coastal south-west is at the lowest on record. The warm season high rainfall 
decile is affecting most of the continent except for some pockets across southern Australia 
including the coastal part of Victoria. Rainfall decile maps for the early (April-July) and late 
(August-October) parts of the cool season across Australia (not shown) are markedly different 
from similar maps (1982-2011) published as part of the SEACI-2 synthesis report (Figure 6 in 
CSIRO, 2012); i.e. the 2012-2015 period has had a strong impact. While for the period 1982-
2011, the early cool season anomalies were more extreme in decile terms compared to the later 
part of the cool season, there are now no systematic differences between the early and late part 
of the cool season. 
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Figure 9.2:  Australia-wide non-continuous rainfall decile maps for last 20 years (1996-2015/16) for the 
cool season (left: April-October) and the warm season (right: November-March). 

This issue has often been referred to as the “seasonal paradox”: while both observed trends and 
future projections point toward a reduction of the cool season rainfall, on one hand the bulk of 
the observed rainfall decline occurred in autumn and the early part of the cool season, and on 
the other hand the bulk of the projected rainfall decline is in the later part of the cool season or 
spring (see Figure 9.3, top left panel for the last 30 years).  

This is very true when the last 30 years are considered where about two thirds of the observed 
decline is in autumn, while for the future projections using GCM direct model outputs (using 
CMIP5 RCP8.5 simulations), 2/3 of the future rainfall reduction is in spring (two left pie charts 
in Figure 9.3). During the Millennium Drought, the observed rainfall decline has still been 
dominated by the autumn signature, but has seen the contribution of the other seasons increase. 
It is noteworthy that future projections for rainfall in Victoria based on the statistical 
downscaling of the climate models indicate a lesser contribution of the spring decline with both 
summer and autumn contributing, thus reducing the seasonal paradox. 

The definition of a climate ‘baseline’ for rainfall in Victoria (i.e. a period characterising current 
climate) has been an on-going discussion in SEACI and VicCI. Across Victoria, the last 20 
(Figure 9.4a) and 30 (not shown) years are the driest on record for the cool season. Annual 
rainfall was also the lowest on record for the last 20 years while warm season rainfall for the 
last 20 and 30 years are close to the long-term mean. It is worth noting that the reference period 
for the projections work consistent with the IPCC baseline definition (1986-2005) is markedly 
different to the last 20 years (annual and cool season) being close to the long-term mean 
rainfall. In contrast to rainfall, defining the climate baseline for temperature in Victoria has long 
been recognised as requiring a shift away from using the full historical record in order to take 
on-going warming into account. Across Victoria, the last 20 (Figure 9.4b) or 30 (not shown) 
years are the warmest on record for the annual mean, cool and warm seasons. Average 
temperature for the reference period for the projections work consistent with IPCC definition 
(1986-2005) is markedly different from the last 20 years with only limited warming.  
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Figure 9.3  Repartition of the rainfall anomalies in Victoria according to the calendar seasons (autumn, 
winter, spring and summer) as a contribution of the annual rainfall anomalies (only negative 
anomalies are shown in the pie charts): as observed for the last 30 years (top left) and during 
the Millennium Drought (top right) and for future projections based on RCP8.5 by 2090 (2080-
2099) using the median of 35 GCM outputs directly (bottom left) and the median of the 
statistical downscaling of 22 of these GCMs (bottom right). The overall annual rainfall 
reduction is indicated in the chart title. 

As a consequence of changes in rainfall and temperature, inflows into major water supply 
systems in Victoria (e.g. the River Murray and Melbourne Water catchment areas) have 
experienced an important reduction in inflows (between 30 and 40 per cent) since the onset of 
the Millennium Drought in 1997 and this is despite the major floods experienced across much 
of the State in 2010-2012. Since the 2010-12 recovery, major systems across Victoria have 
experienced inflows on par with or below that post-1997 average. 
 
For both systems, long-term trends (1913 to 2015) are comparable: a decline of about 0.3 per 
cent per year (or 30 per cent per century). This indicates that the baseline for major reservoir 
inflows in Victoria is also shifting. Indeed, the last 30-years are amongst the lowest 30-year 
inflows on record and the last 20-year is the lowest 20-year inflows for both systems (Figure 
9.5). In contrast, the reference period for the projections work consistent with IPCC definition 
(1986-2005) is markedly different from the last 20 years with an inflow reduction of about 6-8 
per cent for both systems compared with the current range (20-25 per cent reduction). 
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Figure 9.4  Frequency distribution of 20-year anomalies of Victorian rainfall (in percentage terms relative 

to the 1900-2015 mean: top, ‘a’), and anomalies of mean temperature (in °C relative to the 
1900-2015 mean: bottom, ‘b’). Shown are annual results (green bars) and results for the cool 
(blue bars) and warm (red bars) seasons. Anomalies for the most recent 20-year period 
(1996-2015) are indicated by coloured stars while anomalies for the reference period for the 
projections (1986-2005) are indicated by coloured arrows in the top diagram. 
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Figure 9.5:  Frequency distribution of 20-year (top) and 30-year (bottom) anomalies of inflow (in 

percentage terms relative to the 1913-2015 mean). Shown are annual results for the River 
Murray (green bars) and for the Melbourne Water major reservoirs (blue bars). Anomalies for 
the most recent period (1996-2015 or 1986-2015) are indicated by coloured stars while 
anomalies for the reference period for the projections (1986-2005) are indicated by coloured 
arrows in the top diagram. 
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The intensification of the STR and its shift in position (Figure 9.6) show rather consistent 
anomalies over the last 20 and 30 year periods; if anything, the last 20 year anomalies are 
usually larger (in particular the STR intensification in the latter part of the cool season).  
 

  
 
 
 

  
 

Figure 9.6  Month by month (coloured bars) anomalies for the last 20 and 30 years, for the STR intensity 
(STR-I: upper left diagram) and position (STR-P: upper right diagram) using Drosdowsky 
(2005) index from 1900 to 2015. The lower panels show 11-year running mean of the global 
anomalies of surface temperature and the intensity of the STR (left diagram) and the annual 
cycle of STR intensity and position (right diagram) for the long-term (1900 to 2015) mean and 
for the last 30 years (1986-2015); calendar months are indicated on the plot.  

The largest intensification is seen at the time of the year when it relates negatively with rainfall 
(cool season) but is not limited to this season. The anomalies in position are more contrasted 
between the warm season (negative = slight shift equatorward) and cool season (positive = shift 
poleward). During the warm season, as the STR is located over the southern edge of Victoria 
(Figure 9.6, lower right panel), a shift further south would have a positive impact on Victorian 
rainfall. As noted during SEACI (CSIRO, 2010), the low pass filter time series (11-year running 
mean) of the STR intensity and global temperature tend to covary; in the most recent period, 
global temperature (following a “pause”) has been trending up again with 2014 and 2015 being 
record breaking, and the STR-I is also trending up due to some higher values in the last 3 years, 
but the match is not a close one.   
 
As well as the STR, indices of modes of variability that influence Victorian rainfall are also 
worth monitoring. For the last 20 and 30 years, the tropical tripole (defined by Timbal and 
Hendon, 2011 with positive tripole (usually due to La Niña events and/or negative IOD events) 
associated with wetter than average SEA), shows small anomalies (Figure 9.7), with a marked 
annual cycle and consistent between the two periods with a shift toward more positive 
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anomalies during the last 20 years (positive anomalies are larger and negative anomalies are 
smaller). These anomalies may have contributed to the rainfall deficit in the later part of the 
cool season (July to October) but would have had a positive effect on rainfall in the early part of 
the cool season (April to June) and hence cannot help explain the overall cool season rainfall 
deficit, nor its larger signature in the early part of the cool season compared to the later part. Of 
interest as well, the Southern Annular mode (SAM) index shows positive anomalies all year 
around (apart from September) with the largest anomalies being in summer.  
 
Anomalies in SAM are larger when considering data back the 1950s. Positive SAM has a 
negative influence on rainfall in Victoria in winter although that influence diminishes in the rest 
for the cool season (Hendon et al., 2006). The positive SAM anomalies for the last 20 years 
have potentially played a role in the Victorian negative rainfall anomalies and therefore may be 
a contributor to the magnitude of the rainfall deficiency in the early part of the cool season. 
 

   
 

Figure 9.7  Month by month (coloured bars) anomalies for the tropical tripole from 1900 to 2015 for the 
last 20 and 30 years (left panel) and anomalies for the SAM index using Marshall (2003) index 
available from 1957 (right panel).    

Using the anomalies of these various large-scale indicators of drivers of Victorian rainfall, an 
attempt was made, using simple linear reconstruction, to see how much of the observed rainfall 
anomalies could be reconstructed based on behaviour of the large-scale drivers (Figure 9.8). 
The largest single contribution to the rainfall anomalies reconstruction comes from the STR-I 
for most months and is consistent in sign with the observed anomalies for 7 out of 12 months. 
The SAM index is also a large contributor and is consistent in sign with the observed anomalies 
for 9 out of 12 months, and in particular for summer which is not the case for the STR-I. The 
tropical tripole is a smaller contributor and is consistent in sign with the observed anomalies for 
7 out of 12 months; combined with STR-I it acts to reduce the magnitude of the reconstructed 
negative anomalies in the early part of the year and slightly increasing them in the later part. 
Overall the reconstructed rainfall anomalies based on the 3 large-scale drivers (STR-I, tripole 
and SAM) bear some resemblance to the observed anomalies, with notably the same sign to 
those observed for all months but June. It is worth noting that at the peak of winter, around the 
solstice in both June and July, the observed rainfall anomalies do not match what would be 
expected based on the intensification of the STR (with little modification due to the remote 
modes of variability, SAM and tripole) and that is despite winter being the season where the 
rainfall-STR relationship is the strongest across Victoria (Timbal and Drosdowsky, 2013). 
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Figure 9.8  Month by month (coloured bars) anomalies for the STR intensity (STR-I: upper left diagram) 

and position (STR-P: upper right diagram) using Drosdowsky (2005) index from 1900 to 2015 
and for the tropical tripole from 1900 to 2015 for the last 20 and 30 years (middle left).  Month 
by month (coloured bars) anomalies for the SAM index using Marshall (2003) index available 
from 1957 (middle right). The lower panel shows the month by month reconstruction of the last 
30 years rainfall anomalies in Victoria based on observed anomalies of large-scale indices 
measuring the behaviour of driver of Victorian rainfall: STR-I, SAM and the tropical tripole as 
well as a combination of the drivers.  
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9.5 Activity 2: Critical assessment of model projections: the 
tropical tripole and its link to Victorian rainfall 

Introduction 

The evaluation of the CMIP5 rainfall projections across Victoria in terms of the model 
projections (and ability) to represent both the STR and patterns of tropical warming has been an 
important activity during the three years of the program. This year the focus was on completing 
the work on analysing the models’ responses in the tropics and the relationship to their 
projections for Victorian rainfall. This work is based on earlier work showing that rainfall 
across SE Australia is most sensitive to a tripole pattern of tropical SST anomaly (Timbal and 
Hendon, 2012).  

Data and Methods 

We analyse rainfall variations using the Australian Bureau of Meteorology's current operational 
high-resolution monthly rainfall data set, generated as part of the Australian Water Availability 
Project (AWAP) (Jones et al., 2009). In the present study, we are using the Hadley Centre/UK 
Meteorological Office SST (HadISST) analyses from 1870 to 2014 interpolated onto a 1° by 1° 
grid (Rayner et al., 2003), it was further interpolated on a 1.5° by 1.5° grid as required to 
compare with CMIP5 models. The extra-tropical tele-connectivity with Victoria rainfall is 
evaluated using the method developed by Timbal and Hendon (2011). The tripole is computed 
as the difference between the mean SST north of Australia (extending from the eastern Indian 
Ocean and across the Maritime Continent) minus the average of the SST over the central-
western Indian Ocean and the central Pacific Ocean.  
 
The CMIP5 runs considered used the RCP8.5 emission pathway which represents a future with 
little curbing of emissions, and these have consequently not stabilised by 2100. It is a high 
emission pathway and as such generates a strong climate forcing and response. It is therefore 
convenient to use this RCP because the climate change signal is larger than when compared to 
RCPs with stronger mitigation. Climate change projections generated for the Australian 
continent using the CMIP5 database (CSIRO and BoM, 2015) show that in general the climate 
change signal is proportional to the amount of global warming generated. Hence by examining 
model output under RCP8.5 at the end of 21st century, we will get the largest signal and the 
results can be interpolated for weaker climate change signal. In this study we are using 
historical climate simulations, testing each model's ability to replicate the observed climate, as 
well as one simulation per model of the projected climate change under RCP8.5. In total, an 
ensemble of 37 models were analysed in this study out of the 48 models entered in the CMIP5 
dataset at the time of the study. We used the largest set of simulations for which all the required 
data were available. In the set of national projections delivered by CSIRO and BoM (2015), 
rainfall projections based on RCP8.5 use 39 models. Therefore, this analysis targets a very large 
sample of the uncertainties attached to the CMIP5-based projections for rainfall.  
 
There is a mean bias across the CMIP5 models in reproducing rainfall across south-eastern 
Australia due to the low elevation of grid boxes in models (Timbal et al., 2015). Typical CMIP5 
model grid boxes have their highest elevation at around 300 to 500 m and hence the high 
rainfall observed in Victoria across high elevations is unlikely to be matched by the models, 
thus biasing the Victoria average. In order to overcome this systematic bias, rather than using 
observations of only Victorian rainfall for validation, a broader region, more in line with the 
grid-scale of the climate models, was used for comparison with the model’s simulation of 
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Victorian rainfall. The broader region (termed south-east Australia, or SEA) includes a great 
deal of flatter terrain away from the Great Dividing Range and the average was more closely 
aligned with what is simulated by the GCMs across Victoria. Indeed, the observed rainfall 
averaged across the wider SEA region was well captured by the CMIP5 ensemble mean of 
Victorian rainfall.  

