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Introduction

The body of literature regarding regional climate change 
projections and their associated environmental and societal 
impacts has been growing exponentially in recent decades. 
Key landmarks with respect to climate projections for 
Australia were the Working Group 1 (WG1) contribution 
to the Intergovernmental Panel on Climate Change (IPCC) 
Fourth Assessment Report (AR4; Christensen et al. 2007) 
and the Climate Change in Australia technical report 
(CSIRO and Bureau of Meteorology 2007). Both were 
released in 2007, with the latter including conclusions from 
the IPCC AR4 but also building upon the large body of 
climate research undertaken for the Australian region. At 
the time, these reports represented a synthesis of the most 
up-to-date research regarding global and regional climate 
projections, much of which was based upon global climate 
model simulations performed as part of the third phase of 
the Climate Model Intercomparison Project (CMIP3; Meehl 

et al. 2007). Soon after the completion of CMIP3, the World 
Climate Research Programme embarked on CMIP5, which 
is to include an even more ambitious suite of climate model 
simulations from an even larger collection of modelling 
groups around the world (Taylor et al. 2012). Many of the 
climate projections presented in the WG1 contribution to 
the IPCC Fifth Assessment Report (AR5) and the associated 
updated projections for Australia will be based upon CMIP5 
data. These activities are scheduled for completion by late 
2013 and mid-2014  respectively.
 Current research on the future climate of Australia, 
which is primarily based on analysis of relevant CMIP3 
model simulations, indicates a continuation of the warming 
observed over the past century. The Australian annual mean 
temperature increased by ~0.9 °C over the period 1910–2011 
and is projected to increase by a further 1.0 to 5.0 °C by the 
year 2070 (relative to 1990), provided global emissions fall 
within the range of future emission scenarios considered 
by the IPCC AR4 (CSIRO and Bureau of Meteorology 2007, 
2012). While the direction (i.e. positive) and spatial pattern 
(i.e. greater warming inland) of these projections is virtually 
certain, a major uncertainty with respect to the magnitude 
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The current national climate projections for Australia are based primarily on 
CMIP3 data and were published in 2007. The CMIP5 database will form the ba-
sis of the updated national projections scheduled for release in mid-2014, and 
preliminary CMIP5 data are progressively being made available to the research 
community. This paper presents a basic analysis of those preliminary data in 
terms of the simulated present climate and projected future climate for Australia.  
Our results suggest that many of the deficiencies identified in CMIP3 simulations 
of the region, including those associated with rainfall seasonality across southern 
Australia and the intensity of the monsoon, still persist in the CMIP5 ensemble. 
The CMIP5 models also tend to underestimate observed Australia (and global) 
mean temperature trends over the twentieth century, which was not a feature 
of CMIP3. With respect to future simulations of annual and seasonal mean tem-
perature and rainfall, the CMIP5 ensemble was found to be highly consistent with 
existing CMIP3 derived projections. This finding confirms previous CMIP3 results 
that indicate a projected rainfall decline in southwest Western Australia (and to 
a lesser extent southeastern Australia), but does not provide improved model 
agreement on future rainfall changes in the tropics, where the spread in climate 
model simulations remains large. A novel approach to mapping model agreement 
on future climate projections is also presented, which combines a number of re-
cently published methods.
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of these temperature projections lies in the sensitivity of 
global climate models to anthropogenic emissions of both 
greenhouse gases and aerosols (Randall et al. 2007). The 
latest precipitation projections for Australia suggest long-
term drying over southern areas during winter (particularly 
in the southwest) and over southern and eastern areas 
during spring, which is broadly consistent with trends seen 
over recent decades (CSIRO and Bureau of Meteorology 
2007, 2012). Changes in precipitation in northern and central 
Australia are far more uncertain, with large increases 
suggested by some CMIP3 models but large decreases 
suggested by others (Moise et al. 2012). Large model biases 
in simulating the present day Australian monsoon system 
also contribute to the low confidence associated with 

projections of tropical rainfall (Colman et al. 2011). Other 
known CMIP3 model biases in the Australian region include 
a systematic low pressure bias near 50°S corresponding to 
an equatorward displacement of the mid-latitude westerlies 
and associated storm track eddies (Yin 2005), and a general 
over-representation of deep winter troughs over southwest 
Western Australia (Hope 2006a, 2006b).
 As modelling groups began to complete the first of their 
CMIP5 simulations in late 2011, data were progressively 
made available via various data portals (or gateways) 
established under the Earth System Grid (ESG) project 
(http://esg-pcmdi.llnl.gov; Williams et al. 2011). While these 
initial data (at the time of writing this manuscript) are yet to 
undergo the full CMIP5 quality control procedure and fall 
considerably short of representing the entire anticipated 
CMIP5 archive (modelling groups will continue to contribute 
data to CMIP5 for a number of years after the AR5 is 
completed), the research community is naturally wondering 
how these new data compare to CMIP3 in terms of both their 
future projections and skill in simulating the current climate. 
This paper attempts to take a first step towards answering 
this question, by presenting a basic analysis of the CMIP5 
simulated present climate and projected future climate for 
Australia, making comparison to CMIP3 wherever practical. 
Since a formal update to the current climate projections for 
Australia is not expected until mid-2014, our results will (a) 
provide preliminary projections that will give an indication 
of what to expect in both the IPCC AR5 and the updated 
Australian projections, and (b) point towards priority areas 
for more detailed research in preparation for the updated 
national projections.

