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A projected drying of the extra-tropics under enhanced levels of atmospheric greenhouse gases 

has large implications for natural systems and water security across southern Australia. The 

drying is driven by well studied changes to the atmospheric circulation and is consistent across 

climate models, providing a strong basis from which adaptation planners can make decisions. 

However, the magnitude and seasonal expression of the drying is expected to vary across the 

region. Here we describe the spatial signature of the projected change from the new CMIP5 

climate models and downscaling of those models, and review various lines of evidence about 

the seasonal expression.  

Winter rainfall is projected to decline across much of southern Australia with the exception of 

Tasmania, which is projected to experience little change or a rainfall increase in association 

with projected increases in the strength of the westerlies. Projected winter decrease is greatest 

in southwest Western Australia. A ‘seasonal paradox’ between observations and CMIP5 

model projections in the shoulder seasons is evident, with strong and consistent drying pro-

jected for spring and less drying projected for autumn, the reverse of the observed trends over 

the last 50 years. The models have some biases in the simulation of certain synoptic types (e.g. 

cutoff lows), the rainfall brought by those synoptic types, and the mechanism of rainfall pro-

duction. Rainfall projections based on statistical downscaling are examined in relation to some 

of these biases, projecting stronger future declines in some regions of southeast Australia in 

autumn than indicated by the host models, as well as little change to the magnitude of the pro-

jected declines in spring. Apart from Tasmania in winter, the decline of rainfall in southern 

Australia during the cool season remains a confident projection but the seasonal expression of 

change remains an ongoing research topic.  

Introduction 

Under the influence of increased greenhouse gas concentrations and a warming of the climate system, there is projected to be increased rainfall 

in the tropics and high latitudes, as well as decreases in rainfall in some midlatitude regions such as the Mediterranean, pa rts of southern Africa 

and southwest Australia (Collins et al., 2013). The direction of change in rainfall is presented with less certainty in many other regions of the 

world. The drying of southern Australia is highly consistent across all global climate models (GCMs) included in both the Coupled Climate 

Model Inter-comparison Project phase 3 (CMIP3) (Meehl et al., 2007) and phase 5 (CMIP5) (Taylor et al., 2012). (See, for example Figure 

SPM.7 of IPCC (2007) and Figure 3 of Thematic Focus Element 1 (TFE.1) of the Technical Summary of IPCC (Stocker et al., 2013)). The pro-

jected decrease in rainfall in southern Australia is also given with relatively higher confidence than other regions in IPCC Assessment Reports 

because it has a link to plausible changes in climate phenomena, including an intensification of the local sub-tropical ridge (Timbal and 
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Drosdowsky, 2013) and a positive trend in the Southern Annular Mode (SAM; IPCC, 2013). For these reasons, this projection of reduced rain-

fall may be viewed with higher confidence for climate change impacts and adaptation research and planning activities. However, before using 

this projection it is useful to assess the magnitude, spatial extent and seasonal expression of the projected rainfall reduct ion, as well as critically 

evaluate the degree of confidence in the projection based on multiple lines of evidence. 

Several factors affect the confidence in climate projections at regional and seasonal scales. Confidence can be lowered by the presence of biases 

in the models’ simulation of processes relevant to producing rainfall, from global to regional scale. Confidence is also lowered if models don’t 

reproduce past trends in observations that are due to known anthropogenic effects (rather than natural variability). Greater spatial detail and 

more plausible projections may be possible from dynamical downscaling (running a numerical model at higher resolution over the area of inter-

est) and statistical downscaling (running a statistical model of local scale variables from larger-scale predictors). 

There are a variety of mechanisms that play a role in southern Australian rainfall variability and change, and the range of influences varies in 

different sub-regions of southern Australia (Risbey et al., 2009b). The simulation of these processes with fidelity is essential for reliable projec-

tions. The most relevant feature of the atmospheric circulation to southern Australian rainfall is the westerly storm tracks, and features that in-

fluence these such as the phase and strength of the SAM (Hendon et al., 2007) and the incidence of atmospheric blocking (Pook et al., 2013). 

However, along with the influence of the westerly circulation there are also teleconnections between southern Australian rainfall and remote 

drivers such as the Indian Ocean Dipole (IOD: Ashok et al., 2003; Cai et al., 2011) and the El Niño Southern Oscillation (ENSO: McBride and 

Nicholls, 1983) in certain regions and seasons. Rainfall in southern Australia has high inter-annual variability, and has experienced a decline in 

autumn and early winter in recent decades. In the southeast, the features associated with the recent Millennium Drought are described by van 

Dijk et al. (2013), while Hope and Ganter (2010) describe some of the atmospheric changes associated with the recent further declines in the 

southwest. 

Rainfall across southern Australia derives from a number of different weather systems that, in turn, respond to the various large-scale circulation 

features described above (Pook et al., 2014). Frontal systems are very important for rainfall in southern Australia (Berry et al., 2011; Simmonds 

et al., 2012) particularly in the southeast in autumn (Catto et al., 2012) and the southwest in winter, where they have been found to be declining 

in number (Hope et al., 2014). Fronts in an example GCM, ACCESS1.3, tend to be well represented in their frequency and the proportion of 

precipitation associated with them (Catto et al., 2013), although the intensity of that precipitation is underestimated. Frontal systems tend to 

intensify via a confluence of subtropical and polar jets, and thus the observed and projected large-scale meridional shifts in pressure and the 

polar jet align with a reduction in the number of fronts impacting upon southern Australia (Catto et al., 2014; Hope, 2006). 

Other large-scale circulation features in the Australia region include blocking, the splitting of the subtropical jet and the long wave pattern. At-

mospheric blocking to the east of Australia is associated with reduced westerly wind speeds and reduced rainfall over western  Tasmania, but is 

also closely related to cutoff lows, which occur right across southern Australia (Reboita et al., 2010). Cutoff systems intensify in Australia’s 

southeast in association with local increases in baroclinicity and the subtropical jet. They are an important source of rainfall for many regions 

(Pook et al., 2013; Risbey et al., 2009a). For many parts of southeast Australia, rainfall variability and trends are determined more by the varia-

tion in rain from cutoff low systems than from frontal systems (Risbey et al., 2013). The Millennium Drought in southeast Australia was at least 

partly associated with a reduction in blocking and cutoff rainfall (Risbey et al., 2013). In southwest Australia the recent reductions in rainfall are 

more strongly driven by rainfall from fronts than rainfall from cutoff lows, but cutoff lows still play a role there (Pook et al., 2012). The repre-

sentation of all these features in models has an influence on confidence.  

Regarding past long-term trends, if the models simulate trends that are similar to observed, this adds confidence in the projections. If not, then 

natural variability may dominate over forced responses or there may be some limitations in the models’ ability to simulate southern Australian 

rainfall accurately. There has been a significant decrease in autumn rainfall, of the order 10-20%, observed in much of southeast Australia in 

recent decades, but relatively small changes or an increase in spring rainfall (CSIRO, 2012). Similarly, there has been an observed drying in 

May to July in southwest Australia, but not in spring (Hope et al., 2006). Previous model projections have shown a greater rainfall decline in the 

shoulder season of spring rather than autumn, which is in direct contrast to recent trends and has been named the ‘seasonal p aradox’ (Timbal, 

2010). Timbal (2010) determined that the observed autumn decline in recent decades in the southeast is partly due to the high inter -annual vari-

ability of rainfall, with summer-like weather systems contributing to high rainfall totals in the autumn of some years but not others. However, 

even taking this into account, there is still a significant decrease in autumn rainfall.  