Results 

The validation of the models’ ability in reproducing the current climate was reported in last 
year’s annual report (Hope et al., 2015) and is not repeated here with the exception of an 
additional analysis that highlights the inability of some models to properly capture the annual 
cycle of Victorian rainfall. The CMIP5 model ensemble historical mean rainfall computed using 
grid boxes within the State of Victoria is within 3mm of the observed SEA rainfall during the 
cool season from April to October (not shown); both quantities are computed for the period 
from 1900 to 2005. However, the ensemble mean rainfall has a relatively flat annual cycle with 
December and January rainfall being too high. But the ensemble mean of the “best” 10 models 
is very close to the observed rainfall for the entire year. The ensemble mean of the 10 “worst” 
models is too wet throughout the year, but the largest bias is observed during the warm months 
(November to March). This contributes to the wet bias in summer observed in the full ensemble 
mean. The overestimation of summer rainfall mean also impacts the computation of the 
standard deviation. As per the mean, this affects only some of the CMIP5 models; the ensemble 
mean of the "best" 10 model is close to the observations. This summertime rainfall 
overestimation amongst some models appears to be the most significant discrepancy in the 
CMIP5 models’ ability to capture SEA rainfall. Models which have the largest mean DJF 
rainfall also have the largest standard deviation for DJF rainfall, which is expected (Figure 9.6, 
upper panel), showing a strong linear relationship. However, once the standard deviations are 
normalised by the mean, a strong opposite linear relationship emerges (Figure 9.6, lower panel), 
suggesting that, generally, models with high summer rainfall tend to have comparatively lower 
year-to-year variability: i.e. their high summer rainfall is made of high rainfall year after year 
rather the some very wet years from time to time.  
 
In particular, 15 models (green symbols in Figure 9.9) were identified as being too wet in 
summer, with a reversed annual cycle and a strong relationship between being too wet in 
summer and having a smaller normalised standard deviation. These 15 models are: CCSM4, 
CESM1-BGC, CESM1-CAM5, CESM1-CAM5-1-FV2, CNRM-CM5, GISS-E2-H, GISS-E2-
H-CC, GISS-E2-R, GISS-E2-R-CC, inmcm4, MIROC5, MIROC-ESM, MIROC-ESM-CHEM, 
NorESM1-M and NorESM1-ME.  
 
From a global perspective, these models have a too strong Inter Convergence Zone (ITCZ) with 
excess rainfall and they also have a notably non-existent South Pacific Convergence Zone 
(SPCZ) and a lack of Monsoon across the Indonesian archipelago (Figure 9.10), in comparison 
with the other models where these errors are either not present or much reduced. While both 
groups of models end up having too much rainfall across Australia in summer, the errors are 
larger and affect the entire continent, including the south-east, in the group of models identified 
as having a too wet summer. The very wet summer simulated by this group of models does not 
appear to be a local error but rather a large-scale problem linked to the way that tropical 
precipitation is represented in these models. This casts doubt on the ability of this group of 
models to capture the relationship between rainfall and tropical SST variability, which is being 
investigated. We will therefore aim to describe the impact of including these models in the 
ensemble mean. 
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Figure 9.9  Relationship between each model’s DJF (austral summer) mean rainfall and its year-to-year 

variability (top panel), computed using values from 1900 to 2005 across the 37 CMIP5 models 
(the ensemble mean is shown with a black symbol and the observations with a red symbol), 
lines of best fit and square correlation are displayed. The bottom panel shows the relationship 
with the standard deviation divided by the mean rainfall (normalised). 
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Figure 9.10  Maps of global DJF (austral summer) rainfall climatologies (top row) from the 2 groups of 

CMIP5 models (“very wet summer” on the right, “other” on the left) in mm day-1 and 
anomalies from the CMAP climatology averaged from 1980-2005 period (bottom row). N.B. 
scales differ between top and bottom rows. 

We now turn to investigate whether the SEA rainfall-tripole relationship can help to better 
understand the range of future projections of SEA rainfall generated by the CMIP5 models. The 
first part of this investigation considers the projected changes in tropical SSTs generated by the 
CMIP5 models. The full CMIP5 database is displaying a pattern of global warming which is 
"ENSO-like" in that the strongest tropical warming is located in the Eastern Equatorial Pacific.  
 
However it is not obvious, when the tripole boxes are displayed on the CMIP SST warming 
pattern for both groups of models (those with very wet summer and the other models: Figure 
9.8), that this will lead to significant trends in the tripole index. Indeed, computation of linear 
trends for the tripole index for the 37 CMIP5 models considered confirmed this lack of large 
overall trends, with the ensemble mean displaying trends for the full 21st century simulation of 
less than 0.2 °C over the full simulation for any months; most monthly trends are negative 
(Figure 9.11, lower panel). There is, however, a large range of responses across the models, 
with some displaying trends as large as 1 °C for particular months, either positive or negative. 
This is shown in particular in the key part of the annual cycle relating to SEA rainfall, April to 
October, opening up the possibility that this range of tropical warming patterns may relate to the 
range of rainfall projections. Importantly, amongst the models indicating large positive trends in 
the tripole index, several are amongst the group of models with very wet summers identified 
earlier, leading to the ensemble mean of these models indicating a mostly a positive (albeit 
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small) trend. This is especially so for the period of year from April to November when the 
tripole is most positively related to SEA rainfall. Excluding these models (ensemble mean 
labelled “other models” in Figure 9.11) leads to a larger negative trend for the tripole index for 
that critical part of the year (April to November).  
 
 

 
 
 

 
Figure 9.11  Maps of global surface temperature change (in °C, annual mean) from the 2 groups of 

CMIP5 models (“very wet summer” on the right, “other” on the left). Anomalies are computed 
between the last 30 years of the 21st century (RCP 8.5) and 20th century (historical) 
simulations. Bottom panel shows the annual cycles of the mean monthly trends in tripole 
index computed from 2006 to 2099: for the ensemble mean of the 37 CMIP5 models 
considered and the individual models; ensemble mean of the 15 models with “very wet 
summer” as well as the ensemble mean of the “other” 22 models are identified. 
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Figure 9.12  Annual cycle of the projected rainfall trends in mm over 2006-2009 for the entire South-

Eastern Australia box following RCP8.5 pathway for the ensemble mean of the 37 CMIP5 
models considered and individual models (top panel); comparison between various sub-
regions across SEA (lower panels): (top left, continental point within the red rectangular box 
in the top right map) and for three Victorian sub-regions (South-West, bottom left, Murray 
basin part of Victoria, bottom middle panel, and South-East Victoria, bottom right panel). 
Rainfall anomalies are given in per cent with respect to the 1986-2005 mean, for the four 
calendar seasons, under RCP 2.6 (green), RCP 4.5 (blue) and RCP 8.5 (purple) for 2090. 
Natural climate variability is represented by the grey bar. Note: South-West anomalies panel 
uses a different scale for the Y-axis. 
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Beside the differences in trends in the tripole index annual cycle, it is noteworthy that overall 
the ensemble of models with a “very wet summer” have a lesser warming in the equatorial band 
than the “other” group. In contrast, at high latitudes in the southern hemisphere where the 
warming is less than further equatorward, it is weaker in the “other” group of models. Therefore 
the “other” group have a warming pattern that will cause a greater increase of the climatological 
gradient of SSTs between equator and pole in the Southern Hemisphere. 
 
Future SEA rainfall indicates a drying trend from May to November when the full ensemble 
mean is considered and a very small positive trend during the warm season (Figure 9.9, top 
panel). It bears some resemblance to the observed trends over the last 30 years, with the well 
documented differences that the future rainfall projections of decreasing cool season rainfall are 
greatest in austral spring (SON) while the observed cool season decline is greatest in austral 
autumn (MAM). That seasonality of the future projections is depicted further for SEA as well as 
for sub-regions within that box (lower panels in Figure 9.12, N.B. in percentage change while 
the top panel is in absolute change), showing slight differences in the mean projected change 
between the three sub-regions in Victoria. The scatter amongst models of linear SEA rainfall 
trends during the 20th century and 21st century is unrelated in any period, including the season 
of the observed decline: April to October (R= -0.12, not shown). 

  
Annual JASON AMJJASO SON DJF 

Mean 
rainfall 
changes 
(percent) 

All models ‐8.4 ‐15.8 ‐12.1 ‐19.7 1.2 

Very wet summer models ‐0.1 ‐6.1 ‐3.9 ‐5.6 5.7 

Other models ‐14.1 ‐22.5 ‐17.7 ‐29.4 ‐1.8 
 

Table 9.1: Projected rainfall changes (in per cent) for the last 20 years of the RCP8.5 simulations (2080-
2099) compared to the last 20 years of the historical simulations (1986-2005) for annual totals (column 3) 
and different seasons (columns 4 to 7) showing all CMIP5 models together and separated in two groups, 
one being the models with “very wet summers” in the simulations of the current climate and the “other” 
being the remainder of the models.  

As can be seen in Figure 9.12, the scatter of SEA rainfall projections amongst the CMIP5 
models is very large. Of interest is the behaviour of the group of 15 models that simulate a very 
wet summer for the current climate. Their ensemble mean displays an annual cycle of anomalies 
similar to the full ensemble mean, but on the wetter side (Figure 9.12: larger positive trends in 
the warm season and smaller negative trends in the cool season), leading to nearly no trends in 
the annual mean (Table 9.1). As a result the ensemble mean of the “other models” projects 
stronger rainfall declines all year round (Figure 9.12). The difference in projected rainfall 
change for the “other” models relative to that from the full ensemble mean leads to a mean 
signal in excess of 50 per cent worse across the entire cool season and spring (Table 9.1).  
 
The difference in the rainfall projections between these two groups of models is not limited to 
SEA. A global perspective (not shown) shows sizeable differences in projected rainfall changes 
by the end of the 21st century compared to the end of the 20th century starting with a very large 
rainfall increase in the ITCZ in the “other models” group, larger than for the “very wet summer” 
group. This difference exists in both austral summer (DJF) and winter (JJA), but in winter it is 
coupled with a reduction of rainfall in the sub-tropical band of the Southern Hemisphere and in 
particular across the Australian continent including SEA. In the “other models” group, that 
reduction is much larger than the “very wet summer” group, leading to the sizeable differences 
in ensemble mean reported in Table 9.1. 
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Figure 9.13  Scatter plots across metrics computed for 37 individual CMIP5 models: trends in July to 

November SEA rainfall from 2006 to 2099 using the RCP8.5 pathway versus the tropical 
tripole index for the same seasons (top panel); same quantities for the austral summer (DJF: 
lower panel). In all panels, the ensemble mean is shown with a black symbol and models 
with a “very wet summer” are shown as green symbols, lines of best fit and square 
correlation are displayed. 
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There is a general expectation that the projected rainfall decline in the cool season is related to 
the severity of the emission pathways used to force the models and the subsequent global 
warming projected for each pathway, as reported in the recent National Climate Change 
Projections for Australia Natural Resource Management regions (CSIRO and BoM, 2015). We 
do find evidence of this in the magnitude of the projected rainfall decline for SEA and sub-
regions in Victoria, as the magnitude of the austral winter and spring decline increases with the 
severity of the emission pathways (bottom panel in Figure 9.12 from RCP 2.6 to RCP 8.5). 
However, there is only a weak relationship amongst the 37 CMIP5 models considered here 
between the sensitivity of the models, expressed as the amount of global warming simulated 
during the 21st century under the RCP 8.5 pathways, and the magnitude of the rainfall decline 
(in the cool season, R=-0.34, significant at the 95 per cent level). The relationship is non-
existent for austral summer and non-significant for the annual mean (Table 9.2).  
 

Correlated quantities 

Variable 1 Variable 2 
Period 
considered 

Annual JASON AMJJASO SON DJF 

SEA 
Rainfall 
Trend 

tripole trend 2006-2099 
0.65    
(0.63) 

0.75    
(0.78) 

0.74    
(0.77) 

0.70    
(0.72) 

0.23    
(0.09) 

Global 
Warming 

2006-2099 -0.30 -0.32 -0.34 -0.19 -0.07 

 

Table 9.2  Correlation coefficients computed across the 37 individual CMIP5 model quantities (indicated 
in the two left columns) averaged over a period of time indicated in the third column and for 
different seasons (columns 4 to 8). Correlation coefficients significant at the 95 per cent (99 
per cent) level and are indicated in italics (bold)). Numbers in brackets are obtained with some 
individual models removed (see text for details). 

The scatter in projected rainfall trends amongst models was evaluated further by relating it to 
the tripole trends projected by the same model (Figure 9.13 and Table 9.2). A very strong and 
highly significant relationship was found for the annual mean (R=0.65). The correlations are 
higher for the critical time of the year where the relationship is known to peak (July to 
November) reaching R=0.75, and equally very high for the key season in term of SEA rainfall 
(April to October). In contrast, the relationship is almost non-existent in austral summer (DJF: 
R=0.23). With such a small sample, correlation coefficients can be affected by a single case; 
this can be seen in Figure 9.13 where for both July to November and for the Austral summer a 
single model is a clear outlier (CSIRO-mk3.6). Without this model, the picture is even clearer, 
with stronger relationships in the cool season and July to November and a correlation below 0.1 
in summer (Table 9.2). It is worth noting that although the “very wet summer” models tend to 
have more positive rainfall trends, as expected from ensemble mean results (Table 9.1), 
removing them does not reduce the overall range of projections as both groups of models are 
widely scattered. 
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9.6 Activity 3: critical assessment of model projections: 
extended dry periods 

Introduction 

The Millennium Drought is marked with a very distinct character – a 15 year period of 
continuous absence of very wet months (Timbal, 2010). The lack of high rainfall years is 
believed to be one of the key reasons why the decline in rainfall during the Millennium Drought 
has caused a decline in runoff that is much more severe and unprecedented than in the previous 
historical record.  
 