Methods

There are numerous climate variables archived as part of the 
CMIP projects and an even larger number that might be of 
interest to the research and/or wider community. However, 
in order to reduce the scope of the current study, only 
surface air temperature and precipitation were analysed. 
These variables tend to be of highest interest in relation 
to climate projections and participating CMIP5 modelling 
groups have tended to prioritise the post-processing of data 
files relating to these variables, so as to make sure the largest 
possible ensemble of results is available for consideration by 
the IPCC AR5. For similar reasons, our analysis has also only 
focused on analysing the annual and seasonal mean climate 
over multiple decades. No daily or sub-daily data were 
considered, meaning no results are presented regarding 
climate extremes.

Model data
The climate model data were obtained from the CMIP3 
and CMIP5 data archives on the ESG gateway hosted 
by the National Computational Infrastructure (NCI) at 
the Australian National University (http://esg.nci.org.
au). For the evaluation of the current climate, model data 

Fig. 1. Comparison of atmospheric carbon dioxide concen-
trations from the Representative Concentration Path-
ways (RCP) and Special Report on Emission Scenari-
os (SRES) approaches.

Fig. 2. Geographic regions for which climate projections 
were calculated. NWA = Northwest Australia; TNA = 
Tropical North Australia; QIN = Queensland Interior; 
CEN = Central Australia; SEQ = Southeast Queensland; 
SWA = Southwest Australia; STH = Southern Austra-
lia; MDB = Murray Darling Basin; ENSW = Eastern 
New South Wales; VIC = Victoria; TAS = Tasmania.
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corresponded to the ‘twentieth-century climate in coupled 
models’ experiment (‘20c3m’) for CMIP3 and ‘past ~1.5 
centuries’ experiment (‘historical’) for CMIP5. For both 
experiments, modelling groups initiated their models from 
corresponding pre-industrial control experiments and then 
imposed the natural and anthropogenic forcing thought to 
be important for simulating the climate of the twentieth and 
late nineteenth centuries. It should be noted that this forcing 
was similar but not identical for the 20c3m and historical 
experiments. The time period spanned by the 20c3m and 
historical experiments was typically 1870–1999 and 1850–
2005 respectively.
 Another important difference between CMIP3 and CMIP5 
is the forcing used for simulations of the future climate. 
Experiments corresponding to the futures described by 
the IPCC Special Report on Emission Scenarios (SRES; 
Nakicenovic et al. 2000) were conducted in CMIP3, while 
Representative Concentration Pathways (RCPs) were the 
basis of the CMIP5 future climate experiments (Moss et al. 
2011). A comparison of the carbon dioxide concentrations 
associated with the SRES and RCP future scenarios is shown 
in Fig. 1. A core requirement of groups submitting to CMIP5 
was to submit future experiments corresponding to the RCP 
4.5 and RCP 8.5 scenarios, so the highest number of model 
simulations are currently available for these. For CMIP3, 
most groups contributed simulations for SRES B1, A1B and 
A2. Of these commonly simulated future scenarios, SRES 
A2 and RCP 8.5 correspond to the highest level of global 
warming (and hence the strongest climate response), so 
these were the focus of our analysis.  
 All CMIP3 models that contributed relevant surface 
air temperature and precipitation data were included in 
our analysis of the present and future climate, while only 
those CMIP5 models whose data were available on the 
ESG gateway at NCI as at 19 June 2012 were analysed. 
This corresponds to up to 24 CMIP3 models and 27 CMIP5 
models, depending on the precise variable and experiment 
(see Appendix for a complete model listing). For those 
models where multiple realisations are archived, we used 
only the first ensemble member for consistency with models 
that have only one simulation in the CMIP3 or CMIP5 
archive. It should be noted that more than 50 models are 

eventually expected to contribute to CMIP5 (Taylor et al. 
2012). The data in this eventual dataset will have undergone 
three levels of quality checking (http://proj.badc.rl.ac.uk/go-
essp/wiki/CMIP5/QualityControl) and certain subsets will 
be designated a unique Digital Object Identifier (DOI). None 
of the CMIP5 data currently available on the ESG gateway 
at NCI have been assigned a DOI and most have only 
completed two stages of quality control. As such, the CMIP5 
ensemble analysed here represents a preliminary subset of 
the final dataset.
 Besides differences relating to the specific experiments 
conducted, the other primary difference between CMIP3 
and CMIP5 relates to the characteristics of the models 
themselves. Due to advances in both climate modelling and 
computing power, increased model complexity and spatial 
resolution is a feature of CMIP5. With respect to the latter, 
roughly half of the CMIP5 atmospheric models will have 
an average latitudinal resolution finer than 1.3°, whereas 
in CMIP3 only one model fell into this category (Taylor et 
al. 2012). In addition, while all CMIP3 experiments were 
carried out using atmosphere-ocean global climate models 
(AOGCMs), a number of earth system models (ESMs) will 
contribute data to CMIP5. For these ESMs, an AOGCM is 
coupled to bio-geochemical components that account for 
important fluxes of carbon between the ocean, atmosphere, 
and terrestrial biosphere carbon reservoirs, thereby ‘closing’ 
the carbon cycle in the model. They may in some cases 
also include interactive prognostic aerosol, chemistry, and 
dynamical vegetation components.