GCMs can provide a good representation of the large-scale general circulation of the atmosphere, but have a spatial resolution that is coarse 

compared to some regional climatic features. For example, they currently do not have sufficient resolution to adequately represent the scales or 

intensity of the rainfall events associated with cut-off lows (Dowdy et al., 2013; Grose et al., 2012). Downscaling can potentially provide more 

spatial detail leading to more plausible projections by (a) incorporating known associations between large-scale drivers and local rainfall and (b) 

better representing the effects of topography (e.g. mountains, valleys and coast lines) (Feser et al., 2011; Maraun et al., 2010). However, down-
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Table 1. CMIP5 models used in this study, and those used 

for downscaling using BOM-SDM and CCAM. 

 Model name BOM-SDM CCAM 

1 ACCESS1.0 X X 

2 ACCESS1.3 X  

3 BCC-CSM1.1   

4 BCC-CSM1.1(m) X  

5 BNU-ESM X  

6 CanESM2 X  

7 CCSM4 X X 

8 CESM1(BGC)   

9 CESM1(CAM5)   

10 CESM1-FASTCHEM   

11 CESM1-WACCM   

12 CMCC-CESM   

13 CMCC-CM   

14 CMCC-CMS X  

15 CNRM-CM5 X X 

16 CSIRO-Mk3.6.0 X  

17 EC-EARTH   

18 FGOALS-g2   

19 FIO-ESM   

20 GFDL-CM3  X 

21 GFDL-ESM2G X  

22 GFDL-ESM2M X  

23 GISS-E2-H   

24 GISS-E2-H-CC   

25 GISS-E2-R   

26 GISS−E2−R−CC   

27 HacCM3   

28 HadGEM2-AO   

29 HadGEM2-CC X  

30 HadGEM2-ES   

31 INM-CM4   

32 IPSL-CM5A-LR X  

33 IPSL-CM5A-MR X  

34 IPSL-CM5B-LR X  

35 MIROC5 X  

36 MIROC−ESM X  

37 MIROC−ESM−CHEM X  

38 MPI-ESM-LR X X 

39 MPI−ESM−MR X  

40 MRI-CGCM3 X  

41 NorESM1-M X X 

42 NorESM1-ME   

 

scaling has some limitations: the downscaling output described here was run 

only for a subset of models, each downscaling method introduces new uncer-

tainties and downscaling has a limited capacity to modify the large-scale 

circulation. 

As part of the ‘Projections for Natural Resource Management’ project 

(CSIRO and Bureau of Meteorology, 2015) the southern Australian region 

was divided into seven sub-clusters, providing the opportunity for a more 

detailed analysis of the temporal and regional variation of the climate change 

signal in rainfall. This study aims to describe the regional and seasonal detail 

of projected rainfall changes across southern Australia from the set of CMIP5 

models and downscaling, and assess the confidence in the projections based 

on multiple lines of evidence. 

Data and methods 

Changes to rainfall, mean sea level pressure (MSLP), winds and relative hu-

midity are examined in reanalyses, observations and climate models from 

CMIP5. Rainfall data from the Australian Water Availability Project (AWAP) 

gridded climate dataset (Jones et al., 2009) and MSLP and humidity from 

National Centers for Environmental Prediction and National Center for At-

mospheric Research (NCEP/NCAR) Reanalysis 1 data (Kalnay et al., 1996) 

are used to evaluate model simulations of the current climate. Trends in 

MSLP from the National Ocean and Atmospheric Administration and Coop-

erative Institute for Research in Environmental Science (NOAA-CIRES) 20
th

 

Century Reanalysis (Compo et al., 2011) were also considered to give an 

indication of the observed uncertainty in these trends. For the same reason, 

relative humidity data from HadCRUH were also considered (Willett et al., 

2008).  

Modelled outputs are drawn from Run 1 of up to 42 CMIP5 models (Table 1) 

using the historical simulations and those forced using the Representative 

Concentration Pathways (RCPs: van Vuuren et al., 2011) for the 21
st
 Century, 

with a particular focus on RCP8.5. This RCP represents the highest forcing 

scenario, with ongoing increases in greenhouse gases through to 2100. Not all 

models were available for each analysis, and the number of models used for 

each is noted in the results. 

Much analysis of these model outputs was done as part of the Projections for 

NRM project. Projected changes are examined as a difference over the entire 

21
st
 century, between 1986-2005 and 2080-2099. An analysis of linear trends 

from 1956 to 2005 in models and observations, and the downscaled results 

from 1970 to 2005, are also discussed. Results for the entire CMIP5 ensemble 

are compared to those from subsets or weightings of the ensemble based on 

model performance or resolution. 

Downscaling results were generated by the Australian Bureau of Meteorology 

statistical downscaling model (BOM-SDM) of Timbal and McAvaney (2001). 

This yields data on a 0.05 °Lat/Lon grid based on the output from 22 CMIP5 

models (Table 1), although only the median response of five models that are 

common with the dynamical downscaling are shown. The dynamical downscaling model is the Cubic Conformal Atmospheric Model (CC AM) 

of McGregor (2005) produced on a global uniform 0.5 °Lat/Lon grid using 6 CMIP5 models as input (Table 1). Detailed descriptions of these 

downscaling methods can be found in CSIRO and Bureau of Meteorology (2015). 
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Results 

Rainfall projections from CMIP5 

The CMIP5 models are very consistent in projecting an ongoing, strong rainfall decline in winter across southern Australia as a whole (Figure 

1a). There is large inter-annual variability in observed rainfall of recent decades and also in an example model for projections of the 21
st
 Cen-

tury, but a similar negative trend in both the model ensemble mean and observations is evident in the recent past (Figure 1a). The magnitude of 

the projected change by the end of the 21
st
 century is approximately proportional to the greenhouse forcing in each RCP and the decrease under 

the higher RCPs is clearly greater than that expected from natural variability (Figure 1b), However, using this large region and these seasonal 

boundaries obscures some important regional and seasonal differences that may have significant impacts on adaptation planning. Rainfall pro-

jections for the 15 NRM sub-clusters for each month of the year (Figures 2 and 3) reveal some interesting patterns. 

Figure 1  Time series of observed and simulated rainfall change (a) and projected change according to different scenarios (b) for winter (JJA) 

rainfall in Southern Australia (see region shaded purple in inset map). The range of model results is summarised using the median 

(1) and 10th to 90th percentile range of the projected change (2) in all available CMIP5 simulations. The change in mean climate is 

shown as 20-year moving averages. Dark shading (2) indicates the 10th to 90th percentile range for 20-year averages, whilst light 

shading (3) indicates change in the 10th to 90th percentile for individual years. The AWAP time series of each year (4) is overlaid 

to enable comparison between observed variability and simulated model spread, while the variability from one climate model (AC-

CESS1.0) is shown for the future period (5).The reference period in (a) is 1950-2005, to avoid ‘pinching’ of the model range around 

a narrow recent time window. The bar graphs (b) are the difference between two periods: 2080-2099 minus 1986-2005 for in green: 

RCP2.6, blue: RCP4.5, purple: RCP8.5 (6) and grey: natural variability only (7). (Source: NRM Technical Report: CSIRO and Bu-

reau of Meteorology, 2015) 

 

Winter rainfall is projected to decrease by many models in many sub-clusters of southern Australia and some in eastern Australia, in contrast to 

regions further north (Figure 2 and 3). Model agreement varies by sub-cluster, and the strongest agreement for decrease is found in southwest 

Western Australia (SSWFW), both in absolute terms (Figure 2) and as a relative change (Figure 3). The models tend to project little change or 
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an increase in rainfall in both Southern Slopes Tasmania West (SSTW) and Southern Slopes Tasmania East (SSTE) from May to August, with a 

similar pattern in eastern and western Tasmania. There is little distinction between the sub-clusters of southern Victoria and Tasmania as this 

spatial scale is similar to that of typical GCM grid cells (200 to 300 km). A decline in winter rainfall is a clear feature of CMIP5 projections (as 

was the case with previous generations of models (IPCC, 2007), but there are differences in the magnitude and model agreement in different 

regions.  