In 2014/2015, we examined the ability of CMIP5 models to reproduce this prolonged no-very 
wet month period on an annual basis (Hope et al, 2015). In this study, the examination is 
extended into a seasonal basis, i.e. the cool season (April-October) and the warm season 
(November-March).  
 
The seasonal analysis is considered to be important because the rainfall contribution to SEA’s 
water resources varies during the cool and warm season. For instance, the cool season rainfall is 
the primary source that helps recharge the SEA water resource (Chiew et al., 2014), and hence 
the lack of rainfall in the season would have significant hydrological and agricultural impacts. 
As discussed in CSIRO (2012) and detailed in Section 9.4 above, there is evidence suggesting 
long-term reductions occurring in cool season rainfall and streamflow across the region. In 
addition, our current understanding of the interactions between the large-scale climate modes 
and the consistent results from GCMs suggest that there will be a continuing decline in cool-
season rainfall and possibly an increase in warm-season rainfall (Hope et al, 2015).  

Data and Methods 

This study applies the same data and methods reported in Hope et al (2015). However, the 
analysis focuses on the seasonal, rather than annual time period. Following Timbal (2010), we 
calculated the areal mean monthly rainfall for SEA (defined as mainland Australia south of 33.5 
°S and east of 135.5 °E) for both the observed and modelled rainfall data. The source of the 
observed monthly rainfall data is the Australian Water Availability Project (AWAP) gridded 
climate datasets of the Australian Bureau of Meteorology (Jones et al., 2009). Meanwhile the 
modelled rainfall is from a set of 32 Global Climate Models (GCMs) available, at the time of 
the study, in the World Climate Research Programme's (WCRP's) Coupled Model 
Intercomparison Project phase 5 (CMIP5) multi-model dataset. The historical simulations span 
the years 1900-2005, while the 21st century simulations span 2006-2100. Future simulations 
forced under the ‘business as usual’ emission scenario of RCP8.5 were used. We generate a 
monthly time series consisting of either very wet month or non-very wet month. The former is 
that with rainfall above the 90th percentile, based on the 1900-1999 climatology and are 
computed month by month as in Timbal (2010), while the latter is that which does not satisfy 
the criteria. This step is conducted for both the observations and the modelled data, with each 
model having its own values for the 90th percentile. The number of very wet months per year, 
for each season, are then calculated and analysed. By definition, the cool season in a given year 
would have a range of 0 to 7 very wet months whereas the warm season would have 0 to 5 
months.  
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Results 

During the Millennium Drought, the observed no-very wet period for the cool and warm season 
is 16 and 9 years, respectively. Most models are capable of reproducing such prolonged no-very 
wet periods in their 20th century simulation. However, the longest modelled event is typically 
shorter than the observations especially for the cool season (Figure 9.14). 
 
.   

 

Figure 9.14  Length of the longest no-very wet period according to observation (AWAP) and models’ 20th 
century simulation for the cool and warm season. The multi-model ensemble is represented 
by the average, maximum and minimum values.  
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For the cool season, the multi-model average of the longest event during the 20th century is only 
6.3 years. The longest modelled event is 12 years (i.e. CMCC-CM model, not shown here). For 
the warm season, the multi-model average of the longest event is 8.6 years and hence relatively 
close to the observation of 9 years. The longest modelled event is 15 years (i.e. MPI-ESM-LR 
model, not shown here), which thus outweighs the longest observed event. Furthermore, seven 
out of the thirty-two models reproduced a longest warm season event of 9 years, which is 
exactly the same as the observations. 
 
Regarding the potential change in the length of the longest event in the 21st century relative to 
that of the 20th century, the multi-model median suggests that it could decrease by around -7 per 
cent (with uncertainty ranging from +99 to -43 per cent) for the cool season (Figure 9.15). Other 
results (not shown here) indicate that the better performing models tend to project an increase in 
length of longest event for the cool season, thus a reduction could be less likely. For the warm 
season, there could be a decrease by around -33 per cent (ranging from +16 to -56 per cent). 
This finding is consistent with previous projections of possibly an increase in warm-season 
rainfall (Hope et al., 2015). 
 

 
Figure 9.15  Projected change in the length of the longest no-very wet period in 21st century relative to 

20th century as simulated by 32 CMIP5 GCMs. Model ensemble is represented by the multi-
model median, and the 10th-90th percentile value. 

 
For the 5 years event, there are 3 observed events for both the cool and the dry season. The 
multi-model mode underestimates this frequency in their 20th century simulation (Figure 9.15). 
For the 21st century, the multi-model mode suggests a possible decline in frequency, but the 
range of uncertainty indicates that an increase cannot be ruled out. 
 
For the 3 years event, model performance seems better as the multi-model mode closely 
matches the observations. Overall, most models suggested that no-very wet periods of at least 3 
years could still happen in the future, although the frequency might decline 
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Figure 9.16  Observed (AWAP) and modelled number of no-very wet periods of at least 3 and 5 years, 

for the cool and warm season. Multi-modelled values for the 20th and 21st century are 
shown. Model ensemble is represented by the multi-model mode, and the maximum and 
minimum value. 

9.7  Synthesis of model evaluations 

The model evaluation efforts in Year 3 reported above were focused 1) on the tripole index and 
its relationship to Victorian rainfall, and 2) the ability of models to reproduce dry periods. 
However, research over the full three years of the VicCI program, as well as that conducted as 
part of the preparation of the National Climate Change Projections (CSIRO and BoM, 2015) has 
examined model performance in relation to a wide range of relevant criteria for Victoria and it 
is helpful to consolidate the results here.  
 
Figure 9.17 shows rainfall projections for 2065 under RCP8.5, expressed as a percentage 
change from the baseline of 1975-2014 from 41 of the 42 GCMs used in the production of the 
streamflow projections presented in Project 8. (FGOAL-s2 was removed from this analysis in 
line with the removal of all the data from the CMIP5 data base due to data errors by the 
modelling group). See the Project 8 report and Potter et al (2016) for further details on the 
rainfall and streamflow projections. Models are ranked from the top left corner from the wettest 
to the driest projections. 
 
The bars under the table show the results of the evaluation of model performance in relation to a 
range of criteria that are important for Victoria. The performance evaluations have been drawn 
from a range of sources (as outlined below) and it should be noted that the criteria shown are 
not mutually exclusive; in particular the CCIA criterion involves an evaluation across nine 
separate criteria. The numbers of models rated on each criterion also vary. Where models are 
evaluated as “failing’ relative to a specific performance criterion the bars are coloured red, 
where they have not been assessed on a criterion the bars are coloured grey, and where 
performance is considered to be “satisfactory” on a criterion, the bars are coloured green. The 
evaluations are conservative; in general only about a third of the models are flagged as failing. 
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Figure 9.17  Rainfall projections for 2065 under RCP8.5, expressed as a percentage change from the 

baseline of 1975-2014 (used for the streamflow projections; see section 13) from 41 GCMs. 
The bars under the table show the results of the evaluation of model performance in relation 
to a range of criteria relevant to Victoria (see main text for details); models evaluated as 
satisfactory for all criteria are highlighted by green boxes. 
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The metrics applied for this evaluation are as follows: 
 
 CCIA: This represents a synthesis of model evaluations against nine criteria as reported in 

Chapter 5 of “Climate Change in Australia: Projections for Australia’s NRM Regions 
(CSIRO and BoM, 2015). See in particular Table 5.6.1 in that report which summarises 
results. The criteria cover the ability of the models to simulate current climate, as well as 
their ability to capture the behaviour of key climate influences and their teleconnections to 
Australian rainfall. Table 5.6.1 indicates the number of times the various models are 
identified as poor performers across the range of criteria considered. For the purposes of 
Figure 9.17 above, a model is classed as a “fail” against the CCIA criterion if it is ranked as 
a poor performer for more than one of the nine criteria. It is of note that all models flagged 
in the Climate Futures website as not being suitable for use as a representative model from 
which to extract data for the Southern Slopes or Murray Basin Clusters fall into the failed 
models classification based on this CCIA criterion (CSIRO and BoM, 2015).  

 STR: This reflects the ability of each model to reproduce the observed subtropical ridge 
(Grose et al. 2015b). Climate models that are classed as failing this criterion are those that 
simulate the STR as being too broad (more than 25o of longitude) relative to observations or 
as being too far west (i.e. not overlapping the 140-150o longitude band).  

 Trop: This reflects the performance of models in terms of their ability to capture tropical 
variability in relation to rainfall across south-eastern Australia (see Timbal et al., 2016). 
This assessment was conducted using three metrics: the variability and trends of tropical 
SSTs (as measured by a tripole index which compares SSTs in two regions to the west and 
east of northern Australia to SSTs in a region to the north of Australia, thus picking up the 
combined influence of ENSO and the IOD) and their relationship, on interannual 
timescales, with rainfall in SEA. Models which are classed as failing this criterion do not 
have a good representation of the relationship between tropical SSTs and Victorian rainfall. 

 Wet DJF: This reflects the inability of certain models to reproduce the annual cycle of 
rainfall in Victoria (see this year’s Project 5 report); a group of 15 models was identified 
having “too wet’ summers.  

 SAM: This reflects the ability of the models to reproduce the behaviour of SAM and its 
relationship with rainfall across SEA; of particular interest is the ability to reproduce both 
the negative relationship in the middle of the cool season (high SAM equal less rainfall in 
the south) and the positive relationship later in spring and summer (high SAM equal more 
rainfall across the northern part of SEA). 

This evaluation allows an overview of the model performance relative a range of criteria 
particularly relevant to the climate of Victoria and its variability, and therefore reflects the 
overall ability of the climate models to represent Victoria rainfall well and for the right reasons. 
Figure 9.17 highlights that results are rarely uniform and that models which do well on some 
criteria do not necessarily do well on others. There is therefore no easy way to select a set of 
“best’ models, although there clearly are a number of models that are more consistently “poor” 
performers. The implications for runoff projections are discussed further in sections 11 and 12. 
 
Another important observation is that models with more red flags tend to be clustered more 
toward the extremes. For example, the only 2 models with 5 red flags are amongst the 4 wettest; 
and the lone model with 4 red flags is the third driest. A corollary is that best performing 
models are more clustered toward the centre (e.g. the third and fourth rows have more models 
with only green flags than the other rows). 
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 Figure 9.18  Rainfall projections for 2065 as per Figure 9.17 but for ensemble mean: full model ensemble 

(top) and for the various evaluations, on the left (right) the ensemble mean of the 
satisfactory (fail) models.  
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Figure 9.18 shows projected mean annual rainfalls at 2065 under RCP8.5 for the “satisfactory” 
models versus the “failed” models for the various criteria. The ensemble mean for all 41 models 
is shown at the top of this figure.  
 
Every single ensemble has a similar spatial pattern where the driest signal is in the south-west of 
the domain and the wettest signal is in the north-east. And in general, the differences between 
the various ensemble means are not very large. This is particularly the case for the evaluation 
conducted in the CCIA; this is noteworthy as this is the most comprehensive evaluation 
including nine different evaluations of key aspects of climate models, but it was not done with a 
particular emphasis on Victorian climate. 
 
The other four criteria which were evaluated as part of VicCI with a focus on drivers of 
relevance to Victoria climate show more visible mean differences. For both the STR and the 
“very wet summer” criteria, the ensemble mean of the satisfactory models is markedly drier 
than the ensemble mean of the models which fail that criterion. In contrast, for the evaluation of 
the relationship between rainfall across SEA and both the SAM and the tropical influences, the 
ensemble mean of the models which better represent these teleconnection is less dry than the 
models which fail these criteria (more noticeable in the SAM case). 
 
Finally, reducing the ensemble to the models which have not failed the five criteria (only 6 
models qualified, outlined with green boxes in Figure 9.17) the ensemble mean is similar in 
term of pattern to the overall ensemble mean but the magnitude of the decline differs. The maps 
(Figure 9.17) depict the differences by 2065. By the end of the 21st century (20 years centred on 
2090), the ensemble mean of the projected annual rainfall decline averaged across Victoria is 
actually significantly different: nearly twice compare to the full ensemble mean (-8.4 per cent) 
when either the model which have a very wet summers are omitted (-14.1 per cent) or when the 
ensemble of models is restricted to the small set of models which never failed any of the five 
criteria (-17.5 per cent). 
 

 
Figure 9.19  Rainfall projections for 2065 as per Figure 9.17 but for ensemble mean: full model ensemble 

(top) and for the ensemble mean of the 6 models which satisfied all criteria (left) and the 
ensemble mean of the other models (right).  
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On the basis of this overview, due to some systematic issues that some individual models have 
in reproducing key aspects of the climate system of relevance to Victoria, it does appear that 
considering the full ensemble of models biases the mean projection toward a less severe rainfall 
reduction. In addition, excluding poorer performing models makes the wet end of the range less 
wet and, to a lesser extent, the dry end of the range slightly less dry (as can be seen from the 
clustering of models with red flags at both ends of the spectrum, but in particular the wet end).  