Observational data
The latest high quality spatial climate dataset for Australia 
(Jones et al. 2009) was used to evaluate the present day 
temperature and precipitation climatology simulated by the 
CMIP climate models. This dataset was constructed as part 
of the Australian Bureau of Meteorology’s contribution to the 
Australian Water Availability Project (AWAP; Raupach 2009, 
2012), and was derived from the national climate databank 
of in situ meteorological observations (the Australian Data 
Archive for Meteorology). The monthly timescale data 
associated with the AWAP dataset are available on a 0.05° by 
0.05° grid (~5 km by 5 km) over the entire Australian landmass, 

Aspect assessed Statistical test Data required

Mean state (bias)
Bias (or difference; model minus observed) in the 
spatial average value (Ebias)

Climatological (1979–1999) annual mean field

Seasonal cycle (phase) Spatial average grid point temporal correlation (rt) For each grid point, a twelve-step time series 
containing the climatological mean value for 
each monthSeasonal cycle (amplitude)

Spatial average grid point temporal standard  
deviation ratio (model / observed; σn,t)

Spatial features (location) Temporal average spatial (or pattern) correlation (rp)

Climatological mean field for each month
Spatial features (amplitude)

Temporal average spatial standard deviation ratio 
(model / observed; σn,x)

Table 1.  Definition of the statistics used to assess the ability of the CMIP models in simulating the observed temperature and 
precipitation climatology over the Australian region (10–45°S, 110–155°E; land only for comparisons with AWAP).
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dating from the present day back to 1900 for rainfall and 1911 
for minimum and maximum daily temperature. The average 
monthly temperature was calculated by taking the mean of 
the average minimum and maximum temperature, to allow 
for comparison with the CMIP surface air temperature 
variable.
 Since the AWAP dataset only provides data over land, 
additional precipitation data from the Global Precipitation 
Climatology Project version 2.2 (GPCP; Adler et al. 2003) 
and the Climate Prediction Centre Merged Analysis of 
Precipitation (CMAP; Xie and Arkin 1997) were used to 
evaluate CMIP model performance over the broader 
Australasian region. These datasets represent two of the 
latest merged satellite/rain gauge products and are generally 
considered to provide a more accurate representation 
of global rainfall than current reanalysis products (e.g. 
Beranger et al. 2006; Bosilovich et al. 2008).  

Model evaluation
In simulating the observed temperature and precipitation 
climatology, climate models should ideally capture the 
observed mean state, the timing and strength of the 
seasonal cycle, and the location and magnitude of any spatial 
features. As such, a number of statistics relevant to these 
aspects were calculated in comparison to the observational 
datasets outlined earlier (Table 1). The temporal coverage of 
the CMAP and GPCP datasets spans from the present day 
back until 1979, while the 20c3m (CMIP3) and historical 
(CMIP5) climate model experiments terminate at the end of 
1999 and 2005 respectively. As such, the statistics outlined in 
Table 1 were calculated over the period 1979–1999. All data 
were interpolated to a common 1.5° latitude/longitude grid 
and the AWAP ocean mask was applied to the model data 
when making comparisons against that dataset. In some 
instances the results relating to these evaluation statistics 
are presented graphically via a Taylor diagram (i.e. for the 
spatial statistics, rp and σn,x; Taylor 2001) or spatial map 
(i.e. for the temporal statistics, Ebias, rt and σn,t), while in 
others the comparison against AWAP is presented in text 
by quoting the multi-model mean score ± the inter-model 
standard deviation. In addition to this assessment of the 
model simulated temperature and precipitation climatology, 
various twentieth-century time series were plotted (and 
the total linear change was calculated for temperature) 
in order to compare trends in the CMIP simulations with 
corresponding observed trends.

Projections
Temperature and precipitation projections are presented 
in the form of both spatial maps for the entire Australasian 
region (i.e. temporally averaged projections) as well as time 
series for key regions of interest (i.e. spatially averaged 
projections).

Time series
The geographical regions selected for the time series 

projections closely match those defined by Watterson (2012) 
(Fig. 2). In the process of calculating a regional mean value, 
all data were processed on their native model grid. Ocean 
values (land fraction < ten per cent) were masked and a grid 
point was only included in the regional average if its entire 
domain fell within the region of interest.

Spatial maps
A number of authors have recently proposed improvements 
to the model agreement stippling used to present multi-
model ensemble projections in the IPCC AR4 (e.g. Tebaldi et 
al. 2011; Power et al. 2012). In particular, these improvements 
emphasise the need to not only highlight regions where 
there is high model agreement on the direction of change 
(as was done in the IPCC AR4), but also to highlight areas 
where there is high agreement for little to no change, or 
large disagreement amongst model simulations (Tebaldi 
et al. 2011). The spatial maps presented here incorporate 
these suggested improvements and highlight (via different 
stippling shapes/methods) the following situations 
(precipitation is used as an example hereafter, as agreement 
is typically so high for temperature that stippling becomes 
redundant):
1. The ‘majority’ of models agree that there will be either 

a ‘substantial’ increase or decrease in precipitation 
[indicated by solid dots]