Figure 2  Monthly mean rainfall change for each sub-cluster for 2080-2099 relative to the 1986-2005 in absolute units (mm/month) from 39 

CMIP5 models. Bars show the 10th to 90th percentile of the model range, with dark colours showing changes greater than expect ed 

through natural variability and the model median shown as a dark line. The Australia-wide average (AUS) is shown in the lower left 

panel. Sub-cluster acronyms: SSWFW: Southern and South Western Flatlands West, SSWFE: Southern and South Western Fla t-

lands East, SSVW: Southern Slopes Victoria West, SSVE: Southern Slopes Victoria East, SSTW: Southern Slopes Tasmania West, 

SSTE: Southern Slopes Tasmania East, MB: Murray-Darling Basin. Sub-clusters to the north are Rangelands South and North(RS, 

RN), East Coast North and South (ECN, ECS), Monsoonal North East and West (MNE, MNW) and Wet Tropics (WT).  

 

There are also differences in the projections for autumn and spring (often termed the ‘shoulder’ seasons). From west to east along southern 

mainland Australia (SSWFW across to SSVE), there is a progressive shift in the seasonal expression of the rainfall decline (Figure 2) with the 

decrease more evident in spring towards the east. Tasmania is also seen to have a greater projected spring decrease than in autumn. In terms of 
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percentage changes (Figure 3), there is an emphasis on spring across all of southern Australia. This is because of the differ ent rainfall amounts in 

each season in different regions of southern Australia, for example in SSWFW, spring rainfall totals are smaller than those in winter, leading to 

a relatively greater percentage change. There is no clear and consistent rainfall decline in autumn in any sub-cluster.  

Figure 3  As Figure 2, but change is expressed as a percentage of 1986-2005 rainfall. 

 

Projection of pressure, winds and zonally consistent features 

There is a strong seasonal cycle in MSLP and mean winds over southern Australia. The band of high MSLP known as the subtropical ridge 

(STR) ranges in latitude from about 39 °S in summer to about 30 °S in winter and marks the boundary of mean westerly and easterly winds. 

There is also a seasonal cycle in the dominant westerly circulation and storm track, being furthest north over southern Austr alia in winter and 

furthest south in summer. These large-scale features influence both the west and the east of southern Australia (Hope et al., 2010), and their 

latitudinal variation is explored in this section. 
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Figure 4  Ensemble mean changes in mean sea level pressure (in hPa) under RCP8.5 (period 2080-99 minus period 1986-2005) for annual 

(top left) and all 4 seasons. The black stippling denotes model agreement on changes greater than 0.5 hPa (increases or decreases) at 

the level of >90% (black circles) or >67% (black crosses) of models. The equivalent model agreement on changes less than 0.5 hPa 

are stippled in red (source: CSIRO and Bureau of Meteorology, 2015). The bar graph shows the month-by-month difference in 

MSLP between 2080-2099 and 1986-2005 averaged over the region 115 to 150 °E and 30 to 45 °S. 
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In general, the STR is projected to strengthen over the course of this century in each month of the year, and move poleward in many months of 

the year (see Grose et al. (2015)). This is reflected in the projected changes to MSLP in 38 models examined here (Figure 4), with a belt of 

MSLP increase to the south of the current location of the STR in all seasons in the model mean (the STR is currently located at ~30 °S in August 

through to ~39 °S in February). There is high model agreement for an increase in MSLP over Tasmania in summer and spring and over much of  

southern Australia in winter and spring (Figure 4). Little change is projected over southern Australia in autumn. The MSLP for the southern 

region (115-150 °E and 30-45 °S) is projected to increase in all months, with the largest increases between May to November (ensemble mean 

shown in the bar graph in Figure 4). Concurrently, the large-scale circulation is projected to shift, with the mid-latitude westerlies projected to 

move further south in winter and spring, implying a change in the incidence of rain -bearing weather systems that impact upon southern Austra-

lia. This is shown by changes to mean near-surface wind speed (Figure 5), with projected reductions in westerly wind speeds in southwest and 

southeast Australia in winter. The westerly circulation is projected to strengthen to the south of the STR in winter, implying increased rainfall in 

winter in Tasmania (Figure 5). Most models also project a reduction in wind speed across parts of southeast Australia in autu mn and spring. The 

median reduction in wind speed in autumn is greater than in spring across the clusters of southeast Australia. In many clusters all models project 

a reduction in autumn wind speed (SSWFE, SSVW). The lack of a reduction in wind speed in spring in southwest Western Australia does not 

align well with the rainfall reductions projected there, and suggests another process at work. 

Figure 5  As for Figure 2, but showing 10-m westerly wind speed change (percent), and showing 3-month seasons. (Source: CSIRO and 

Bureau of Meteorology, 2015). 

 

In summary, the projected large-scale changes for winter are consistent with both past changes and observed and projected rainfall declines. 

However, the models tend to underestimate the observed changes and, by implication, may underestimate future changes. Projected MSLP 

changes are consistent with the seasonal expression of projected rainfall change; increases in spring are consistent with pro jected rainfall de-

clines, with little change in autumn. 
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Blocking and other longitudinally-varying features 

Large-scale circulation features in the Australian region that vary by longitude include atmospheric blocking, the splitting of the subtropical jet 

and the long wave pattern. An evaluation of the simulation of these features by models, and the physical plausibility of their projections, can 

also affect the confidence in CMIP5 projections. 

As in CMIP3, CMIP5 models have been found to significantly underestimate blocking in the northern hemisphere (Dunn-Sigouin and Son, 

2013; Masato et al., 2013). In the Australian region, Ummenhofer et al. (2013) found that, while an atmospheric GCM (with no coupled ocean) 

could reproduce the preferred location and seasonal cycle of blocking, it also underestimated the magnitude, especially in late winter and spring. 

Grose et al. (2012) showed that dynamical downscaling of CMIP3 models only partly improved the representation. Many CMIP5 models also 

show a connection between rainfall and blocking over southeast Australia that is too weak, with almost half of the models showing a correlation 

approaching that of observations but many models showing very low correlation (CSIRO and Bureau of Meteorology, 2015).  

In the northern hemisphere, blocking is projected to decrease in frequency and possibly undergo shifts in its location (Masato et al., 2013). In the 

Australian region, Grose et al. (2012) found that while blocking is underestimated in the current climate, a decrease in blocking is projected for 

the period from June to November. In addition, a decrease in the frequency but an increase in intensity of cutoff lows was also noted. Autumn 

and spring rainfall in western Tasmania is negatively correlated with blocking while much of southeast Australia shows a positive correlation to 

blocking through its association with cutoff lows (Risbey et al., 2009b). As a consequence, the projections imply a reduction in cutoff rainfall in 

winter and spring, but an increase in heavy rainfalls. However, the underestimation of blocking frequency and the poor connection of blocking 

to rainfall in the current climate lowers the confidence in the associated rainfall projections.  