9.8  Conclusions and future perspectives 

Current Climate 

Recent update of the monitoring of the Victorian climate shows that it remains “abnormal” from 
the full historical perspective: 20-year and 30-year periods show marked rainfall deficits during 
the cool season with no persistent signal during the warm months. Temperature across Victoria 
continues to rise; the “pause” if there was ever one, is truly over globally and for Victoria with 
the exception of minimum temperature during the cool season which continues not to show a 
warming trend in relation to the on-going cool season rainfall deficiency. Despite the 2010-12 
floods, inflows into major water supply systems across Victoria over the last twenty years 
continue to be significantly below the long term average to 1996. Inflows into major water 
supply systems across Victoria continue to experience critically low levels. When it comes to 
understanding these anomalies of the regional climate, indices of large-scale drivers of the 
Victorian rainfall (SAM, STR, and tropical tripole) continue to display anomalous behaviours 
which help explain the on-going rainfall anomalies. A statistical reconstruction of the expected 
rainfall deficiencies based on these indices anomalies and their known relationship to Victorian 
rainfall bear some resemblance to the observed rainfall anomalies. 

Model Evaluation 

As the State of Victoria is experiencing record deficiencies of rainfall over the last 20 years 
creating difficulties for water resources management and planning, the need to provide more 
certainty about future climate trends is ever increasing. The latest climate projections for South-
East Australia project an overall drying in the cool part of the year with little change in the rest 
of the year. Although this is in line with current trends, a very large uncertainty range is 
associated with these projections. As part of this year’s project, this range of projections has 
been investigated, first by assessing how the current suite of climate models are able to simulate 
the regional rainfall as well as the tropical variability, known to be a key driver of the regional 
climate. The models were found overall competent, although a number appear to have a 
problematic overestimation of the Victorian austral summer rainfall.  

Model rainfall projections are found to be related to the models’ projected patterns of tropical 
warming, where 60 per cent of the range in cool season rainfall projections can be explained by 
the range of projected changes in the tropical warming. In addition, the ensemble mean projects 
a less dry future when models that were identified to have too wet summer climatologies are 
included. This provides insight into the range of projections, suggesting that the upper end of 
the uncertainty range is less likely due to this particular model bias.  

A synthesis of all the CMIP5 GCM evaluations conducted over the three years of the program 
was compiled with a view to better understanding the reasons for the large range of uncertainty 
in rainfall projections and, in turn, highlighting for users of the streamflow projections 
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generated in Project 8 which, if any, of those projections should be considered as less likely due 
to issues in the underpinning modelling capability. The analysis suggests that both ends of the 
range of projections (wet and very dry) should be considered as less likely, in particular the wet 
end, and that, overall, rainfall projections based on the full suite of CMIP5 GCMs are likely to 
be optimistic (i.e. underestimate the magnitude of future rainfall declines). 

While CMIP5 GCMs are able to reproduce prolonged no-very wet periods as part of their 20th 
century simulations, these periods are shorter than observed in the case of the cool season. The 
length of the longest event is projected to decrease by around -7 per cent and -33 per cent for 
the cool and warm season, respectively, with a large range of uncertainty across these estimates. 
The majority of the models suggest that similar events might reoccur in the 21st century, with a 
frequency that could be less than that of the 20th century, but again with a large range of 
uncertainty. These findings are expected to be useful in informing drought risk and water 
resource planning and management.  
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10. PROJECT 6: CONVECTION-RESOLVING DYNAMICAL 
DOWNSCALING 

Marie Ekström, CSIRO Land and Water 

10.1 Key Findings 

 The term ‘dynamical downscaling’ denotes methods that use a numerical model to simulate 
the dynamical response at a finer resolution than the GCM. Simulations with less than 3 km 
resolution allow for convection to be explicitly simulated, providing rainfall patterns more 
similar to observed data compared to coarser resolution models with parameterised 
convection. However, the additional computing cost of simulation at very fine resolution 
needs to be balanced against the benefits gained in better resolving the change information 
required.  

 The Advanced Weather and Research Forecasting (WRF) modelling system was used to 
simulate five years of rainfall at convective permitting scale (2 km) and coarser resolution 
scales (10 km) with parameterised convective rainfall across Victoria.. The results from the 
convective permitting simulations are spatially more similar to observations particularly in 
high accumulation areas compared to simulations at 10 km resolution. However, using 
objective verification metrics, there is no significant difference in skill between the 
simulations with regard to mean climatologies. However, inadequate representation of 
rainfall in high altitude areas in observations is one limitation to these measures of skill. 
Significant differences in skill were found when comparing simulations on catchment scales 
using seasonally stratified daily catchment time series (25 catchments across Victoria). 
Around 5-7 catchments show more skilful simulations for the 10 km output and 3-6 
catchments (i.e. somewhat fewer) for the 2 km output.  

 When using a metric based on temporal correlation skill, the 2 km resolution results appear 
to give significantly better skill in all seasons, particularly in winter. Thus, the 2 km 
resolution simulation better captures the timing of rainfall, particularly intense rainfall, 
compared to the 10 km resolution simulation. 

10.2  Background 

Understanding future changes to runoff is a key motivation for research in VicCI, as changes in 
runoff are directly relevant to water resource management in the state of Victoria. Simulations 
of future climate are generated by global climate models (GCMs) that typically operate on 
scales of 100-250 km. This scale is considered much too coarse for most hydrological 
applications (Fowler et al., 2007), hence there is a need to translate the climate change signal in 
the GCM output to a finer resolved regional signal.  

Numerous techniques exist that attempt to bridge this scale-gap and they are all referred to as 
‘downscaling’ methods. The term ‘dynamical downscaling’ refer to methods that use a regional 
climate model to simulate the dynamical response at a finer resolution than the GCM (Laprise, 
2008). The regional model typically simulates the climate only for a limited area, using 
information about the global climate from a GCM. Output from dynamical downscaling gives a 
physically consistent response to a wide range of variables for a defined spatial and temporal 
domain. For this reason output from regional climate models is often sought for impact and 
vulnerability assessments. However, because the method itself demands significant computing 
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resources relative to other downscaling techniques, it is usually run only for a selection of host 
GCMs and emission scenarios, which limits the ability to represent uncertainty in those 
components. Further, the models themselves are not perfect so will contain a model-bias 
relative to the observed real climate, which may require some amount of bias correction 
depending on the application (Foley, 2010). 

In Project 6, the benefits of very fine resolution (2 km) dynamical downscaling is assessed for 
skill in simulating rainfall relative to coarser resolution simulations with parameterised 
convection (10 km). The motivation is that improved skill in simulating rainfall leads to 
improved skill in hydrological impact modelling. There is some evidence suggesting improved 
representation of spatial and temporal rainfall characteristics when focusing on the simulation of 
rainfall extremes (Kendon et al., 2012; Chan et al., 2013; Chan et al., 2014), but it is unclear if 
similar conclusions can be made for about which rainfall characteristics are important for the 
improvement of to rainfall-runoff modelling.  

The potential benefits of very fine resolution downscaling across Victoria is assessed through a 
hind-cast study, where a regional model (Local Area Model (LAM)) is configured to produce 
output at the two scales of interest using input data from a re-analysis data set (based on 
observations) rather than output from a GCM. The use of re-analysis data as input means that it 
is possible to evaluate the skill of the LAM against historical observed data. This study will 
provide guidance on whether output from fine resolution simulations leads to significantly 
different (and improved) runoff projections relative to somewhat less computationally 
expensive model resolutions.  

The first two years of VicCI focused on the implementation of the Advanced Weather and 
Research Forecasting (WRF) modelling system for convective permitting simulations across 
Victoria. In year one of VicCI, model configurations and experiments were designed to identify 
an application-appropriate configuration of WRF to be used for a multi-year experiment in the 
final year of VicCI (Ekstrom, 2014). In year 2, a small physics ensemble was assessed for three 
case study periods identified through discussions with VicCI partners, visual inspection of daily 
rainfall maps and synoptic charts for the 2010-2011 period, and a consideration of flood events 
as noted in the Victorian Government review of the 2010-11 Flood Warnings and Response 
(Comrie, 2011). Results indicated that the combination of the microphysics scheme WRF 
double moment 6-class scheme (WDM6) (Lim and Hong, 2010) and the planetary boundary 
layer scheme Mellor-Yamada Nakanishi and Niino Level 2.5 (MYNN) (Nakanishi and Niino, 
2006) gave the highest skill-scores when verified against gridded observations of rainfall from 
the Australian Water Availability Project (Jones et al., 2009) (Ekström, 2016). 

10.3  Objectives 

Use a range of metrics to compare multi-year simulations on 2 and 10 km grid cell resolution 
against observations to identify if they have equal skill in simulating observed rainfall. 

10.4 Activity 1: WRF experiment to give robust statistics on 
added value by fine resolution convective permitting 
downscaling relative to downscaling with parameterised 
convection. 
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In 2015, two multi-year runs were executed with WRF for a three nested experiment (domain 
D01, D02 and D03 at 50 km, 10 km and 2 km resolution respectively); output on the latter two 
are hereafter referred to as WRF10 and WRF2. The first experiment (2010-2013) used the exact 
same specifications as recommended in Ekström (2016). A 5-year run (2010-2014) was 
subsequently executed with some adjustments to model domain (e.g. eastward widening of the 
innermost domain to go beyond the coastal boundary, further smoothing of topography, reduced 
level of model height and model vertical levels), model dynamics (adjustment of offset in sub-
time step), nudging (nudge horizontal winds into boundary layer, reduce nudging strength for 
winds and geopotential), and runtime settings (allocate nodes for input and output tasks, and 
adjust adaptive time-stepping settings).  

Figure 10.1  Panel a) shows the external boundary of the three nested spatial domains with the 10 grid 
cell buffer zone of each domain excluded: D01 (50 km), D02 (10 km), and D03 (2 km). Panel 
b) shows the topographic features of the middle spatial domain D02 with the outline of the 
innermost spatial domain (D03) and the state borders overlaid (again the buffer zone of the 
spatial domains is excluded). 

The re-run was motivated by resolving the cause of a late-runtime model crash in the 2010-2013 
experiment. Whilst able to restart the model and finalise the simulation of 2013, the cause of the 
crash was not satisfactory resolved, pointing towards a borderline-stable model configuration. 
Further model testing led to a revised configuration of WRF (as noted above) and a 5-year 
simulation completed in March 2016. For the four overlapping years, the revised configuration 
gave simulations with smaller error to observed data relative to the previous model run 
completed in August 2015.  

WRF rainfall outputs on 2 and 10 km resolution were subsequently assessed against 5 km 
gridded observed data from the Australian Water Availability Project (Jones et al., 2009). 
Comparison was conducted for daily totals, both on grid cell level and on catchment level (25 
catchments spread across the state of Victoria). For the former, WRF outputs were re-gridded 
onto the 5 km regular latitude longitude grid of AWAP for the spatial extent of the innermost 
WRF domain excluding its relaxation zone of 10 grid cells. Catchment comparison was 
conducted on catchment averages for 25 catchments spread across the model domain (Figure 
10.1 and 10.2).  
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Figure 10.2  Location of catchments 1:25 in southeast Australia. Shading indicates regional topography 
and boundaries show state border between Victoria and New South Wales.  

Observed and simulated rainfall daily fields and catchment totals were sorted, respectively, into 
two magnitude categories, P1 and P2. The sorting of the simulated and observed data was done 
accordingly: 
 
 First a threshold value was identified from AWAP data. For rainfall fields, a time series is 

created from daily grid cell maximum values, the threshold being the 90th percentile of this 
time series. For the catchment comparison, one threshold per catchment total is identified 
from the AWAP data, i.e. the 90th percentile of each catchment time series. P1 is less than 
the 90th percentile, while greater than the 90th percentile, P2 is indicative of more intense 
rainfall days. 

 Daily simulated and observed rainfall fields are then sorted into bins depending on the 
exceedance or non-exceedance of the threshold in the observed data (i.e. the sorting is based 
on observed data). 

 The sorted time series are then split into seasonal datasets (December-February, March-
May, June-August, and September-November). 

 A grid cell comparison is conducted on mean climatology maps for each season and 
percentile bins (P1 and P2, Figure 10:3-10:6), and the catchment comparison is conducted 
on seasonal catchment series for P1 and P2 sub-samples. 

For grid cell comparison, three metrics were used to compare the mean fields of the stratified 
rainfall simulations and corresponding observed sample (Figures 10.3-10.6): the Fractions Skill 
Score (FSS) (Roberts and Lean, 2008; Mittermaier and Roberts, 2010)), simple variography 
metric (Ekström, 2016), and spatial prediction comparison test (SPCT) (Gilleland, 2012). For 
the catchment comparison, a one-dimensional variant of the SPCT was used, the time series 
prediction comparison test (TSPCS) (Hering and Genton, 2011).  
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Figure 10.3 Mean rainfall fields of seasonal and percentile categories (P1 and P2) for summer 
(September to November) for AWAP (column 1), WRF10 (column 2) and WRF2 (column 3). 
All datasets are on 0.05 degree regular latitude longitude grid. Rows separate mean rainfall 
fields of different percentile bins, where row 1 correspond to P1 (<90th percentile) and row 2 
is P2 (>90th percentile). Note that daily rainfall fields are sorted into different percentile bins 
following the daily AWAP maximum rainfall value.  

Figure 10.4  Same as Figure 10:3 but for autumn (March to May). 
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Figure 10.5  Same as Figure 10:3 but for winter (June to August). 