2. The ‘majority’ of models agree that there will be no 
‘substantial’ change in precipitation [carets]

3. The ‘majority’ of models agree that there will be a 
‘substantial’ change in precipitation, but these changes 
are in both directions (i.e. there is a very wide range of 
simulated futures) [white shading]

 Within this three-tier framework there are a number of 
options for defining a ‘majority’ of models and a ‘substantial’ 
change. With respect to the former, Power et al. (2012) 
suggest that restricting stippling to when model agreement 
on the direction of change is greater than 80 per cent or 90 per 
cent (as was done in the IPCC AR4) is an overly conservative 
criteria (i.e. the statistical significance level implied by such 
a restriction corresponds to > 99 per cent). They suggest 
that 68 per cent agreement would be more appropriate for 
the CMIP3 ensemble (corresponding to a significance level 
of 95 per cent), assuming that all models are independent. 
As such, for the projections presented here two-thirds 
agreement was taken as a majority. Since others might argue 
that a more conservative restriction is still justified, we also 
highlight stippling in a different colour (i.e. red instead of 
black) when there is > 90 per cent agreement.
 A ‘substantial’ change can be defined relative to the 
climatological mean or the natural variability (e.g. Power 
et al. 2012), or can be defined as a statistically significant 
change (e.g. via student’s t-test; Tebaldi et al. 2011). It 
turns out that the resultant agreement stippling looks 
very similar regardless of whether the projected change 
in each individual model simulation is normalised by the 
climatological mean or inter-annual variability (Power et al. 
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2012), however in the mid-latitude regions of the globe a test 
of statistical significance tends to produce far more stippling 
associated with criteria (2) above (i.e. no significant change; 
Tebaldi et al. 2011). This result makes sense considering that 
in comparison to definitions of substantial change such as  
‘> ten per cent of the base period mean’ or ‘ > twenty per 
cent of the base period inter-annual variability’ (which are 
used by Power et al.), a t-test is a relatively stringent test.
 For the purposes of the spatial map projections presented 
here, which were calculated as a mean change over a twenty-
year period (2080–2099), ‘substantial’ change was defined as 
‘> ten per cent of the base period mean’. While such a change 
is not always statistically significant (i.e. in some cases large 
multi-model mean changes are non-significant due to an 
equally large model spread), it was felt that a change of this 
magnitude in the twenty-year mean climate was important to 
highlight, because it may produce noticeable and important 
impacts in many sectors. In the context of providing twenty-
year mean projections, it is also questionable as to whether 
it is appropriate to base the definition of substantial change 
on the inter-annual (or year-to-year) variability (as is done 
for a t-test and in the variability normalisation suggested 
by Power et al.). A definition based on the twenty-year to 
twenty-year variability may be a possible avenue for future 
research.

Results

Temperature
The CMIP5 models are able to accurately reproduce the 
phase and amplitude of the seasonal temperature cycle over 
Australia (rt = 0.98 ± 0.01; σn,t = 0.96 ± 0.08 [multi-model mean 
score ± inter-model standard deviation]), the location and 
amplitude of any spatial features (rp = 0.96 ± 0.01; σn,x = 0.99 
± 0.08), and the magnitude of the Australian annual mean 
temperature (Ebias = -0.12 ± 0.80 °C). Similar results were 
obtained for the CMIP3 ensemble (not shown).
 With respect to long-term temperature trends, the 
CMIP5 models simulate a total linear change of 0.38 ± 0.33 
°C (multi-model mean ± inter-model standard deviation) in 
the Australian annual mean temperature over the period 
1910–1999. As is evident from Fig. 3(a), this change is smaller 
than that simulated by the CMIP3 models (0.84 ± 0.33 °C) 
and is also smaller than the value of  0.77 °C calculated from 
the corresponding time series currently provided on the 
Bureau of Meteorology website (www.bom.gov.au/cgi-bin/
climate/change/timeseries.cgi). In relation to these Bureau 
of Meteorology data, it should be noted that the observed 
trend in annual mean temperature for Australia over the 
last century has been found to be highly consistent across 
all relevant surface air temperature datasets (Fawcett et al. 
2012), including the recently released Australian Climate 
Observations Reference Network – Surface Air Temperature 
dataset (ACORN-SAT; Trewin et al. 2012). This discrepancy 
between the CMIP5 and CMIP3 1910–1999 total linear 

change is also evident in the global mean temperature (0.54 
± 0.29 °C vs. 0.74 ± 0.27 °C; see Fig. 4). Since the RCP future 
simulations scale as expected with the SRES scenarios 
(e.g. in Fig. 3(a) the multi-model mean SRES A2 warming 
is greater than RCP 4.5 but less than RCP 8.5, consistent 
with the carbon dioxide concentrations presented in Fig. 1), 
it appears that the discrepancy is most pronounced in the 
past climate simulations. In other words, the discrepancy 
between the CMIP3 and CMIP5 temperature trends appears 
to become less pronounced over time. A detailed analysis 
of the mechanisms underlying this discrepancy is beyond 
the scope of this study, however it represents an interesting 
avenue for future research.