Comparison of model and observed trends in the recent past  

We compare the model simulations to recent observed rainfall changes in order to understand if there is already a signal of a  changing climate, 

and if so, how the models’ interpretation of this compares with what has been observed.  

As in previous generations of models, the CMIP5 models tend to simulate a reduction in winter and spring rainfall across southern Australia 

from 1956 to 2005 but little change in autumn (Figure 6). This distinction is highlighted with averages across mainland southern Australia (bar 

graph in Figure 6). Upward trends are significant in the model mean in summer, right through to March, which has an opposite,  declining trend 

in the observations. The strong observed declines in April and May are not simulated by most models. The observed trends in September are 

again at odds with the multi-model mean direction of rainfall.  

Trends in MSLP from 1956 to 2005 in the model mean exemplify the seasonal paradox, with greater increases in spring compared to autumn, 

contrary to observed trends (Figure 7). These circulation changes are consistent with the seasonal paradox, but do not explain the cause of it. 

Another factor that influences rainfall formation in climate models is the moisture content of the air. Figure 8a shows the trends in relative hu-

midity from NCEP/NCAR reanalyses at 850 hPa, HadCRUH and the CMIP5 multi-model mean. Data over the region 115-150 °E and 30-45 °S 

are included. Note that specific humidity is rising as temperatures rise, but relative humidity provides an appreciation of how saturated the air is. 

There are known concerns with the NCEP/NCAR humidity fields (Dessler and Davis, 2010), and a reversal of NCEP/NCAR trends with height 

from the surface to 850 hPa (Paltridge et al., 2009), thus the shorter record from HadCRUH is included for comparison. Over the last 50 years, 

NCEP/NCAR suggests that the air is drying across the region through autumn, winter and spring, with the most drying in winter . In the model 

mean, the simulated trend of near-surface relative humidity aligns with the direction of rainfall change shown in the bar graph in Figure 6, with 

small but significant declines in September and October, and an increasing trend in autumn. This disparity in autumn suggests  that although 

MSLP and wind changes drive part of the signal, shifts in the local humidity may also be involved (although cause and effect may be diffi cult to 

disentangle in this case). The same seasonality is seen in the projections (Figure 8b), with the strongest declines in late winter and spring. The 

contribution from large-scale drivers compared to local humidity responses is not clear, and is beyond the scope of this study. It is also unclear 

what is driving the local humidity response and the level of influence from external forcings compared to natural variability. It may be that natu-

ral variability is ‘masking’ the changes in spring in the observed record.  

Model weightings and downscaling  

Climate models have known biases and limitations, and it is possible that weighting the output from one over another would improve the sea-

sonal paradox outlined above. However, there is relatively little difference in the projected changes to southern Australian rainfall using all 

models compared to models weighted by their simulation of the mean climatology and recent trends using either Bayesian Model Averaging or 

Ensemble Regression (CSIRO and Bureau of Meteorology, 2015). This shows that there is no simple and clear basis to weight or reject models 

to derive more reliable rainfall projections. In particular, there is no subset or weighting scheme that gives a seasonal projection similar  to recent 

observed trends, so weighting does not resolve or provide insights on the ‘seasonal paradox’ issue.  
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Figure 6  Observed trend in seasonal mean rainfall (mm per decade (mm/10a)) from 1956 to 2005 (a-d) and median of trends simulated by 

42 CMIP5 models over the same period (e-h). Stippling in a-d denotes areas where the observed trend is significantly different from 

zero at the 10% level. Plus and minus symbols in e-h denote areas where less than 10 per cent of the simulated trends are as large as 

the observed trend. (Source: CSIRO and Bureau of Meteorology 2015). The bar graph shows the month-by-month trends from land 

points across southern Australia (not including Tasmania to allow the winter declines across continental southern Australia to be 

most evident) from AWAP and the multi-model mean of 39 models (note that the observed trend contains both the forced response 

and natural variability, and may thus be larger than the model mean response). Trends that are significantly different from zero at  

the 10% level are marked with an ‘*’ for the model mean and ‘+’ for the observations.  

 

 

Figure 7 Month-by-month trends in MSLP over the region 115 °E to 150 °E and 30 °S to 45 °S for the years 1956 to 2005 from two 

reanalyses and the multi-model mean of 39 CMIP5 models. Trends that are significantly different from zero are marked with ‘x’ 

and ‘+’ for NCEP/NCAR and 20C reanalyses respectively and ‘*’ for the CMIP5 multi-model mean 
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Figure 8. Month-by-month change in near surface relative humidity (RH). (a) Linear trend per decade from 1956 to 2005 in NCEP/NCAR 

reanalyses and multi-model mean. Trends significantly different from zero at the 10% level are marked with ‘+’ for NCEP/NCAR 

and ‘*’ for multi-model mean. The shorter trend from HadCRUH 1973-2003 is also included for comparison. (b) Change between 

2080-2099 average and 1986-2005 average 
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Figure 9  Rainfall trend (mm per decade) from 1970 to 2005 using AWAP data for each season (top row). Seasonal rainfall trend, 1970 to 

2005, from the model mean of five CMIP5 GCMs, and the model mean from those same GCMs downscaled using BOM-SDM and 

CCAM downscaling methods. The white regions in BOM-SDM results indicate an area with insufficient observed data coverage to 

use in the model. The columns (from left to right) represent summer (DJF), autumn (MAM), winter (JJA) and spring (SON).  

 
 

Downscaling provides another means by which to reduce biases arising from low resolution or parameterisation methods. Five GCMs were used 

as common input to both BOM-SDM and CCAM downscaling methods, and a comparison of the observed trends using the full GCM output and 

downscaled output by season is shown in Figure 9. CCAM outputs are available from 1970, so observed trends from AWAP and trends in each 

model output are shown for 1970-2005. The observed rainfall decline in southeast Australia is dramatic and spatially extensive in autumn 

(MAM) over this period, and it is not matched in any model output. The trends in downscaling can differ from the host GCMs; some of these 

trends more closely match the observed trend (e.g. east and west Tasmania in JJA in the BOM-SDM results), but others appear further from 

observations. However, these differences may not be significant because the short period (36 years) and small sample (5 models) mean that there 

is likely to be more noise. Interestingly, in southwest Australia, strong winter rainfall declines seen from 1956 have weakened and declines in 

spring have strengthened. 