Figure 10.6  Same as Figure 10:3 but for spring (September to November). 
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The FSS and variography metrics provide relative measures of objective skill; the former 
relating to skill in position and the latter to skill in spatial variability and size of simulated 
structures. The SPCT is a significance test of equal skill between competing forecasts, the skill 
considered here is that of absolute error (AE) for rainfall fields (i.e. magnitude errors). The 
same measure is used for an assessment on catchment scale, for which the correlation skill 
(temporal variability) was also assessed. Noting the presence of strong contemporaneous 
correlation, significant differences are not expected when assessing the rainfall fields. However, 
the sign of test metrics indicate what dataset has on average a smaller bias or higher correlation. 
For example, a positive test metric using AE suggests smaller bias for WRF2 relative to WRF10 
and a negative metric using correlation skill implies higher correlation skill for WRF2 relative 
to WRF10.   

Figure 10.7  Seasonal plots of the test statistic based on AE loss calculated for each catchment and 
AWAP percentile grouping. Summer is December to February (A), autumn is March to May 
(B), winter June to August (C) and spring September to November (D). Note that daily 
rainfall fields are sorted into different percentile bins following the daily AWAP maximum 
rainfall value for respective catchments. Positive values indicate higher correlation skill in 
WRF2, negative values higher correlation skill in WRF10. The x indicates rainfall less than 
the 90th percentile, while the o indicate more intense rainfall, greater than the 90th percentile. 
Red colouring indicates a significant difference between the results from the two resolutions 
at the 5 per cent level. 
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Comparison on a grid scale (seasonal rainfall climatologies) shows no instances of significant 
differences in skill between the two resolution simulations. Noting that the higher magnitude 
events are typically better simulated at the WRF2 resolution with spring as a notable exception. 
The FSS (positioning of high rainfall location) show somewhat greater skill for WRF2 in 
autumn and winter for both P1 and P2, but only for P1 in spring. Better skill is shown in 
WRF10 in P2 in summer and P2 in spring. Similarity in spatial characteristics is given by the 
variography metric, which shows better skill for WRF2 in autumn and spring (both P1 and P2), 
better skill for WRF10 in winter (both P1 and P2), and mixed results in summer with better skill 
for WRF10 for the P1 climatology and for WRF2 for the P2 climatology. Thus there is only a 
slight tendency for better skill when using output on WRF2 resolution, depending on season and 
intensity.  

Figure 10.8  Same as Figure 10:7, but of TSPCT based on correlation skill. Positive test metrics indicate 
higher correlation skill for WRF10 and negative values higher correlation skill for WRF2. 

Comparisons on a catchment scale show instances of significant difference in skill at the 5 per 
cent level when using both skill metrics (Figure 10:7 and 10:8). When using AE as skill metric 
about 5-7 catchments are more skilfully simulated using the 10 km resolution and somewhat 
fewer using the 2 km resolution (3-6 catchments) (Figure 10:7). When using correlation skill as 
the test measure, results are overwhelmingly in favour of the 2 km output, particularly for the 
P2 time series; though noting somewhat less so in summer (Figure 10:8). Thus, the 2 km 
resolution simulation better captures the timing of rainfall, particularly intense rainfall, 
compared to the 10 km resolution simulation. 
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10.5  Conclusions and future perspectives 

In Project 6 the relative value of very fine resolution convective-resolving downscaling versus 
fine resolution downscaling with parameterised convection is assessed. A 5-year simulation 
allowed assessment of output from WRF on two different grid cell resolutions, 2 and 10 km 
(WRF2 and WRF10). However assessment is only conducted on climatological aggregations, 
here stratified for season and rainfall intensity as recorded in observations. Due to strong 
similarity in climatologies, no significant skill was identified when assessing the 2 and 10 km 
outputs for bias and spatial correlation. Somewhat better skill in terms of spatial characteristics 
was indicated for WRF2 in the majority of comparisons (seasons and percentile climatologies, 
Figures 10.3-10.6). Due to locally large biases between simulations and observations, 
assessments on catchment level occasionally indicate significant difference in skill. Typically 
the assessments favour WRF10 as its smoother output results in smaller error relative to WRF2. 
A more fair comparison would require an observed data set on similar resolution as WRF2, or 
using a spatially complete dataset that hasn’t been produced using a gridding algorithm that 
produces smooth fields. 

This work suggests that a further breakdown is required of simulated datasets to discriminate 
simulations on skill; perhaps through assessment on event basis. Further, it is noted that results 
may be overly pessimistic for WRF2 due to the scale-discrepancy between the observed AWAP 
data used for verification relative to the simulated rainfall. AWAP is a daily gridded dataset on 
5 km resolution. Interpolated products typically provide a smoothed product relative to real 
spatial variability, therefore AWAP is likely to be conservative in its representation of intense 
rainfall events. Further, error statistics are greater in the Great Dividing Range in the east of the 
model domain, indicating somewhat poorer representation of rainfall gradients in the high 
altitude areas (Beesley et al., 2009). These weaknesses work in favour of the smoother WRF10 
fields, as verification is strongly dependent on the quality and station density of the observed 
dataset (Mass et al., 2002). See Ekström and Gilleland (submitted) for a full analysis of 
verification results. 
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11. PROJECT 7: IDENTIFICATION OF IMPROVED 
METHODOLOGIES FOR WATER AVAILABILITY 
PROJECTIONS 

Bertrand Timbal1, Sonya Fiddes1, 3 and Nick Potter2 

 
1 Bureau of Meteorology 

2 CSIRO Land and Water 

3 The University of Melbourne 

11.1 Key Findings 

 A proof-of-concept of the ability to produce values of catchment-scale monthly streamflow 
from rainfall and temperature fields using lagged-empirical relationships was demonstrated 
in the first year of the program using the Melbourne Water catchment. The method was then 
updated with the inclusion of ten-year antecedent rainfall, providing a small improvement. 
The method was then extended to 27 catchments across Victoria with results displaying a 
more diverse range of annual streamflows across the catchments considered compared to 
previous estimates on a river basin basis using CMIP3 models and a scaling approach. In all 
cases, the empirical reconstruction was able to reasonably reproduce the long-term trends 
and the depth of the Millennium Drought, something which many physically-based 
hydrological models do not capture well, due to limitations in their simulation of very dry 
or very wet conditions. However, model biases in the host GCM influenced the results of 
the empirical reconstructions of streamflow, even after statistical downscaling was applied 
to the GCM output before being used in the scheme. Following on from the calibration 
phase, streamflow projections for 27 Hydrologic Reference Stations (HRS) across Victoria 
have been generated using the downscaled outputs of 22 GCMs from the CMIP5 database 
and using two emission pathways (RCP 4.5 and RCP 8.5). For all cases, streamflow 
projections were generated with and without temperature as predictor variable.  

 Catchment streamflow is projected using a lagged-empirical relationship, drawing on 
statistically downscaled climate change information. This methodology produced 
projections with greater spatial variability compared to projections using hydrological 
models with empirically downscaled input variables from GCMs. The catchment based 
projections, indicate a large reduction (45 per cent) in streamflow by the end of the 21st 
century, with conditions similar to the Millennium Drought becoming the norm. For some 
catchments these conditions are projected to already be prevalent by around 2065. The 
driest 10-year mean streamflows at the end of the century are projected to be 78 per cent 
worse than the Millennium Drought for a high emission pathway, with a 56 per cent 
reduction from the reconstructed historical mean. The greatest reductions are seen through 
the May-November period.  

 Analysis of different ways to downscale the input fields for runoff models has highlighted 
the relative regional variation in projected seasonal and daily rainfall changes. Overall, 
runoff projection for 2065 show little agreement in all seasons but spring. The greatest 
disagreement occurs in summer and autumn. Empirical scaling suggests plausible change in 
both directions, though the median is typically negative. Dynamical downscaling methods 
typically show increases in runoff in summer and autumn, more so for CCAM in summer 
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and more so for NARCliM in autumn. Statistical downscaling methods project decreases in 
all seasons across most of the region, particularly in summer and autumn. Projections from 
SDM are typically drier than NHMM. Challenges remain in understanding the impact on 
runoff arising from model assumptions/biases/predictor variables as well as the influence of 
bias correction.  

 Given current seasonal projection results, the advice to end-users of runoff projections is 
reasonably consistent for spring, where most methods tend to agree on a drying signal 
across Victoria, particularly in the climatologically drier western catchments. However, for 
other seasons the advice remains that it is best to plan for a range of very different water 
futures. This is particularly the case for summer and autumn, where results using different 
methods differ in both the magnitude and direction of response. This is also the case for 
winter, but with a somewhat smaller range in response.  

 Changes in rainfall-runoff relationships can result in further biases in runoff projections if 
the hydrologic model used does not have the capacity to account for changes in catchment 
response under a changing climate. Many such hydrologic models have indeed displayed 
difficulty in reproducing the magnitude of streamflow reductions during the Millennium 
Drought. Given projections of a drier future for Victoria, in order to improve projections of 
future runoff, there is a continued need to improve hydrologic models or model calibration 
strategies to better capture catchment behaviour during prolonged dry periods.  

11.2  Background 

The aim of this project is to provide information about model behaviour and methodological 
choices that can improve the reliability and usefulness of runoff projections for mid- to long-
term future time horizons (2035-2065 (2050), 2070-2100 (2085) and 2040 or 2065, which are 
needed for the next round of strategic planning for urban water supplies in 2016. Two research 
activities were planned for this year to explore the different aspects of modelling techniques and 
downscaling methods. 

11.3  Objectives 

1. Apply the simple methods previously derived to relate gridded rainfall to streamflow 
across Victorian catchments. To then use outputs from climate model simulations to 
produce streamflow projections. 

2. Compare bias-correction methodologies including downscaling using available climate 
change data sets in order to investigate the effect of bias correction and other 
downscaling methods on hydro-climate projections, and describe their strengths and 
weaknesses in the context of VicCI. 
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11.4   Activity 1: Future streamflow projections reconstructed 
using rainfall and temperature 

Introduction 

The rationale, method and catchments used in this study were reported in the first VicCI annual 
rannual reporteport (Murphy et al., 2014); improvement to the method and calibration of the 
method when applied to downscaled climate models was reported in the second VicCI annual 
report (Hope et al., 2015). The location of the 27 HRS selected across the State are shown in 
Figure 11.1; the shading in Figure 11.1 is the mean annual rainfall, the range of rainfall totals 
across the state can clearly be seen 
 

Figure 11.1  Map of the catchment boundaries. Red boundaries signify the east subregion (East); the 
Alps are shown in dark blue (Alpine), the western slopes in violet (West of Alps), the far west 
in yellow (Far West) and the Melbourne water catchments previously analysed in purple. 
The background shading is the mean annual rainfall expressed in mm/day.  

Empirical computation of future streamflow 

The empirical computation developed in Timbal et al. (2015a) and updated in (Fiddes and 
Timbal, 2016a) is a simple approach that requires only 30 years of streamflow observations in 
order for the empirical relationship between rainfall, temperature and streamflow to be 
developed for any catchment within Australia. The version of this empirical relationship 
including all timescales from the current month to the preceding 10 years was chosen for use 
with output from climate models: 
 

2= + 1+ 2+ 3+ 4+ 5  

In this empirical computation of the monthly streamflow (R2), the following quantities are used: 
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1 = current month’s rainfall  

2 = previous month’s rainfall  

3 = current month’s temperature  

4 = previous 12 month’s total rainfall  

5 = previous 120 month’s total rainfall. 

Although temperature was not found to influence the results for the current climate greatly, it 
was believed that this variable should be included in the relationship to capture the influence of 
potentially warmer climates of the future. Comparison will be made of versions of the statistical 
model both including and removing the temperature component.  
 
The development of the empirical computation of streamflow for use with GCM outputs 
required an extra calibration step to remove the biases present in each climate model (in 
simulating historical rainfall) even after the statistical downscaling of the climate model 
outputs. This was described in detail in last year’s annual report (Hope et al., 2015) 

Application to downscaled GCM data 

Downscaled future rainfall projections (averaged across the 27 catchments considered for this 
study) show little difference between RCP 4.5 and RCP 8.5 until mid-century with little mean 
change from the historical average rainfall until that time (Figure 11.2a).  
 

Figure 11.2  Time series for Victorian catchment average rainfall (a) and temperature (b) for 
1950 to 2010 as simulated by the statistical downscaling of the CMIP5 models. 
Observed time series from 1950 to 2013 are plotted in black. Model ensemble 
means are shown as a thick line while lighter lines are the individual model 
projections. The historical period (1960-2005) is shown in grey and the future 
period (2005-2100) is shown in green (RCP 4.5) or blue (RCP 8.5).  

This result is consistent with the MDB rainfall projections for a larger domain and from direct 
model outputs instead of downscaled climate model outputs (Timbal et al., 2015b). After mid-
century, the two emission pathways separate; RCP 4.5 maintains a constant gradual decline 
whilst RCP 8.5 displays an increased declining trend. By the end of the century, changes in the 
cool season from the 1975-2005 (termed 1990) mean for rainfall show, under RCP 4.5, declines 
of between 5-15 per cent, with the catchments in the east region experiencing the greatest 
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declines. The RCP 8.5 pathway shows greater declines of approximately 20-30 per cent, and 
indicates that catchments in the east and far west will experience the biggest cool season 
changes.  

For projected downscaled temperature across Victorian catchments (Figure 11.2b), increases are 
seen extending into the future from the observed period to around 2040 for both emissions 
scenarios, after which the two projections diverge. Temperatures plateau by 2070 under RCP 
4.5, but continue to increase under RCP 8.5. These projections from downscaled climate models 
are in line with results for a wider region across the MDB (Timbal et al., 2015b) with projected 
maximum temperatures of 4.2 °C and 3.9 °C for the warm and cool seasons respectively by the 
end of the century under RCP 8.5. 