Fig. 3. Projected change in annual mean surface air tempera-
ture, relative to the 1980–1999 mean. The bottom pan-
el (b) shows the CMIP5 multi-model average change 
for 2080–2099 under the RCP 8.5 scenario, while the 
top panel (a) shows the multi-model average time se-
ries for the Australian mean temperature (thick blue 
and yellow lines), in addition to the time series for 
each individual CMIP5 model (thin lines), the SRES A2 
multi-model average (purple dashed line) and the ob-
served values from the Bureau of Meteorology (BoM; 
red line). The vertical grey line indicates the boundary 
between the ‘historical’ and future ‘RCP’ simulations.

(a)

(b)
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 The projected change in annual mean temperature for 
Australia by 2090 (i.e. 2080–2099) is 4.2 ± 0.9 °C and 2.3 ± 
0.5 °C for the RCP 8.5 and 4.5 scenarios respectively, relative 
to the 1990 (1980–1999) mean temperature (Fig. 3(a)). These 
projected values differ very little from the annual mean 
on a seasonal timescale, with inland regions experiencing 
more warming than coastal regions on a sub-national scale 
(Figure 3(b)).

Precipitation
When compared to the AWAP dataset, the CMIP5 models 
are able to capture the observed spatial precipitation pattern 
over Australia relatively well (rp = 0.80 ± 0.06), but tend to 
underestimate the spatial variance (σn,x = 0.85 ± 0.14). This 
underestimation is presumably due to the fact that the AWAP 
dataset contains small scale detail that is not captured by the 
CMIP5 models, meaning that even after interpolation to a 
common grid, its spatial distribution is not as smooth (i.e. it 
has greater spatial variance). The performance of the CMIP5 

models on these continent-wide spatial metrics shows only a 
slight improvement over CMIP3 (Fig. 5). On a sub-continental 
scale, the CMIP5 (and CMIP3) models display some problems 
in capturing the subtleties of the annual cycle in a number 
of locations (Fig. 6). The general overestimation of summer 
precipitation over central Australia, for instance, may be 
associated with the fact that climate models tend to extend 
the Australian monsoon too far south into the continental 
interior (Colman et al. 2011). The CMIP5 models also tend 
to overestimate winter precipitation over the Tasman 
Sea relative to CMAP and GPCP, which may be related to 
deficiencies in model simulations of atmospheric blocking 
(e.g. Scaife et al. 2010). It should be noted, however, that the 
reliability of the CMAP and GPCP merged satellite-gauge 
datasets is considered to be lower over oceanic regions (i.e. 
where there are less rain gauges; e.g. Yin et al. 2004). With 
respect to the representation of the monsoon over northern 
Australia, many CMIP5 models show a large dry bias over 
tropical north Queensland and wet bias over the northwest 
interior during the wet season (November–April; Fig. 7). 
These opposing monsoon biases were also apparent in the 
CMIP3 models and the reasons for their occurrence at the 
model process level are only partly understood (Colman et 
al. 2011).
 With respect to future precipitation, the strongest and 
most consistent CMIP5 projection in the Australian region 
is for a rainfall decline in southwest Western Australia (Figs. 
8 and 9; Table 2). This projected reduction in precipitation is 
particularly pronounced during winter and spring, which is 

Fig. 4. Multi-model average total linear change in annual 
mean surface air temperature over the period 1910–
1999, for the 20c3m (CMIP3: top panel) and histori-
cal (CMIP5: middle panel) experiments. The differ-
ence between the experiments is also shown (CMIP3  
minus CMIP5: bottom panel).

Fig. 5. Ability of the CMIP5 (red circles) and CMIP3 (blue 
circles) models in simulating the observed spatial 
rainfall pattern over the Australian region. The spatial 
correlation (rp) and standard deviation ratio (σn,x) are 
presented in comparison to the AWAP dataset (see 
Table 1 for more details regarding the calculation of 
these two statistics).
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Fig. 6. Multi-model CMIP5 ensemble mean temporal correlation (rt, top left) and temporal standard deviation ratio (σn,x, top right) 
between the model and observed (GPCP) climatological mean (1979–1999) seasonal rainfall cycle (see Table 1 for more de-
tails regarding the calculation of these statistics). The seasonal rainfall cycle over the Tasman Sea (bottom left) and central 
Australia (bottom right) is also highlighted.