The projected rainfall change after downscaling reveals some telling differences for southern Australia and also for sub -regions of southern 

Australia (Figure 10). Regional detail of projected changes in the downscaling that didn’t appear in the GCMs include a different sign of change 

in the west of Tasmania compared to the east in summer and autumn in CCAM, and in winter in BOM-SDM. This is consistent with previous 

downscaling, and coincides with a climatological boundary in the current climate where rainfall in the west relates very closely to westerly c ir-

culation but rainfall in eastern Tasmania has other influences (Grose et al., 2013). Another regional feature present in the BOM-SDM down-

scaling relates to the question of the seasonal paradox. A projected rainfall decrease that is stronger in spring than in autumn can be seen in the 5 

GCM mean, which is in contrast to the recent trends. However, in the BOM-SDM results there is a strong projected decrease in autumn rainfall 
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near the coast in parts of Murray Basin, SSVW and SSWFE, while the projected change for spring is similar to the hos t models (Figure 10b, 

10d). This means that for these regions, the ‘seasonal paradox’ is reduced. The BOM-SDM adds the known statistical relationship between the 

large-scale predictors of fields such as MSLP, atmospheric moisture and wind to rainfall. These elements are the ingredient used by physical 

parameterisations within climate models to generate rainfall but in the case of the application of the BOM-SDM the relationship is built empiri-

cally using past observations and thus bypasses the model parameterisations. It therefore provides a possibility to correct some model limitations 

in rainfall generation. Thus, for this region of southeast Australia, the seasonal projections from BOM-SDM may not be as far from recent trends 

as the GCMs projections are, reducing the seasonal paradox somewhat. Given that BOM-SDM inherits the same circulation and weather sys-

tems as the GCM hosts, the cause of the difference in rainfall trend may be due to the projected reductions in autumn wind (F igure 5) or local 

interactions with model rainfall parameterisations that influence rainfall in autumn more than in spring. CCAM produces a greater tendency for 

rainfall increase across much of southern Australia in summer and autumn than the GCMs used. This may be in response to the warming of the 

surrounding oceans; it is not necessarily a superior projection, just a different and additional possible projection at the wetter end of the CMIP5 

range of projections. 

Figure 10 Projected rainfall changes (%) in southern Australia from 5 CMIP5 GCMs, and BOM-SDM and CCAM downscaling using those 

same five GCMs as input (see Table 1) for 1986-2005 to 2080-2099 under RCP8.5. Stippling indicates where four or five models 

agree on the sign of change. Note that summer is in the top row, then autumn etc. unlike Figure 9.  The white regions in BOM-SDM 

results indicate an area with insufficient observed data coverage to use in the model.  
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Discussion and Synthesis 

Most models project rainfall to decrease in much of the cool season across most regions of southern Australia, consistent with atmospheric cir-

culation changes. Despite the good level of consistency amongst the models, limitations in the simulation of some important climate processes 

in the current climate lowers confidence in the projected change of these processes and also the associated rainfall. In addition, the ‘seasonal 

paradox’ in CMIP5 projections compared to recent observed trends is present as for previous projections.  

In order to accurately represent long-term change, climate models must be able to simulate the influence from large-scale influences on climate 

and also the correct local rainfall processes. At the broad scale, pressure increases across southern Australia are projected, consistent with physi-

cal understanding. For example, these changes are consistent with projected increases to SAM under greenhouse gas forcing by the end of the 

century, with a contraction of the polar jet towards Antarctica, although increasing levels of stratospheric ozone through the course of the cen-

tury might reduce trends at mid-century in summer (Arblaster et al., 2011). These changes to pressure and wind are consistent with the projected 

rainfall changes presented above, and conform to the general principle of expanding local STR and southerly movement of cyclones in much of 

the cool season. 

However, changes in some MSLP indices may be underestimated. For example, CMIP5 models produce a trend in the intensity of the STR and 

the STR-rainfall connection that are both too weak, and this suggests that the rainfall projection associated with changes in the STR may be 

underestimated (Grose et al., 2015). 

To have confidence in models at the local scale, they need to simulate the appropriate rainfall amount from such systems as fronts and cutoff 

lows. They also should simulate the relative rainfall contributions from convective and stratiform (e.g. fronts) processes. The separation between 

the two processes is largely dependent on the model and which parameterisations are used for both types of rainfall.  It is well established that 

many climate models do not do this well, forming too much ‘drizzle’ by simply precipitating from the column when humidity is high (Dai, 

2006). Although many CMIP5 models have higher resolution than CMIP3, the resolution is still too large to allow a direct calculation of rainfall 

processes and these must be parameterised. This, among other factors, means that the modelled association between large-scale weather features 

and rainfall may not reflect the observed association. In one CMIP5 model (ACCESS1.0) it was found that, although the model captured the  

structure and frequency of observed synoptic patterns, it simulated the rainfall intensity and frequency less well ( Brown et al., 2010). 

The ‘seasonal paradox’ issue may be due to natural variability in recent observations or could be due, at least in part, to biases and deficiencies 

in the model simulation of the large-scale circulation and their association with rainfall. Some difference between any single model simulation 

and observations are expected because natural variability is not in phase, including phases of multi -decadal modes of variability. However, the 

multi-model mean provides an estimate of the underlying forced climate response, since the different phases of natural variability are likely to 

cancel each other out in most instances. Trends in the multi-model mean are not expected to be identical to observations either, since there is 

still natural variability in the observations. However, amongst the diverse individual responses of climate models to the same forcings, it would 

be expected that by chance some will be similar to the observed trend if the forced response is correctly simulated, which is  not the case here 

(Figure 6a-d shows where there is a significant trend, Figure 6e-h shows where less than 10% of models show a trend that is of the same magni-

tude). Therefore, the presence of the seasonal paradox must be taken as a sign of reduced confidence in model projections of the seasonal ex-

pression of rainfall changes in southern Australia  

The representation of rain-bearing features in climate models goes some way to explaining the seasonal paradox. Catto et al. (2013) found that 

although rainfall associated with fronts was underestimated, the major precipitation errors were associated with non-frontal rainfall, which might 

derive from systems such as cutoff lows. Since cutoff lows are important for rainfall across southern Australia, and their decline in number have 

contributed to the autumn rainfall reduction in the southeast (Pook et al., 2009), the poor representation of cutoffs in models (Grose et al., 2012) 

might explain that, even if the observed autumn rainfall decline is a forced signal and not simply driven by natural variabil ity, models are less 

likely to capture it. Thus it remains a possibility that the observed autumn rainfall decline is a forced response and therefore we might expect 

further autumn rainfall declines in the future. Statistical downsclaing may produce a more realistic relationship between large-scale predictors 

and local rainfall, so may overcome the problems with GCM simulations. Statistical downscaling projects greater decreases in autumn rainfall 

than the host models for some regions of southeast Australia, whereas subsets of GCMs selected by their simulation of the cur rent climate do not 

give a different projection than CMIP5 as a whole. This suggests that deficiencies at the synoptic and local scale are playing a role in the 

‘seasonal paradox’ in the CMIP5 results, as shown by the seasonal differences between observed and simulated trends in the MSLP and 

humidity explored here. 

The wide range of information presented in this study, including GCM and downscaling projections and a review of physical processes influen c-

ing southern Australian rainfall, is used here to assess the degree of confidence in the rainfall projections. Following the method used by IPCC 

(2013), confidence is assessed based on a combination of the amount of evidence (ranging from Limited to Robust) as well as the level of 

agreement between the different lines of evidence (from Low to High), leading to a range of confidence descriptors as shown in Table 2. The 
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assessment is presented individually for each season, as well as for cases where eastern or western Tasmania is notably different to continental 

southern Australia. 

Table 2. Confidence assessment in relation to projected changes in future rainfall for Southern Australia sub regions (‘Southern continent’ 

excludes Tasmania). Confidence is assigned for each season based on the degree of evidence and its level of agreement, where good 

evidence or agreement is in green and poor evidence or disagreement is in red (refer to text and references therein). Confidence on 

factors of atmospheric circulation, climate drivers and past trends come from this study and CSIRO and Bureau of Meteorology 

(2015). 

Season Region Projection Evidence Agreement Confidence Notes 

Autumn Sthn continent Moderate decrease 
Medium 

 

Medium  

Past trends 

Downscaling 

 

Medium 

Magnitude of decrease may be 

underestimated. 