Future projections of streamflow 

From these projected changes in rainfall and temperature, the time series of projected 
streamflow for both emission pathways were computed using reconstructions calibrated for the 
current climate (Figure 11.3) for the average of the 27 Victorian catchments and three regions. 

In these plots, the average of the historical observed mean, the mean streamflow experienced 
during the Millennium Drought and the 2070-2100 projected means and range (error bars) for 
both emission pathways and using both reconstructions (with and without temperature) are 
shown (right box in each panel). The range of model outputs remains relatively constant over 
the entire period, as does the interannual variability. The two projected time series, RCP 4.5 
(green) and RCP 8.5 (blue) are similar in decline until mid-century, after which they begin to 
separate, as per the rainfall projections. For RCP 8.5, projected streamflow has a continuous 
decline, whilst for RCP 4.5 projected streamflow stabilizes towards the end of the century with 
noticeably smaller average change.  

The overall 2070-2100 (i.e. ~2085) projected streamflow average for the 27 catchments 
following RCP 4.5 is 26 per cent less than the historical mean (Table 11.1). Under RCP 8.5 the 
2070-2100 average projected streamflow is 45 per cent less than the historical mean for Victoria 
as a whole, which is greater than the decline experienced during the Millennium Drought 
(31.3 per cent). By region, catchments in the East and Far West, which experienced the largest 
deficits during the Millennium Drought (Fiddes and Timbal, 2016a) appear to experience the 
largest declines by the end of the century under RCP 8.5 (Table 11.1). This is despite some of 
these catchment’s historical reconstructions overestimating observed streamflows. Across the 
other catchments, although lesser declines are experienced compared to the East and Far West, 
they are generally between 1-2.5 times greater than the respective deficit that was experienced 
during the Millennium Drought. 
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Figure 11.3  Annual streamflow time series averaged across the 27 catchments in Victoria from 1960 to 
2010 (top left panel). Observed streamflow, from the Bureau of Meteorology Hydrological 
Reference Stations, is the black line. The modelled streamflows are shown for the historical 
period (1960 to 2005, grey lines) and for 2006 to 2100 using RCP 4.5 (green) and 8.5 (blue) 
pathways. Light shading shows individual models, ensemble means are shown with thick 
lines. The box on the right of the top panel shows the 2070-2100 mean for both RCPs 4.5 
and 8.5 using a streamflow reconstruction with (green and blue) and without monthly 
maximum temperature (yellow and purple), and the 1975 to 2005 mean (light grey line) and 
the observed deficit during the Millennium Drought (1997-2009, dashed black line)). This is 
repeated for Melbourne regions (top left), the western part of the State (bottom left) and 
catchments within the Alps (bottom right). 

The impact of including temperature in the statistical reconstruction of streamflows across the 
27 catchments (Figure 11.3) appears very small overall. However, on a regional basis, there are 
more noticeable differences: for the two drier subregions, East and Far West, the inclusion of 
temperature in the reconstruction causes the streamflow projections to be less than when it is 
not included (Table 11.1). For the Melbourne catchments, temperature inclusion produces 
greater streamflow, whilst for the two subregions in proximity to the Alps, where elevation is 
higher, there is little difference. It is worth noting that during the evaluation phase of the impact 
of including monthly temperature, these differences across the sub-regions were not found. The 
impact of the inclusion of temperature is most noticeable for RCP8.5 by 2085 (i.e. when 
projected warming is the largest, in excess of 4 °C). This suggests that the signal from the 
inclusion of temperature in these reconstructions becomes more noticeable as the mean 
temperature increases, and the reasons behind these changes need to be explored further. 
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2050  

 Annual Cool Season Warm Season 

Catchment  RCP 4.5 RCP 8.5 RCP 4.5 RCP 8.5 RCP 4.5 RCP 8.5 

East -12.3 (-16.0) -18.0 (-22.7) -17.7 (-21.6) -24.8 (-29.9) 5.7 (3.5) 5.1 (2.1) 

Alpine -12.9 (-11.5) -17.1 (-15.5) -14.1 (-12.9) -18.7 (-17.2) -7.0 (-4.8) -9.6 (-7.1) 

West of Alps -18.5 (-17.2) -23.9 (-22.7) -19.6 (-18.2) -25.1 (-23.7) -4.8 (-5.6) -9.8 (-10.5) 

Far West -31.0 (-32.9) -40.6 (-43.7) -32.2 (-34.2) -41.7 (-45.0) -12.0 (-12.8) -21.0 (-21.8) 

Melbourne -16.0 (-12.8) -21.4 (-17.3) -16.9 (-13.6) -22.5 (-18.2) -9.0 (-6.5) -13.1 (-10.4) 

Average -16.2 (-15.0) -21.4 (-20.1) -17.7 (-16.5) -23.1 (-21.8)  -5.9 (-5.3) -9.8 (-9.0) 

2085 

 Annual Cool Season Warm Season 

Catchment RCP 4.5 RCP 8.5 RCP 4.5 RCP 8.5 RCP 4.5 RCP 8.5 

East -31.6 (-35.5) -48.4 (-56.9) -38.6 (-42.7) -55.3 (-64.5) -7.9 (-10.7) -25.0 (-30.3) 

Alpine -21.9 (-20.3) -38.9 (-37.8) -23.3 (-21.8) -41.8 (-41.0) -15.2 (-13.5) -25.1 (-22.7) 

West of Alps -27.5 (-26.3) -47.2 (-46.3) -28.5 (-27.2) -49.2 (-48.2) -14.3 (-15.1) -21.6 (-22.9) 

Far West -41.8 (-45.6) -56.7 (-66.5) -42.8 (-46.9) -58.6 (-69.2) -21.6 (-22.6) -24.1 (-25.5) 

Melbourne -24.8 (-20.7) -46.0 (-39.3) -25.5 (-21.1) -47.8 (-40.6) -19.3 (-17.0) -32.0 (-29.2) 

Average -26.1 (-24.8) -44.8 (-44.0) -27.6 (-26.3) -47.5 (-46.7) -15.6 (-15.1) -25.1 (-24.7) 

Table 11.1:  Downscaled climate model mean changes for annual, cool (May-November) and warm 
(December – April) seasonal streamflows. Changes are provided for the 2035-2065 (2050) 
period on top and 2070-2100 (2085) period on the bottom, shown as a percent change from 
the reconstructed1975-2005 (1990) reference period, following the RCP 4.5 and RCP 8.5 
pathways and using two statistical reconstructions with and without monthly temperature (in 
brackets). 

Figure 11.4 provides a spatial perspective of these trends, displaying the dependence of the 
magnitude of the cool season decline on the position of the catchment relative to the Alps –with 
greater declines further from the Alps. This pattern is similar to the pattern for recent observed 
trends (Figure 6a in Fiddes and Timbal, 2016b). Fiddes and Timbal (2016a) have noted that the 
spatial pattern of observed trends was best explained by a log transformed relations to average 
annual runoff showing that Areas that experience higher streamflow due to orographic rainfall 
enhancement have experienced a far less dramatic reduction in streamflow.  
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Figure 11.4  Mean cool season (May to November) change in streamflow for the 2070-2100 period (in 
percent change from the 1975-2005 reconstructed mean) following RCP4.5 and RCP 8.5 
emission pathways respectively. Topography is given as background. 

Perspective on projected future droughts 

As future projections in time and space consistently point towards a reduction of streamflow, 
the frequency of years in which average streamflow is below that experienced during the 
Millennium Drought (a deficit of 31.3 per cent for the 27 catchments considered) has been 
evaluated for the first and second halves of the 21st century (Table 11.2). 

In the 2005-2050 period, the two emission pathways show very similar number of years; the 
model ensemble mean giving 14 and 16 years for RCP 4.5 and 8.5 respectively. These results 
are larger than those shown in the historical reconstructions (11 out of 46 years) and the 
observed streamflow (7 out of 31 years). In the second half of the century (2051-2100), 21 of 
the 50 years could have streamflows below that threshold assuming the RCP 4.5 pathway, rising 
to 30 years for RCP 8.5. Thus, by the second half of the 21st century under RCP 8.5, the 
projected median streamflow year is below the average year during the Millennium Drought. 
For non-managed catchments, a shift towards more frequent dry years could give catchments 
less opportunity to rebuild moisture stores in average or wetter years, putting systems under 
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increasing stress. Table 11.2 shows projections for the driest 10-year period in the second half 
of the 21st century. Such periods are estimated to be 32 per cent worse than the Millennium 
Drought (41 per cent instead of 31 per cent) following RCP4.5 and 78 per cent worse than the 
Millennium Drought with RCP8.5 (56 per cent instead of 31 per cent).  

 
Number of years 
below MD average 
2005-2050 

Number of years 
below MD average 
2051-2100 

Driest 10-year 
period 2051-2100 
(per cent) 

 RCP 4.5 RCP 8.5 RCP 4.5 RCP 8.5 RCP 4.5 RCP 8.5 

Access1.0 14 16 21 30 -36.2 -60.4 

Access1.3 21 9 25 38 -42.2 -70.5 

bcc-csm1-1-m 11 22 26 31 -48.1 -54.9 

BNU-ESM 23 10 33 46 -57.7 -89.5 

CanESM2 10 17 27 27 -46.1 -42.3 

CCSM4 14 10 18 22 -30.9 -54.8 

CMCC-CMS 11 12 30 34 -51.5 -65.0 

CNRM-CM5 12 11 29 31 -51.9 -59.4 

CSIRO-Mk3.6.0 11 12 14 22 -30.1 -43.3 

GFDL-ESM2G 8 10 27 27 -50.2 -64.2 

GFDL-ESM2M 9 13 20 34 -38.3 -61.5 

HadGEM2-CC 16 13 24 30 -50.6 -59.2 

IPSL-CM5A-LR 13 11 17 33 -39.4 -58.4 

IPSL-CM5A-MR 11 11 23 30 -40.1 -71.7 

IPSL-CM5B-LR 8 14 21 22 -45.1 -46.1 

MIROC5 17 20 20 22 -34.5 -43.1 

MIROC-ESM 10 12 16 24 -33.7 -41.8 

MIROC-ESM-CHEM 8 9 14 27 -25.6 -48.7 

MPI-ESM-LR 11 10 22 31 -46.2 -50.1 

MPI-ESM-MR 14 17 18 28 -45.8 -66.3 

MRI-CGCM3 11 13 12 22 -23.1 -37.5 

NorESM1-M 15 18 31 26 -48.3 -43.1 

Ensemble Mean 13 13 22 29 -41.6 -56.0 

Table 11.2  Number of years where the annual 27 catchment average streamflow deficit (in percent of 
model reconstructed historical mean) is below the mean deficit observed during the 
Millennium Drought (in percent of observed mean) for the first and second half of the 21st 
century, using the RCP8.5 and RCP4.5 emission pathways. The last two columns indicate 
the lowest 10-year mean streamflow found between 2051-2100 as a percentage of the 
reconstructed historical mean; values below what was experienced during the Millennium 
Drought (-31.3 per cent) are in bold. Results are shown for the 22 CMIP5 downscaled 
climate models individually with the ensemble mean in the last row. 

Comparison with the previous generation of projections 

Streamflow projections for Victoria for the 21st century were developed using the previous 
generation of climate models (CMIP3: Moran and Sharples, 2011). It is informative to compare 
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these projections with the ones derived from CMIP5 models presented in this report. The two 
sets of results were obtained using different GCMs and different methodologies for deriving 
streamflow from GCM climate information.  
 

  RAINFALL (%)  STREAMFLOW (%) 

  
Downscaled  CMIP5 

CMIP3  
Downscaled 
CMIP5 CMIP3  

Basin  
10th 

% 
50th 

% 
90th 

% 
10th 

% 
50th 

% 
90th 

% 
10th 

% 
50th 

% 
90th 

% 
10th 

% 
50th 

% 
90th 

% 

East 
Gippsland  -19 -6 4 -22 -14 9 -42 -8 41 -35 -15 22 

Snowy River  -15 -8 -1 -17 -9 8 -43 -26 -6 -40 -18 21 

Tambo  -13 -6 1 -18 -7 2 -43 -23 -5 -42 -20 5 

Mitchell -14 -9 -2 -17 -10 0 -33 -22 -10 -36 -20 -3 

Thompson  -13 -9 -3 -17 -11 -3 -30 -20 -13 -35 -23 -5 

Upper Murray -13 -7 -2 -16 -10 2 -27 -15 -5 -36 -16 0 

Ovens  -14 -9 -3 -14 -11 0 -42 -21 -8 -38 -23 -4 
Goulburn-
Broken  -16 -10 -5 -14 -11 0 -42 -27 -16 -38 -21 -5 

Campaspe -21 -14 -10 -14 -14 -5 -72 -54 -36 -48 -28 -13 

Avoca-Loddon  -22 -16 -7 -14 -14 0 -58 -40 -21 -48 -29 -12 

Yarra  -15 -10 -5 -17 -6 -4 -29 -21 -15 -38 -24 -8 

All Vic  -16 -9 -3 -15 -11 -1 -39 -24 -10 -39 -24 -5 

 
Table 11.3 31-year rainfall and streamflow 10th, 50th and 90th percentile anomalies (from 1975-2005 

mean), based on when warming of two degrees is reached, calculated using statistically 
downscaled CMIP5 GCMs (with streamflow computed using the empirical statistical 
relationship) with CMIP3 based streamflow projections. 