Annual DJF MAM JJA SON

AUS -3.8 ± 16.8% +1.4 ± 17.5% -3.2 ± 19.9% -17.0 ± 17.7% -7.6 ± 25.8%

CEN -9.3 ± 17.4% -3.7 ± 23.3% -4.6 ± 21.9% -26.3 ± 16.8% -14.3 ± 51.8%

ENSW +1.0 ± 15.6% +14.9 ± 17.3% -1.3 ± 25.2% -12.6 ± 18.2% -5.9 ± 18.3%

MDB -1.8 ± 20.8% +9.0 ± 21.7% +0.7 ± 30.4% -16.2 ± 22.2% -7.3 ± 23.1%

NWA -0.9 ± 23.1% +1.2 ± 21.8% +0.4 ± 24.5% -23.2 ± 40.9% -1.1 ± 50.7%

QIN -4.9 ± 20.8% +0.7 ± 19.0% -8.8 ± 31.9% -17.3 ± 39.1% -10.7 ± 29.6%

SEQ -4.8 ± 22.1% +6.8 ± 22.2% -7.9 ± 39.2% -14.3 ± 21.7% -14.8 ± 26.4%

STH -5.9 ± 17.9% +3.4 ± 23.9% -2.4 ± 22.3% -15.9 ± 16.9% -11.5 ± 28.3%

SWA -20.1 ± 12.8% -3.6 ± 27.7% -8.1 ± 18.2% -31.5 ± 11.3% -37.8 ± 18.2%

TAS -2.9 ± 10.5% -13.6 ± 20.5% -2.3 ± 14.5% +9.9 ± 11.8% -11.5 ± 13.7%

TNA -4.9 ± 21.2% -4.3 ± 21.6% -6.8 ± 24.1% +4.2 ± 76.1% -4.0 ± 56.8%

VIC -7.6 ± 9.7% -1.1 ± 11.4% -1.0 ± 14.7% -8.7 ± 10.3% -17.7 ± 13.0%

Table 2.  Projected change in annual and seasonal mean precipitation by 2090 (2080–2099), relative to 1990 (1980–1999), for the 
regions defined in Fig. 2. Values represent the multi-model ensemble mean ± inter-model standard deviation, for the RCP 
8.5 emission scenario. Bold [italic] text indicates that the models agree (>67%) that there will [will not] be a substantial 
increase (>10%) or decrease (< -10%) in precipitation. Grey text indicates that the models agree (> 67%) that there will be a 
substantial change (± 10%) in precipitation, however < 67% agree on the direction of this substantial change.
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consistent with corresponding CMIP3 simulations (Fig. 10). 
It is also broadly consistent with observed trends since 1950, 
however the observed declines in the southwest are most 
apparent in winter and autumn, as opposed to winter and 
spring (CSIRO and Bureau of Meteorology 2007). While not 
quite as strong and consistent amongst the models, winter 
and spring precipitation declines are also indicated by the 
CMIP5 ensemble over southeastern Australia and along the 
eastern seaboard as far north as southeast Queensland (Fig. 
9; Table 2), which is again broadly consistent with recent 
observed trends (Fig. 8). In fact, Table 2 shows (in bold type) 
high model agreement on a substantial decline in winter 
rainfall over central Australia (CEN), north and southwest 
Western Australia (NWA and SWA), the Queensland interior 
(QIN) and for total national rainfall (AUS), while in spring 
there is high agreement in SWA, southeast Queensland 
(SEQ), Victoria (VIC) and Tasmania (TAS).

Fig. 7. Multi-model CMIP5 ensemble mean bias (model 
minus GPCP) in simulating the northern Australia 
wet season (November-April) climatological mean 
(1979–1999) rainfall (top left). The annual rainfall cycle 
over the northwest interior(bottom left) and Cape York 
(bottom right) is also highlighted.

NWI

 Elsewhere over Australia, there is far less consistency in 
projected precipitation changes amongst the CMIP5 models. 
A lack of model agreement is highlighted in Table 2 and Fig. 
9 wherever a substantial change is simulated by the majority 
of models but there is poor agreement on the direction of 
the change (via grey text and white shading respectively), 
or via the absence of any specialised font or stippling (these 
are used to indicate high model agreement). It is therefore 
noteworthy that no region in Table 2 received a specialised 
font (i.e. italics or bold) during summer or autumn, and that 
Fig. 9 shows large areas of white shading and no stippling 
during these months. In fact, the small region of high CMIP3 
model agreement along the north Australian coastline 
during summer (indicated by carets in Fig. 10) appears to 
have disappeared in CMIP5 (Fig. 9). The pronounced lack 
of model agreement over the Murray Darling Basin (MDB) 
during summer, autumn and winter and Eastern New South 
Wales (ENSW) during autumn and winter is also noteworthy, 
given the importance of the regions as agricultural and 
population centres respectively (Table 2, grey text). A lack 
of model agreement for locations and seasons that receive 
very low climatological rainfall (e.g. tropical Australia during 
winter and spring) should be interpreted with caution, 
because large percentage changes usually correspond to 
only small absolute rainfall amounts.
 Consistency between the CMIP5 models and observed 
trends over recent decades is also lacking in northern 
Australia (Fig. 8). In particular, a continuation of the large 
increases in precipitation observed over northwest Western 
Australia is generally not supported by the CMIP5 ensemble. 
Since Asian anthropogenic aerosols are thought to have 
played a role in these observed trends (Rotstayn et al. 2007), 
this discrepancy between modelled and observed trends 
may be related to model deficiencies in representing aerosols 
(e.g. Rotstayn et al. 2009). It should also be noted that the 
natural climate variability associated with an historical 
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Fig. 8. Projected change in annual mean rainfall for selected regions around Australia. In each time series, the solid blue (RCP 4.5) 
and yellow (RCP 8.5) lines indicate the multi-model average of the 20-year running mean, while the shading represents the 
multi-model average ± the inter-model standard deviation. Dashed horizontal lines indicate the percentage change (plotted 
at 10% intervals starting at ± 5%), while the vertical solid grey line indicates the boundary between the ‘historical’ and fu-
ture ‘RCP’ simulations. For reference, the multi-model average SRES A2 projection is also shown in each time series, while 
observed trends in annual mean rainfall over the period 1950–2011 are included in the centre left panel (http://www.bom.
gov.au/cgi-bin/climate/change/trendmaps.cgi).