Downscaling may add value 

 Western Tas Moderate decrease Medium 

Medium 

Past trends 

Downscaling 

 

Medium 
Magnitude of decrease may be 

underestimated 

 Eastern Tas 
Little change or increase 

(based on downscaling) 
Medium Medium Medium Downscaling may add value 

       

Winter Sthn Continent Decrease 

Robust 

SAM 

STR 

Blocking 

Circulation 

ENSO 

High High Future changes to ENSO are uncertain 

 Tasmania  
Little change or  

Slight increase 

Medium 

Circulation 

SAM 

Medium Medium 
The latitudinal positioning of the 

westerlies varies across models 

       

Spring Sthn Continent Decrease 

Robust 

Circulation 

ENSO 

IOD 

Medium 

Past trends 
Medium-High 

Changes in tropical processes and their 

teleconnection to Australia are not 

certain 

 Tasmania Decrease 

Robust 

Circulation 

ENSO 

IOD 

Blocking 

Medium 

Past trends 
Medium-High 

Model representation of blocking and 

rainfall from cutoff lows is important 

       

Summer Sthn continent Little change Medium 
Medium 

Downscaling 
Medium Model spread is high 

 Western Tas Moderate decrease Medium-Robust Medium Medium-High  

 Eastern Tas Little change Medium 
Medium 

Downscaling 
Medium  

Meaning of terms used in table - Circulation: changes to atmospheric circulation, primarily changes to the subtropical ridge and westerly storm 

tracks; SAM: Southern Annular Mode; ENSO: El Nino Southern Oscillation; IOD: Indian Ocean Dipole; Blocking: Atmospheric Block ing 

As there is some uncertainty associated with projected future changes to large-scale modes of variability such as ENSO and IOD (as discussed 

in CSIRO and Bureau of Meteorology (2015)), this adds uncertainty to the projections in seasons where these modes have a strong relationship 

to rainfall in this region (e.g., Risbey et al., 2009b). In cases where there is strong supporting evidence relating to physical processes associated 

with rainfall in this region (e.g. projected changes to SAM and the STR), this can add confidence to projections. Factors such as these are con-

sidered in the confidence assessment (Table 2). 

Conclusions 

CMIP5 models confirm previous findings of a projected decline in cool season rainfall in southern Australia under a warming c limate, with 

some regional exceptions such as wetter winters in Tasmania. In southwest Western Australia, this rainfall reduction represents a continuation of 

observed trends since the 1960s, driven by large-scale circulation changes. Across southeast Australia, the recent and projected rainfall decline 
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is also linked to an increase in the persistence of highs and a growing intensity and expansion of the STR. The exception to this trend is 

Tasmania, where rainfall may undergo little change or a small increase at the height of winter due to an increase in westerly winds to the south 

of the STR.  

The so-called seasonal paradox in autumn and spring is present in CMIP5, as it was in CMIP3, although statistical downscaling sugges ts the 

issue may not be as large as the GCMs suggest, at least for some restricted regions of southeast Australia. The cause of the seasonal paradox is 

likely a combination of variability within the observed record and an underestimation of the response to forcing by climate models. This 

underestimate may be due to climate models’ representation of features such as cutoff lows, their association to rainfall and  the model rainfall 

parameterisations.  

An assessment of confidence in the projections (as summarised in Table 2) represents a synthesis of information presented throughout this study. 

The resultant confidence estimates range from Medium to High, depending on season and region, and is generally higher than for other regions 

of Australia (such as the eastern seaboard: Dowdy et al. (2015)) due to the relatively high degree of evidence and agreement for the southern 

Australia rainfall projections. 

Acknowledgements 

The Projections for NRM project was funded by the Australian Department of the Environment. The authors would like to thank the many staff 

involved in producing the final outputs of this project. We acknowledge the World Climate Research Programme's Working Group on Coupled 

Modelling, which is responsible for CMIP, and we thank the climate modelling groups (listed in Table 1 of this paper) for producing and making 

available their model output. For CMIP the U.S. Department of Energy's Program for Climate Model Diagnosis and Intercomparison provides 

coordinating support and led development of software infrastructure in partnership with the Global Organization for Earth System Science Por-

tals. We would like to thank Kate Willett for discussions on humidity data. We would also like to greatly thank Geert Jan van Oldenborgh for 

his development and maintenance of the KNMI Climate Explorer. 

References  

Arblaster, J. M., G. A. Meehl, and D. J. Karoly, 2011. Future climate change in the Southern Hemisphere: Competing effects of ozone and 

greenhouse gases. Geophys. Res. Lett., 38, L02701, doi:10.1029/2010GL045384. 

Ashok, K., Z. Guan, and T. Yamagata, 2003. Influence of the Indian Ocean Dipole on the Australian winter rainfall. Geophys. Res. Lett., 30, 

1821. doi: 10.1029/2003GL017926. 

Berry, G., M. J. Reeder, and C. Jakob, 2011. A global climatology of atmospheric fronts. Geophys. Res. Lett., 38, L04809, 

doi:10.1029/2010gl046451. 

Brown, J. R., C. Jakob, and J. M. Haynes, 2010. An Evaluation of Rainfall Frequency and Intensity over the Australian Region in a Global 

Climate Model. J. Climate, 23, 6504-6525, doi:10.1175/2010jcli3571.1. 

Cai, W., P. van Rensch, T. Cowan, and H. H. Hendon, 2011: Teleconnection Pathways of ENSO and the IOD and the Mechanisms for Impacts 

on Australian Rainfall. J. Climate, 24, 3910-3923, doi:10.1175/2011jcli4129.1. 

Catto, J., C. Jakob, and N. Nicholls, 2013. A global evaluation of fronts and precipitation in the ACCESS model. Aust. Met. Oceanogr. J., 63, 

191-203. 

Catto, J. L., C. Jakob, G. Berry, and N. Nicholls, 2012. Relating global precipitation to atmospheric fronts. Geophys. Res. Lett., 39, L10805, 

doi:10.1029/2012GL051736. 

Catto, J. L., N. Nicholls, C. Jakob, and K. L. Shelton, 2014. Atmospheric fronts in current and future climates. Geophys. Res. Lett., 41, 7642-

7650, doi:10.1002/2014gl061943. 

Collins, M., R. Knutti, J. Arblaster, J.-L. Dufresne, T. Fichefet, P. Friedlingstein, X. Gao, W. J. Gutowski, T. Johns, G. Krinner, M. Shongwe, C. 

Tebaldi, A. J. Weaver, and M. Wehner, 2013. Long-term Climate Change: Projections, Commitments and Irreversibility. Climate Change 

2013: The Physical Science Basis. Contribution of Working Group I to the Fifth Assessment Report of the Intergovernmental Pan el on 

Climate Change, T. F. Stocker, D. Qin, G.-K. Plattner, M. Tignor, S. K. Allen, J. Boschung, A. Nauels, Y. Xia, V. Bex, and P. M. Midgley, 

Eds., Cambridge University Press, 1029–1136. 

Compo, G. P., J. S. Whitaker, P. D. Sardeshmukh, N. Matsui, R. J. Allan, X. Yin, B. E. Gleason, R. S. Vose, G. Rutledge, P. Bessemoulin, S. 

Brönnimann, M. Brunet, R. I. Crouthamel, A. N. Grant, P. Y. Groisman, P. D. Jones, M. C. Kruk, A. C. Kruger, G. J. Marshall, M. Maugeri, 

H. Y. Mok, Ø. Nordli, T. F. Ross, R. M. Trigo, X. L. Wang, S. D. Woodruff, and S. J. Worley, 2011. The Twentieth Century Reanalysis 

Project. Quart. J. Roy. Met. Soc., 137, 1-28, doi:10.1002/qj.776. 