 
The CMIP3 projections were derived using empirical scaling of climate data from 15 GCMs 
and then using the SIMHYD hydrologic model to derive corresponding streamflows, while 
Fiddes and Timbal (2016b) use the Bureau of Meteorology’s statistical downscaling 
methodology (SDM) to derive rainfall and temperature inputs from 22 GCMs which are then 
used in a simple statistical model to predict future streamflows. In order to make them more 
comparable, results are compared not for a specific time-slice but in respect to a certain amount 
of global warming: rainfall and streamflow anomalies from the 1975-2005 mean are shown for 
when State-wide warming reaches two degrees (Table 11.3). By focusing on warming 
thresholds, the results are time independent allowing the results for both RCPs to be combined 
and compared to the way results were presented in Moran and Sharples (2011). State average 
warming was calculated using 31-year running mean temperatures (centred on the year of 
interest), for 22 downscaled CMIP5 models under the RCP 4.5 and RCP 8.5 pathways; which 
correspond to 2065 for RCP 4.5 and 2050 for RCP 8.5. In Moran and Sharples (2011) a 2 °C 
warming was attained at 2060 using the SRES A2 emission scenario. A further difference in 
methodological approach is that the CMIP3 projections were generated as an area average 
across each of the 26 drainage Basins in Victoria, whilst the CMIP5 projections were generated 
for 27 Hydrologic Reference catchments located in 11 drainage Basins (Figure 11.5), with 
results being averaged across the Reference catchments in their relevant drainage Basins. Given 
that the Basin coverage is not complete and that the Hydrologic Reference catchments are 
typically located in the headwaters of their respective Basins, results are not strictly comparable, 
but are nevertheless informative on relative change.  
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At two degrees warming, a median rainfall decline of -9 per cent from the 1975-2005 mean is 
projected for the Hydrological Reference catchments using the downscaled CMIP5 CGMs. The 
respective streamflow response is -24 per cent, agreeing well with historical elasticity factors 
(streamflow response to changes in rainfall) for the State. The downscaled CMIP5 projections 
indicate that historically drier basins such as the Campaspe and Avoca-Loddon basins 
experience greater reductions in rainfall and streamflow than historically wetter catchments; 
however this may also be caused by under-sampling of streamflows in this drainage basin. The 
CMIP3 results by comparison show similar results on average, especially for the 50th percentile; 
however, at a basin by basin level, and at the 10th and 90th percentiles, less variability exists, 
with most basins behaving in similar ways. The difference in results between the two 
projections is expected due to the more localised information available via statistically 
downscaled GCMs, where individual catchment characteristics can be captured to a greater 
degree.  
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11.5 Activity 2: Evaluation of downscaled projections for 
Victoria 

The runoff projections developed in Project 8, use empirical (daily) downscaling, as proposed in 
the scoping study (Potter et al., 2015). A central interest in Activity 2 of Project 7, is to assess 
the magnitude and direction of change in runoff projections under different downscaling 
methods. To this end, the three types of empirical scaling are compared (i.e. scaling with an 
annual factor only, seasonal scaling with different factors for different seasons, and daily 
scaling, which in addition to seasonally scaling the rainfall and PET also alters the daily 
distribution of rainfall); and we also examine the difference between empirical scaling, 
analogue statistical downscaling model (SDM), Nonhomogeneous Hidden Markov Model 
(NHMM) downscaling, the Conformal Cubic Atmosphere Model (CCAM) and output from the 
NARCliM projections using the regional climate model Weather Research and Forecasting 
(WRF) model for six selected catchments across Victoria (Figure 11.5).  
 
These catchments are representative of the range of rainfall and runoff in gauged catchments in 
Victoria. Because the SDM downscaling was not available on a daily temporal resolution when 
this report was written; the change signal from SDM is derived using empirical seasonal scaling 
based on monthly resolution SDM. A summary of downscaled datasets including projected time 
horizon, baseline period and ensemble size is given in Table 11.4.  
 
 

 

Figure 11.5  Location of the six selected study catchments in Victoria. Mean annual 1975–2014 AWAP 
rainfall is shown across Victoria in mm/year. 
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Dataset Emission 
scenario 

Current 
climate 

Future 
climate 

Ensemble 
size 

Horizontal 
resolution  

Empirical 
scaling 

RCP 8.51 1986-2005 2060-2079 42 0.05°×0.05°2 

NHMM RCP 8.5 1986-2005 2060-2079 19 Catchment-
based 

Analogues 
(SDM)  

RCP 8.5 1986-2005 2060-2079 22 0.05°×0.05° 

CCAM RCP 8.5 1986-2005 2060-2079 6 0.5°×0.5° 

NARCliM SRES A23 1990-2009 2056-2075 124 0.1°×0.1° 

1 Representative Concentration Pathway (RCP) (Moss et al., 2010) 
2 Empirical scaling is regridded to a common resolution, but change signal resolution is limited to individual GCM resolution 
3 Special Report on Emissions Scenario (SRES) (Nakićenović et al., 2000) 
4 4 CMIP3 GCMs in combination with 3 RCMs  

Table 11.4  Summary of downscaled datasets available for Victoria: including available years, the 
ensemble size and the spatial resolution. 

Figure 11.6 shows the difference between the three empirical scaling methods for the median 
response for runoff at 2065. Seasonal scaling reduces runoff (at least in absolute value) over the 
Great Dividing Range compared to annual scaling, and this is largely consistent with projected 
reductions in cool season rainfall. Daily scaling acts to increase annual runoff due to the 
projected relative increase in larger rainfall amounts. This increase in runoff is largest over the 
southern part of the study region, and tempers the runoff decrease projected under seasonal 
scaling only. From Figure 11.6, the differences from different scaling methods are not spatially 
homogenous across Victoria, and the information here can be used to guide local decisions on 
the appropriateness of using seasonal or annual factors only, in order to simplify the scaling 
procedure, rather than the full daily scaling methodology. 
 
 

 

Figure 11.6  Difference in RCP8.5 2065 median runoff (mm) between seasonal and annual scaling (left 
panel), daily and annual scaling (middle panel) and daily and seasonal scaling (right panel). 
The far right inset shows the location of the study region in south-eastern Australia. 
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Figure 11.7 shows median annual and seasonal rainfall change factors across Victoria using the 
five different downscaling methods as described in Table 1. The graph shows clear differences 
in seasonal change signal across the five different data sources. In summer, the change signal is 
mixed, though predominantly showing a decrease across the region for SDM and predominantly 
an increase for empirical scaling and WRF. Meanwhile NHMM shows a decrease for all 
assessed catchments and CCAM shows an increase for the entire region. Even stronger 
disagreement is found for autumn when SDM and empirical scaling now indicate a decrease 
across the region together with NHMM, whereas an increase is still projected for CCAM and 
WRF. A clearer message is found for winter and spring, where median results for datasets show 
a drying signal across the catchments and region as a whole, more so for spring.  

 

Figure 11.7  Projected median percentage changes in annual and seasonal rainfall across Victoria by 
2065 under five different downscaling methods. 

Whilst method specific biases may not necessarily influence the change signal it is useful to 
understand their nature, not the very least for the need for bias correction. An assessment of 
WRF runs (using the NARCliM model configurations but with reanalysis forcing) showed that 
runs gave a wet bias over the Great Dividing Range and the northwest of its model domain and 
an overall cold bias relative to the observed climate. Further work shows large bias between 
RCM and driving GCM in spring that appears to be related to differing representations of the 
ENSO teleconnection (Evans et al., 2015). Assessment of CCAM indicates a stronger rainfall 
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response to increase in SSTs compared to GCM, which may indicate a positive bias in its 
rainfall projections (Grose et al., 2015b). A recent update to CCAM model convection scheme, 
subsequent to the work performed in VicCI has resulted in a new suite of simulations where the 
rainfall distribution better matches observation, removing a wet bias evident in earlier results. 
The wet bias in the simulation of the current climate may have also impacted the future 
projections used for this project (Tony Rafter, pers. Comm. 2016). Potential biases in the 
employed statistical methods (i.e. SDM and NHMM) are currently not well understood for this 
region.  
 
The downscaled rainfall data was used to simulate runoff in the six selected catchments. In 
order to eliminate the effect of differently downscaled or non-existent potential 
evapotranspiration data, historical potential evapotranspiration was used as forcing into the 
SIMHYD rainfall-runoff model. The SIMHYD model configuration and calibrated parameters 
are identical to that used in the Project 8 runoff projections. Figure 11.8 shows the range of 
results (across the GCM model ensemble) for percentage change in mean annual runoff for the 
different downscaling methods. The catchments are ordered from left to right by increasing 
mean annual runoff. SDM downscaled rainfall was only available at the monthly timescale, and 
so rather than being used directly, the SDM data was used to seasonally scale observed 
(AWAP) rainfall data in an identical manner to regular empirical scaling. CCAM output was 
bias corrected using double-gamma bias correction (Teng et al., 2015) and pre-bias corrected 
data was obtained for the NARCliM projections via the Adapt NSW data portal. 
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Figure 11.8  Range of results of percentage change in annual runoff for different downscaling methods 
for each catchment (numbers are shown in Figure 11.5). The coloured boxes indicate the 
interquartile range (25th and 75th percentile), the cross bar is the median, and black dots 
indicate outlying results from models outside 1.5 times the interquartile range.  

The results for runoff (Figure 11.8) reflect the results for rainfall changes (Figure 11.7) in that 
SDM is always drier than empirical scaling. Runoff from NHMM typically lies between runoff 
from empirical scaling and SDM. CCAM is generally the wettest method, with WRF similar to 
CCAM although slightly drier and mostly with a larger range of variability. Whereas empirical 
scaling cannot provide the finer spatial scale resolution required to distinguish nearby 
catchments from one another, all other downscaling methods have more spatial variability in the 
runoff response across catchments. There is a tendency for SDM and NHMM (and to some 
extent empirical scaling) to have smaller (absolute) runoff percentage changes for wetter 
catchments, consistent with findings from Project 7, Activity 1 WRF shares this tendency, 
although in the opposite way, i.e. wetter catchments are projected to have smaller percentage 
increases. There is no apparent difference in annual runoff projections amongst catchments for 
CCAM. Between catchment variability in seasonal changes (summer and winter are shown in 
Figure 11.9) is generally similar to the variability in annual changes noted above, with the 
regional (catchment ensemble) changes reflecting the seasonal median changes in rainfall 
(Figure 11.7). Note that CCAM projects large increases in DJF runoff (in some cases over 100 
per cent) for the Western, drier catchments. This reflects the large projected increases in DJF 
rainfall under CCAM (Figure 11.7), but also the very low DJF runoff in the drier catchments. 
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Figure 11.9  As Figure 11.8, the range of results of percentage change in summer (DJF) and winter (JJA) 
runoff.  

       
pf  

Figure 11.10 Range of results from annual scaling using all 42 GCMs, SDM/CCAM, and seasonal scaling 
using the identical subset of GCMs used by SDM/CCAM.  

Comparing rainfall and runoff change signals from different downscaling methods is 
complicated by the fact that different downscaling methods typically draw on a subset of GCMs 
(see “Ensemble size” in Table 11.4) due to data availability and the computational complexity 
of the downscaling method. Where this subset of GCMs is wetter or drier than the full 
ensemble, the downscaled response is likely to be wetter or drier than if all GCMs were used. 
SDM downscales 22 out of the full ensemble of 42 GCMs, and CCAM downscales 6 out of 42. 
Figure 11.10 shows the effect of using the smaller set of GCMs on the range of runoff results 
from annual scaling. The results for SDM show that a slightly drier subset of GCMs were 
downscaled (green add light blue bars in the left panel of Figure 11.10). Typically the drier 
response from SDM is drier than annual scaling using the SDM subset, and the median is 
similar or drier. This partially explains why runoff from SDM is drier than runoff from 
empirical scaling (Figure 11.8). But SDM reduces runoff further, and this is likely due to the 
enhanced drying signal for rainfall identified in Figure 11.7. For CCAM, there is no apparent 
effect due to GCM selection across the 11 catchments, and the wetter signal from CCAM is 
likely due to another cause.  
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11.6  Conclusions and future perspectives 

Across the 3 years of the program, this project investigated different methods to provide 
projections of future water availability. New methods were trialled and existing methodologies 
were improved. This work (and work in Project 8) has allowed the delivery a range of water 
availability projections of varying methodological complexity which will provide a robust 
understanding of impacts of climate change on water availability across Victoria.  

One particular direction was to integrate a simple linear regression of rainfall and temperature 
parameters with the statistical downscaling of 22 CMIP5 GCMs. In this study, streamflows for 
27 of Victoria’s Hydrologic Reference catchments were projected to the end of the 21st century. 
The evaluation of model performance highlighted the fact that the statistical downscaling of the 
climate models removes the largest biases in reproducing surface climate which are mandatory 
to allow a hydrological application of the outputs. A strong motivation for using more complex 
downscaling, such as statistical downscaling, is it’s potential to provide added regional detail 
about the climate change information. In addition to that spatial variability in rainfall 
projections, changes in streamflow are even more sensitive, with each subregion responding to 
rainfall reductions in different ways.  