SEQ
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Fig. 9. Projected CMIP5 multi-model mean change in rainfall for 2080–2099 relative to 1980–1999, under RCP 8.5. Changes of mag-
nitude >10 per cent were considered substantial, while model agreement was defined as >67 per cent of the ensemble (or 
>90 per cent for red dots and carets). 

Models agree on a substantial increase or decrease 
in rainfall

Models agree on no substantial change in rainfall

Models agree on a substantial change in rainfall, 
but do not agree on the direction of that change

^
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Fig. 10.  Projected CMIP3 multi-model mean change in rainfall for 2080–2099 relative to 1980–1999, under SRES A2. Map stippling 
as per Fig. 9.

Models agree on a substantial increase or decrease 
in rainfall

Models agree on no substantial change in rainfall

Models agree on a substantial change in rainfall, 
but do not agree on the direction of that change

^
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model simulation will almost certainly be out of phase 
with observed natural variability, meaning the ‘natural’ 
component of any observed trend would not be captured by 
the models.

Summary and Conclusions

The current national climate projections for Australia are 
based primarily on CMIP3 data and were released over 
five years ago (CSIRO and Bureau of Meteorology 2007). 
Since that landmark report, the World Climate Research 
Programme has embarked upon CMIP5 and climate model 
data from that project has begun to be made available via the 
ESG project. These data will form the basis of the projections 
presented in the IPCC AR5 and the updated national climate 
projections for Australia, however these activities are not 
scheduled for completion until late 2013 and mid-2014 
respectively. In the meantime, there is an obvious need to 
consider what these preliminary CMIP5 data suggest about 
the future evolution of the Australian climate. This paper 
attempts to address this need by presenting a basic analysis 
of the CMIP5 simulated present climate and projected 
future climate for Australia, making comparison to CMIP3 
wherever practical.
 In considering the level of confidence associated with 
regional climate projections derived from any ensemble of 
model simulations, one vital piece of information relates 
to the ability of the models to accurately reproduce key 
features of the present day climate (e.g. Irving et al. 2011).  
It is evident from the analysis presented here that many of the 
deficiencies that have been identified in CMIP3 simulations 
of the present day Australian climate still persist in the 
CMIP5 ensemble. Of particular note are the large biases in 
the intensity of both the monsoon in northern Australia and 
summer rainfall over central Australia, and the pronounced 
errors in reproducing the climatological mean annual 
rainfall cycle over the Tasman Sea and southern Australia. 
The general underestimation of the total linear change in 
Australian annual mean temperature over the last century 
was also an interesting feature of the CMIP5 historical 
simulations, which was not evident in the CMIP3 20c3m 
simulations. An improved understanding of the causes of 
these deficiencies and their implications for regional climate 
projections would greatly assist in the development of 
updated national projections.
 A consistent feature of the CMIP5 projected future 
climate was that it differed very little from existing CMIP3 
projections. In some ways this can be interpreted as an 
encouraging result, because it means that projections 
derived from CMIP3 data are still highly relevant (i.e. 
they are not suddenly ‘out-of-date’). This similarity also 
serves to confirm projections that were relatively strong 
and consistent amongst the CMIP3 models, such as the 
projected rainfall decline in southwest Western Australia 
(and to a lesser extent southeastern Australia) during winter 
and spring. However, it appears that the new ensemble of 

CMIP5 models may not substantially reduce the spread of 
possible future climates in seasons and regions where there 
was limited agreement amongst CMIP3 models. This is true 
of all regions of Australia during summer/autumn and is of  
particular importance in the tropics, where the majority of 
total annual rainfall comes during the summer months.
 It should be kept in mind, however, that by the 
completion of the CMIP5 project there will be approximately 
50 contributing models (with in some cases ten realisations 
available per experiment) and a much larger suite of future 
simulations and control experiments. This means that 
while the simple analysis presented here does not indicate 
any substantial changes to existing climate projections for 
Australia, more detailed analysis (including appropriate 
stratification) of the eventual CMIP5 ensemble may yet 
provide new insights. In fact, for the updated national 
projections a number of more sophisticated analysis 
methods are being considered, such as the ‘Representative 
Climate Futures’ approach (Whetton et al. 2012), multi-
model stratification based on an index of tropical ocean 
warming (Watterson 2012), pattern scaling (Mitchell 2003) 
and dynamical and statistical downscaling techniques (e.g. 
Grose et al. in press; Kokic et al. 2011). Consideration will 
also be given to issues including model independence (Jun 
et al. 2008) and drift (Sen Gupta et al. 2012), which were not 
considered here.
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Appendix: Climate model details

Details of the CMIP5 and CMIP3 climate models used in this paper are provided in Table A1 and A2 respectively. For more 
information on any of the models, see the PCMDI website (http://www-pcmdi.llnl.gov).

Table A1.  Inventory of CMIP5 models used in this paper (denoted by ‘x’).