CSIRO, 2012. Climate and water availability in south-eastern Australia – A synthesis of findings from Phase 2 of the South Eastern Australian 

Climate Initiative (SEACI), 41 pp. 



Australian Meteorological and Oceanographic Journal 65:1 October 2015 54–71 70 

CSIRO and Bureau of Meteorology, 2015. Climate Change in Australia - Information for Australia's Natural Resource Management Regions: 

Technical Report. CSIRO and Bureau of Meteorology, Australia, 216 pp. 

Dai, A., 2006. Precipitation characteristics in eighteen coupled climate models. J. Climate, 19, 4605-4630. doi: 10.1175/JCLI3884.1. 

Dessler, A. E. and S. M. Davis, 2010. Trends in tropospheric humidity from reanalysis systems. J. Geophys. Res.: Atmospheres, 115, D19127, 

doi:10.1029/2010jd014192. 

Dowdy, A. J., G. A. Mills, B. Timbal, M. Griffiths, and Y. Wang, 2013. Understanding rainfall projections in relation to extratropical cyclones 

in eastern Australia. Aust. Met. Oceanogr. J., 63, 355-364. 

Dowdy, A. J., M. R. Grose, B. Timbal, A. Moise, M. Ekström, J. Bhend, and L. Wilson, 2015. Rainfall in Australia’s eastern seaboard: a review 

of confidence in projections based on observations and physical processes. Aust. Met. Oceanogr. J., 65, 107–126. 

Dunn-Sigouin, E. and S.-W. Son, 2013. Northern Hemisphere blocking frequency and duration in the CMIP5 models. J. Geophys. Res.: 

Atmospheres, 118, 1179-1188, doi:10.1002/jgrd.50143. 

Feser, F., B. Rockel, H. von Storch, J. Winterfeldt, and M. Zahn, 2011. Regional climate models add value to global model data: a review and 

selected examples. Bull. Amer. Met. Soc., 92, 1181-1192, doi: 10.1175/2011BAMS3061.1. 

Grose, M., B. Timbal, L. Wilson, J. Bathols, and D. Kent, 2015. The subtropical ridge in CMIP5 models, and implications for projections of 

rainfall in southeast Australia. Aust. Met. Oceanogr. J., 65, 90–106. 

Grose, M. R., M. J. Pook, P. C. McIntosh, J. S. Risbey, and N. L. Bindoff, 2012. The simulation of cutoff lows in a regional climate model: 

reliability and future trends. Clim. Dyn., 39, 445-459, doi: 10.1007/s00382-012-1368-2. 

Grose, M. R., S. P. Corney, J. J. Katzfey, J. C. Bennett, G. K. Holz, C. J. White, and N. L. Bindoff, 2013. A regional response in mean westerly 

circulation and rainfall to projected climate warming over Tasmania, Australia. Clim. Dyn., 40, 2035-2048, doi: 10.1007/s00382-012-1405-1. 

Hendon, H., D. W. J. Thompson, and M. C. Wheeler, 2007. Australian rainfall and surface temperature variations associated with the Southern 

Hemisphere Annular Mode. J. Climate, 20, 2452-2467, doi: 10.1175/JCLI4134.1. 

Hope, P. and C. J. Ganter, 2010. Recent and projected rainfall trends in south-west Australia and the associated shifts in weather systems. 

Managing Climate Change. Papers from the Greenhouse 2009 Conference, I. Jubb, P. Holper, and W. Cai, Eds., CSIRO Publishing., 53-63. 

Hope, P., B. Timbal, and R. Fawcett, 2010. Associations between rainfall variability in the southwest and southeast of Australia and their 

evolution through time. Int. J. Climatol., 30, 1360-1371, doi:10.1002/joc.1964-1097-0088. 

Hope, P., K. Keay, M. Pook, J. Catto, I. Simmonds, G. Mills, P. McIntosh, J. Risbey, and G. Berry, 2014. A comparison of automated methods 

of front recognition for climate studies: A case study in southwest Western Australia. Mon. Wea. Rev., 142, 343-363, DOI:10.1175/mwr-d-

12-00252.1. 

Hope, P. K., 2006. Projected future changes in synoptic systems influencing southwest Western Australia. Clim. Dyn., 26, 765-780, 

doi:10.1007/s00382-006-0116-x. 

Hope, P. K., W. Drosdowsky, and N. Nicholls, 2006. Shifts in the synoptic systems influencing southwest Western Australia. Clim. Dyn., 26, 

751-764, doi: 10.1007/s00382-006-0115-y. 

IPCC, 2007. Summary for Policy Makers. In: Climate Change 2007: The Physical Science Basis. Contribution of Working Group I to the 

Fourth Assessment Report of the Intergovernmental Panel on Climate Change.  S. Solomon, D. Qin, M. Manning, Z. Chen, M. Marquis, K. 

B. Averyt, M. Tignor, and H. L. Miller, Eds., Cambridge University Press, Cambridge, United Kingdom.  

IPCC, 2013: Summary for Policymakers. In: Climate Change 2013: The Physical Science Basis. Contribution of Working Group I to the Fifth 

Assessment Report of the Intergovernmental Panel on Climate Change . T.F. Stocker, D. Qin, G.-K. Plattner, M. Tignor, S. K. Allen, J. 

Boschung, A. Nauels, Y. Xia, V. Bex, and P. M. Midgley, Eds., Cambridge University Press, Cambridge, United Kingdom and New York, 

NY, USA. 

Jones, D. A., W. Wang, and R. Fawcett, 2009. High-quality spatial climate data-sets for Australia. Aust. Met. Oceanogr. J., 58, 233-248. 

Kalnay, E., M. Kanamitsu, R. Kistler, W. Collins, D. Deaven, L. Gandin, M. Iredell, S. Saha, G. White, J.  Woollen, Y. Zhu, M. Chelliah, W. 

Ebisuzaki, W. Higgins, J. Janowiak, K. C. Mo, C. Ropelewski, J. Wang, A. Leetmaa, R. Reynolds, R. Jenne, and J. D, 1996 . The 

NCEP/NCAR 40-Year Reanalysis Project. Bull. Amer. Met. Soc., 77, 437-471, doi: 10.1175/1520-0477(1996)077<0437:TNYRP>2.0.CO;2. 

Maraun, D., F. Wetterhall, A. Ireson, R. Chandler, E. Kendon, M. Widmann, S. Brienen, H. Rust, T. Sauter, M. Themeßl, V. K. C. Venema, K. 

P. Chun, C. M. Goodess, R. G. Jones, C. Onof, M. Vrac, and I. Thiele-Eich, 2010. Precipitation downscaling under climate change: Recent 

developments to bridge the gap between dynamical models and the end user. Reviews of Geophysics, 48, RG3003, 

doi:10.1029/2009RG000314. 

Masato, G., B. J. Hoskins, and T. Woollings, 2013. Winter and summer Northern Hemisphere blocking in CMIP5 models. J. Climate, 26, 7044-

7059, doi:10.1175/jcli-d-12-00466.1. 

McBride, J. L. and N. Nicholls, 1983. Seasonal relationships between Australian rainfall and the Southern Oscillation. Mon. Wea. Rev., 111, 

1998-2004, doi: 10.1175/1520-0493(1983)111<1998;SRBARA>2.0.CO;2. 