Under RCP 8.5, by the end of the 21st century, the statistically downscaled streamflow decline is 
greater in magnitude (56 per cent reduction) than that experienced during the Millennium 
Drought (a 31.3 per cent decline of the observed mean). Historical observations suggest that the 
catchments that will experience the largest declines in streamflow are those that currently 
receive the least rainfall in the far west and east of the State. Wetter catchments near the 
mountains, whilst not projected to experience such large declines may experience streamflow 
deficits worse than what they experienced during the Millennium Drought in terms of both 
streamflow and rainfall. Overall these results do not depart significantly from previous studies 
using rainfall-runoff hydrological models (Leblanc et al., 2011; CSIRO, 2012; Post and Moran, 
2013) while confirming spatial differences observed during extended periods of reduced rainfall 
such as the Millennium drought. On average the biggest declines in streamflow is likely to be 
felt in the cool season (May to November), continuing the current streamflow behaviour. The 
likelihood of years with streamflows less than during the Millennium Drought is estimated to 
increase to just under half of all years in the 2051-2100 period following RCP 4.5 and over half 
following RCP 8.5. The driest 10-year period in the 2051-2100 period are projected to be 32 per 
cent worse than the Millennium Drought following RCP4.5 and up to 78 per cent worse than the 
Millennium Drought under RCP8.5.  

In this study, the effect of temperature on streamflow was analysed by using reconstructions 
with and without maximum temperature. On average, streamflow responses to temperature 
changes are very small, in line with the negligible effect that temperature had in improving the 
skill of linear streamflow reconstructions. Some small effects were noted and differ across 
subregions. One caveat of this work is the assumptions that the relationship of rainfall and 
temperature to streamflows will remain the same throughout the 21st century. Because the 
response of streamflow to the climate is non-stationary, these results must be used with caution. 
Our knowledge of how catchments behave under stress implies that the effects of rainfall 
reduction and warming temperatures could be worse than what is captured in this work.  

While results using this empirical streamflow reconstruction are informative, application of this 
methodology is constrained by the need to have a ‘natural’ (‘unimpaired) streamflow record 
available in order to derive the linear regression between streamflow and rainfall and 
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temperature that is used in the reconstruction of future streamflows. This means that the 
methodology cannot be readily applied across the whole State. 

The fact that different downscaling methods produce different and even conflicting rainfall and 
runoff change signals remains problematic. Downscaling has the ability to give insights into the 
regional signature of projected change. It is very likely that Victoria has a regional signature in 
the projected change that is not captured by the GCMs. However, current divergent results from 
a small sample of fundamentally different techniques does not currently support a robust 
conclusion on what this regional signature may look like in seasons other than spring, when all 
results, including those of empirical scaling, suggest overall drying, probably more so in the 
west. 

Yet it is recognised that empirical scaling is unable to produce the finer spatial scale 
information desired for water planning purposes. By reusing the historical sequence of rainfall, 
empirical scaling is also unable to provide meaningful information on changes to the frequency 
and timing of dry days, as well as changes to longer dry spells. Further research is underway to 
investigate consistency or otherwise of changes to rainfall and runoff metrics other than annual 
and seasonal means. It remains however the robust approach by which runoff projections are 
being delivered. The analysis of results here show that it is very likely that more complex 
downscaling will give results outside the bounds of what empirical downscaling is able to do. 
However, when fundamentally different methods give strong change signal of different 
direction it is difficult to give advice on a preferred methodology, unless there are strong 
evidences for why one method has greater skill compared to others. Question on the 
interpretation of downscaled results remain unanswered: 

 Is the divergence in change signal between statistical and dynamical methods a 
demonstration of non-stationarity in the empirical relationship relied on by NHMM and 
SDM? 

 Is the divergence in change signal between statistical and dynamical methods a 
demonstration of model bias in WRF and CCAM? 

 Is the divergence in change signal between statistical and dynamical methods a 
demonstration of a particular result conditioned on a small sample of host GCMs for the 
dynamical models? 

Currently no clear answers advice exists and work is required by the developers of downscaled 
data to demonstrate the added value. Noting that added value is not obtained simply through 
providing finer resolution output, but through understanding of how the method adds regional 
details in a physical plausible way that agrees with current understanding of the Victorian 
climate. Given current seasonal projection results, the advice to end-users of runoff projections 
remains to plan for a range of very different water futures. This is particularly the case for 
summer and autumn, when results using different methods differ substantially in both the 
magnitude and direction of response. This is also the case for winter, but with a somewhat 
smaller range in response. The exception is spring for which most methods tend to agree on a 
drying signal across Victoria, particularly in the drier western catchments.  

As noted above and discussed further in Project 8, changes in rainfall-runoff relationships can 
result in further biases in runoff projections if the hydrologic model used does not have the 
capacity to account for changes in catchment response under a changing climate. Many 
hydrologic models have been demonstrated to have difficulty reproducing the magnitude of 
streamflow reductions during the Millennium Drought. Given projections of a drier future for 
Victoria, in order to improve projections of future runoff, there is a need for hydrologic models 
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and/or model calibration strategies to be improved to better capture catchment behaviour during 
prolonged dry periods. 
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12. PROJECT 8: HYDROCLIMATE PROJECTIONS FOR 
VICTORIA  

Nick Potter, Hongxing Zheng, Francis Chiew, Lu Zhang and Marie Ekström. 

 CSIRO Land and Water, Canberra 

12.1  Key findings 

 Seasonal projections of rainfall, PET and streamflow are generated for river basins across 
Victoria for two 40-year periods using scaling factors based on GCM output for 2021-2060 
(2040) and 2046-2085 (2065) relative to 1986-2005 following RCP8.5. 

 The spatial patterns of rainfall changes at 2040 and 2065 are similar, with the response 
enhanced (i.e. more wet or dry) by 2065. The low-impact scenario has increases in rainfall 
over most of the study region, but with little to no increase in rainfall in the south-western 
part of the study region and the main runoff producing areas along the Great Dividing 
Range in Victoria. The high-impact scenario shows decreases over the entire study region, 
particularly in the western part. The medium-impact scenario shows some decreases in 
rainfall over most of Victoria, particularly in the second half of the year (i.e. winter and 
spring).  

 The projected medium-impact scenario change in regional potential evaporation is a 4–6 per 
cent increase in PET by 2040, and a 6–10 per cent increase by 2065. The PET increase is 
driven mainly by rising temperatures. Unlike rainfall, the future PET projections are similar 
across GCMs and with little spatial variability across the region. 

 The spatial pattern of projected changes to runoff broadly follows the spatial pattern for 
rainfall changes. The medium-impact scenario shows runoff decreases of 5–15 per cent over 
most of Victoria by 2040 and 10–30 per cent by 2065, with comparatively larger reductions 
in the south-west. The low-impact scenario shows runoff increases over most of Victoria of 
5–20 per cent by 2040, reducing to little change by 2065. The high-impact scenario shows 
runoff decreases of greater than 20 per cent over the entire study region by 2040, and 
greater than 40 per cent in most regions (and over 50 per cent decrease in runoff in the 
west), by 2065. 

 Compared to the 2060 SEACI results (Post et al., 2012), the median projected change in 
runoff at 2065 is about 1/3 less dry in most cases, with a slightly larger range of results (in 
terms of the 10th and 90th percentile changes). This is primarily a direct response to the 
somewhat less dry regional rainfall projection from CMIP5 models relative to the CMIP3 
models (CSIRO and Bureau of Meteorology, 2015, Figures A.2 and 7.2.5). 

12.2  Background 

The aim of this project is the development of hydroclimate projections for Victoria to provide 
climate scenarios for the development of guidelines for water planning. The main objectives of 
the project are: 

1. Development of hydroclimate projections, and 
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2. Preparation of a report describing the projections  

12.3 Activity 1 and 2: Development of hydroclimate 
projections; projections report 

Following the recommendations outlined in the scoping study completed last year (Potter et al., 
2015), runoff projections have been developed for Victoria. The study region comprised a 
slightly larger region than Victoria (red basin outlines in Figure ) in order to account for inflows 
into the Murray originating in NSW (particularly the Murrumbidgee and Lachlan rivers). 
 

 

Figure 12.1  Study region for hydroclimate projections 

Ninety calibration catchments were selected in and around the study region with parameters 
calibrated to historical runoff from 1975–2014. Empirical downscaling of 42 GCMs from the 
CMIP5 model ensemble was undertaken, with future climate inputs projected by the daily 
scaling of gridded AWAP climate data from 1975–2014 to the target years of 2040 and 2065 
(using scaling factors based on GCM output for 2021-2060 (2040) and 2046-2085 (2065) 
relative to 1986-2005 following RCP8.5). Low, medium and high-impact scenarios are 
calculated by taking the 10th, 50th and 90th percentile of the GCM results at each grid cell. 

Figure 12.2a shows the annual change factors for rainfall at 2065. The spatial pattern of rainfall 
changes at 2040 are similar, although the response is typically enhanced (i.e. more wet or dry) 
by 2065. The low-impact scenario has increases in rainfall over most of the study region, but 
with little to no increase in rainfall in the south-western part of the study region and the main 
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runoff producing areas along the Great Dividing Range in Victoria. The high-impact scenario 
shows decreases over the entire study region, particularly in the western part. The medium-
impact scenario shows some decreases in rainfall over most of Victoria, particularly in the 
second half of the year (i.e. winter and spring). The CMIP5 GCM results have a slight increase 
in summer rainfall for part of south-eastern Australia (mostly north of the Murray), which was 
not present in the CMIP3 model ensemble, but for the most part this does not extend into 
Victoria. The median response of potential evapotranspiration is a 4–6 per cent increase by 
2040, which is enhanced to 6–10 per cent by 2065, and this shows no particular spatial or 
seasonal pattern. 

 

 

Figure 12.2  Percentage change in annual rainfall (a), absolute change in runoff (mm) (b), and 
percentage change in annual runoff (c) for low-impact, medium-impact and high-impact 
scenarios at 2065 under emissions pathway RCP8.5. 

Figure 12.2b and c show the projected change in runoff by 2065. The low-impact scenario 
shows increases of runoff of between 2–20 per cent over a large part of Victoria. However, most 
of southern Victoria shows little to no increase in runoff under the low-impact scenario, with 
some decreases in runoff in the south-western part of the region by 2065. The high-impact 
scenario has greater than 20 per cent decrease in runoff over the entire study region by 2065, 
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and over 50 per cent reduction in runoff in the west. The median response has runoff decreases 
of greater than 10 per cent over most of Victoria by 2065, with larger reductions in the south-
west. There are some increases (2–10 per cent) in runoff projected for the north of the study 
region by 2040 and particularly by 2065, but this lies mostly in NSW and in low runoff 
producing areas.  

Compared to the previous hydroclimate projections undertaken in SEACI (Post et al., 2012), 
which were based on the CMIP3 global climate model ensemble, the current set of projections 
has median runoff change less dry (by about a third) in all river basins in the study region. The 
range of the current projections is larger – specifically the dry response is drier than the SEACI 
dry response and the wet response is wetter than the SEACI wet response. Note however that 
there are several methodological differences, not limited to differences between: 

 Amounts of global warming (approximately 2.7° for VicCI versus 2 °C for SEACI), and 
corresponding target dates (2065 versus 2060), 

 GCM model ensemble (CMIP5 versus CMIP3) with more GCMs available now, and 
 Different baseline climates. 

Nevertheless, the wetter median response under the current projections is principally due to the 
wetter rainfall projections from CMIP5 compared to CMIP3 (see also CSIRO and Bureau of 
Meteorology, 2015, section A.3). The increased range of results partly reflects the slightly 
higher amount of projected warming, but may also be due to the larger model ensemble. 

Basin-wide change factors for rainfall, runoff, average temperature and potential 
evapotranspiration were also prepared as part of Project 8, and these will accompany the 
projections report (Potter et al., 2016). 

12.4  Conclusions and future perspectives 

These hydroclimate projections developed in Project 8 have drawn on methods developed and 
investigated over the course of VicCI, as well as through SEACI. Project 8 has worked closely 
with DELWP and water corporation stakeholders across Victoria to help inform the current 
round of water planning guidelines (DELWP, 2016, in prep.). 
 
The question of whether to use ‘consistent’ or ‘independent’ climate change factors (for rainfall, 
seasonal runoff, temperature, and PET outcomes) remains an issue (DELWP, 2016, in prep., 
Appendix A, see also Moran and Sharples, 2011, pp. 25–26). The ‘consistent’ change factors 
are calculated from the same GCM according to the ordering of GCM-projected annual runoff. 
However, often these consistent change factors show apparently contradictory results, especially 
for temperature, PET and DJF rainfall and runoff, such as inconsistent ordering along the 
10/50/90th percentiles, and large between-basin variability. Whereas the ‘independent’ change 
factors do not have this problem, they cannot properly be combined with other independent 
change factors as these have been calculated from a different GCM. Additional research is 
suggested to solve this problem for the next set of hydroclimate projections, and this may 
involve specifying different ways of ordering GCM results that incorporate water demand (e.g. 
potential evapotranspiration and/or temperature). 
 
One important limitation of the hydroclimate projections developed in this project is the 
limitations of empirical downscaling. Finer spatial information as well as key hydrological 
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metrics (e.g. extreme high and low flows, changes to drought duration) rather than seasonal and 
annual changes to runoff are unable to be estimated satisfactorily with empirical downscaling. 
There is potential for other downscaling methods to provide such information, but the choice of 
which method(s) to use for this remains a challenge, principally due to the large range of 
rainfall responses from different downscaling methods. 
 
Hydrological non-stationarity (Potter et al., 2011, 2013; Chiew et al., 2014) was not considered 
explicitly in developing the hydroclimate projections. Evidence from streamflow changes 
during the Millennium Drought suggest that in a drier future with longer dry spells, catchment 
runoff response may change resulting in even less runoff than that estimated by some rainfall-
runoff models. Multiple methods for estimating and accounting for the effect of hydrological 
non-stationarity have recently been proposed and developed (Westra et al., 2014; Saft et al., 
2015; Fowler et al., 2016; Hughes et al., 2015 and future research will apply these methods. 
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