Institute Model
tas pr

hist rcp45 rcp85 hist rcp45 rcp85

Beijing Climate Centre, China Meteorological 
Administration (BCC)

BCC-CSM1.1 x x x x x x

Canadian Centre for Climate Modelling and Analysis 
(CCCma)

CanAM4

CanCM4 x x

CanESM2 x x x x x x

Centro Euro-Mediterraneo per I Cambiamenti Climatici 
(CMCC)

CMCC-CM

Centre National de Recherches Meteorologiques / Centre 
Europeen de Recherche et Formation Avancees en Calcul 
Scientifique (CNRM-CERFACS)

CNRM-CM5 x x x x x x

Commonwealth Scientific and Industrial Research 
Organisation and Australian Bureau of Meteorology 
(CSIRO-BOM)

ACCESS1.0 x x x x x x

ACCESS1.3 x x x x x x

Commonwealth Scientific and Industrial Research 
Organisation in collaboration with the Queensland Climate 
Change Centre of Excellence (CSIRO-QCCCE)

CSIRO-Mk3.6.0 x x x x x x

EC-EARTH consortium EC-EARTH

College of Global Change and Earth System Science, 
Beijing Normal University (GCESS)

BNU-ESM

Institute for Numerical Mathematics (INM) INM-CM4 x x x x x x

Institut Pierre-Simon Laplace (IPSL) IPSL-CM5A-LR x x x x x

IPSL-CM5A-MR x x x x x x

IPSL-CM5B-LR

LASG Institute of Atmospheric Physics, Chinese Academy 
of Sciences; and CESS, Tsinghua University (LASG-CESS)

FGOALS-g2 x x x x

LASG, Institute of Atmospheric Physics, Chinese Academy 
of Sciences (LASG-IAP)

FGOALS-g1

FGOALS-s2 x x x x

Atmosphere and Ocean Research Institute (The University 
of Tokyo), National Institute for Environmental Studies, 
and Japan Agency for Marine-Earth Science and 
Technology (MIROC)

MIROC4h x x

MIROC5 x x x x x x

Japan Agency for Marine-Earth Science and Technology, 
Atmosphere and Ocean Research Institute (The University 
of Tokyo), and National Institute for Environmental Studies 
(MIROC)

MIROC-ESM x x x x x x

MIROC-ESM-CHEM x x x x x x

Met Office Hadley Centre (MOHC) HadCM3 x x

HadGEM2-A

HadGEM2-CC x x

HadGEM2-ES x x

Max Planck Institute for Meteorology (MPI-M) MPI-ESM-LR x x

MPI-ESM-MR

MPI-ESM-P

Meteorological Research Institute (MRI) MRI-AGCM3.2H

MRI-AGCM3.2S

MRI-CGCM3 x x x x x x

NASA Goddard Institute for Space Studies (NASA GISS) GISS E2-H x x

GISS E2-R
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Institute Model
tas pr

hist rcp45 rcp85 hist rcp45 rcp85

NASA Global Modeling and Assimilation Office GEOS-5

National Center for Atmospheric Research (NCAR) CCSM4 x x x x x

Norwegian Climate Centre (NCC) NorESM1-M x x x x x x

NorESM1-ME x

National Centers for Environmental Prediction (NCEP) CFSv2-2011

National Institute of Meteorological Research/Korea 
Meteorological Administration (NIMR/KMA)

HadGEM2-AO

Geophysical Fluid Dynamics Laboratory (NOAA GFDL) GFDL-CM2.1

GFDL-CM3 x x x x x x

GFDL-ESM2G x x x x x x

GFDL-ESM2M x x x x

GFDL-HIRAM-C180

GFDL-HIRAM-C360

27 17 20 27 15 21

Table A2.  Inventory of CMIP3 models used in this paper (denoted by ‘x’).

Institute Model
tas pr

20c3m SRES A2 20c3m SRES A2

Beijing Climate Centre, China Meteorological Administration (BCC) BCC-CM1

Bjerkness Centre for Climate Research (BCCR) BCCR-BCM2.0 x x x x

National Centre for Atmospheric Research (NCAR) CCSM3 x x x x

Canadian Centre for Climate Modelling and Analysis (CCCma) CGCM3.1(T47) x x x x

CGCM3.1(T63) x x

Météo-France / Centre National de Recherches 
Météorologiques

CNRM-CM3 x x x x

Commonwealth Scientific and Industrial Research Organisation 
(CSIRO)

CSIRO-Mk3.0 x x x x

CSIRO-Mk3.5 x x x x

Max Planck Institute for Meteorology ECHAM5/MPI-OM x x x x

Meteorological Institute of the University of Bonn, Meteorological 
Research Institute of KMA, and Model and Data group

ECHO-G x x x x

LASG / Institute of Atmospheric Physics FGOALS-g1.0 x x

US Dept. of Commerce / NOAA / Geophysical Fluid Dynamics 
Laboratory

GFDL-CM2.0 x x x x

GFDL-CM2.1 x x x x

NASA / Goddard Institute for Space Studies GISS-AOM x x

GISS-EH x x

GISS-ER x x x x

Instituto Nazionale di Geofisica e Vulcanologia INGV-SXG x x x x

Institute for Numerical Mathematics INM-CM3.0 x x x x

Institut Pierre Simon Laplace IPSL-CM4 x x x x

Center for Climate System Research (The University of Tokyo), 
National Institute for Environmental Studies, and Frontier 
Research Center for Global Change (JAMSTEC)

MIROC3.2(hires) x x

MIROC3.2(medres) x x x x

Meteorological Research Institute MRI-CGCM2.3.2 x x x x

National Centre for Atmospheric Research (NCAR) PCM x x x x

Hadley Centre for Climate Prediction and Research / Met Office UKMO-HadCM3 x x x x

UKMO-HadGEM1 x x x x

24 19 24 19