McGregor, J.L., 2005. C-CAM geometric aspects and dynamical formulation. CSIRO Atmospheric Research technical paper no.70, CSIRO 

Atmospheric Research, 43. 

http://dx.doi.org/10.1175/JCLI3884.1


Australian Meteorological and Oceanographic Journal 65:1 October 2015 54–71 71 

Meehl, G. A., C. Covey, K. E. Taylor, T. Delworth, R. J. Stouffer, M. Latif, B. McAvaney, and J. F. B. Mitchell, 2007. The WCRP CMIP3 

Multimodel Dataset: A New Era in Climate Change Research. Bull. Amer. Met. Soc., 88, 1383-1394, doi:10.1175/bams-88-9-1383. 

Paltridge, G., A. Arking, and M. Pook, 2009. Trends in middle- and upper-level tropospheric humidity from NCEP reanalysis data. Theor. Appl. 

Climatol., 98, 351-359, doi:10.1007/s00704-009-0117-x. 

Pook, M., J. Risbey, and P. McIntosh, 2014. A comparative synoptic climatology of cool-season rainfall in major grain-growing regions of 

southern Australia. Theor. Appl. Climatol., 117, 521-533, doi:10.1007/s00704-013-1021-y. 

Pook, M., S. Lisson, J. Risbey, C. C. Ummenhofer, P. McIntosh, and M. Rebbeck, 2009: The autumn break for cropping in  southeast Australia: 

trends, synoptic influences and impacts on wheat yield. Int. J. Climatol., 29, 2012-2026, doi: 10.1002/joc.1833. 

Pook, M. J., J. S. Risbey, and P. C. McIntosh, 2012. The synoptic climatology of cool-season rainfall in the Central Wheatbelt of Western 

Australia. Mon. Wea. Rev., 140, 28-43, doi: 10.1175/MWR-D-11-00048.1. 

Pook, M. J., J. S. Risbey, P. C. McIntosh, C. C. Ummenhofer, A. G. Marshall, and G. A. Meyers, 2013 . The seasonal cycle of blocking and 

associated physical mechanisms in the Australian region and relationship with rainfall. Mon. Wea. Rev., 141, 4534-4553, doi:10.1175/mwr-

d-13-00040.1. 

Reboita, M. S., R. Nieto, L. Gimeno, R. P. da Rocha, T. Ambrizzi, R. Garreaud, and L. F. Krüger, 2010. Climatological features of cutoff low 

systems in the Southern Hemisphere. J. Geophys. Res.: Atmospheres, 115, D17104, doi:10.1029/2009jd013251. 

Risbey, J. S., P. C. McIntosh, and M. J. Pook, 2013. Synoptic components of rainfall variability and trends in southeast Australia. Int. J. 

Climatol., 33, 2459-2472, doi: 10.1002/joc.3597. 

Risbey, J. S., M. J. Pook, P. C. McIntosh, C. C. Ummenhofer, and G. Meyers, 2009a. Characteristics and variability of synoptic features 

associated with cool season rainfall in southeastern Australia. Int. J. Climatol., 29, 1595-1613, doi: 10.1002/joc.1775. 

Risbey, J. S., M. J. Pook, P. C. McIntosh, M. C. Wheeler, and H. H. Hendon, 2009b. On the remote drivers of rainfall variability in Australia. 

Mon. Wea. Rev., 137, 3233-3253, doi: 10.1175/2009MWR2861.1. 

Simmonds, I., K. Keay, and J. A. T. Bye, 2012. Identification and climatology of Southern Hemisphere mobile fronts in a modern reanalysis. J. 

Climate, 25, 1945-1962, doi: 10.1175/JCLI-D-11-00100.1. 

Stocker, T. F., D. Qin, G.-K. Plattner, L.V. Alexander, S.K. Allen, N.L. Bindoff, F.-M. Bréon, J.A. Church, U. Cubasch, S. Emori, P. Forster, P. 

Friedlingstein, N. Gillett, J.M. Gregory, D.L. Hartmann, E. Jansen, B. Kirtman, K. K. R. Knutti, K., P. Lemke, J. Marotzke, V. Masson-

Delmotte, G.A. Meehl, I.I. Mokhov, S. Piao, V. Ramaswamy, D. Randall, M. Rhein, M. Rojas, C. Sabine, D. Shindell, L.D. Talley, D.G. 

Vaughan, and S.-P. Xie, 2013. Technical Summary. In: Climate Change 2013: The Physical Science Basis. Contribution of Working Group I 

to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change . T.F. Stocker, D. Qin, G.-K. Plattner, M. Tignor, S. K. 

Allen, J. Boschung, A. Nauels, Y. Xia, V. Bex, and P. M. Midgley, Eds., Cambridge, United Kingdom and New York, NY, USA. 

Taylor, K. E., R. J. Stouffer, and G. A. Meehl, 2012. An overview of CMIP5 and the experiment design. Bull. Amer. Met. Soc., 93, 585-498, 

doi:10.1175/BAMS-D-11-00094.1. 

Timbal, B., 2010. A discussion on aspects of the seasonality of the rainfall decline in South-Eastern Australia. CAWCR Research Letters, 4, 20-

26. 

Timbal, B. and B. J. McAvaney, 2001. An analogue-based method to downscale surface air temperature: application for Australia. Clim. Dyn., 

17, 947-963, doi:10.1007/s003820100156. 

Timbal, B. and W. Drosdowsky, 2013. The relationship between the decline of Southeastern Australian rainfall and the strengthening of the 

subtropical ridge. Int. J. Climatol., 33, 1021-1034, doi:10.1002/joc.3492. 

Ummenhofer, C. C., P. C. McIntosh, M. J. Pook, and J. S. Risbey, 2013. Impact of surface forcing on Southern Hemisphere atmospheric 

blocking in the Australia-New Zealand sector. Journal of Climate, 26, 8476-8494. doi: 10.1175/JCLI-D-12-00860.1. 

van Dijk, A. I. J. M., H. E. Beck, R. S. Crosbie, R. A. M. de Jeu, Y. Y. Liu, G. M. Podger, B. Timbal, and N. R. Viney, 2013 . The Millennium 

Drought in southeast Australia (2001–2009): Natural and human causes and implications for water resources, ecosystems, economy, and 

society. Water Resources Research, 49, 1040-1057, doi:10.1002/wrcr.20123. 

van Vuuren, D., J. Edmonds, M. Kainuma, K. Riahi, A. Thomson, K. Hibbard, G. Hurtt, T. Kram, V. Krey, J.-F. Lamarque, T. Masui, M. 

Meinshausen, N. Nakicenovic, S. Smith, and S. Rose, 2011. The representative concentration pathways: an overview. Climatic Change, 109, 

5-31, doi:10.1007/s10584-011-0148-z. 

Willett, K. W., P. D. Jones, N. P. Gillett, and P. W. Thorne, 2008. Recent changes in surface humidity: development of the HadCRUH dataset. 

J. Climate, 21, 5364-5383, doi: 10.1175/2008JCLI2274.1. 

 

http://dx.doi.org/10.1175/MWR-D-11-00048.1
http://dx.doi.org/10.1175/JCLI-D-12-00860.1

	Introduction
	Data and methods
	Results
	Rainfall projections from CMIP5
	Projection of pressure, winds and zonally consistent features
	Blocking and other longitudinally-varying features
	Comparison of model and observed trends in the recent past
	Model weightings and downscaling

	Discussion and Synthesis
	Conclusions
	Acknowledgements
	References

