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1. Introduction

Climate change projections for the ACT region have been provided within a broader study region, New South Wales, in previous studies (Hennessy et, al, 1998; Baker at al., 2000; Jones et al., 2002). In a consultancy for New South Wales (Hennessy et al., 1998), temperature and rainfall projections were provided using a fine resolution CSIRO regional climate model (DARLAM). Climate change projections include increases in mean temperature, number of hot days and in the frequency and intensity of extreme rainfall events and decreases in the number of cold or frost days. Simulated rainfall changes show increases and decreases by 2050 compared to 1990. Frequency and intensity of extreme rainfall events increase in many regions of NSW.

Changes in seasonal rainfall pattern, increases and decreases in rainfall, increases the frequency and magnitude of extreme events, increases in the number of heat waves and decreases in the number of frost days under climate change conditions were projected under climate change conditions. The present frequencies of the number of hot days may double by 2050. The number of hot summer days over 35ºC (currently the ACT region has up to 10) increases by 5 to 10 days, that is 50 to 100%. Number of frosty winter days below 0ºC (currently Canberra has about 20, and the sub-alps about 40) decreases by about 10 over the entire ACT region (50% decline). 

Early regional climate projections were largely superseded with the release of the CSIRO (2001) climate change projection for Australia, which used a broad range of climate models results and the latest global warming projections of the IPCC (2001). Subsequently, a number of studies have attempted to translate these broad-scale projections to the catchment scale. Jones et al., (2002) focused on the Murray Darling Basin and provided catchment-scale climate change projections that included the ACT region. These projections suggest a decline in winter and spring rainfall by the year 2030. In summer, rainfall may either increase or decrease, with increases slightly more likely, while in autumn the direction of rainfall change is uncertain. Temperature is expected to increase in all areas. These increases will be larger in regions and seasons in which rainfall decreases by 2050 compared to 1990. Open water evaporation will affect wetlands and water storages. Details about projected changes in temperature in ºC, potential evaporation and rainfall per degree of global warming were given by Jones et al. (2002).

Subsequently, on the basis of 12 models, Whetton and Page (2003) provided climate change projections for the ACT region (a 100 km ( 100 km square centred on 35.5ºS 149º E) for 2030 and 2070. These projections were derived using the methodology described in CSIRO (2001). The method incorporates three key uncertainties: differing scenarios for future emissions of greenhouse gases, model to model differences in the sensitivity of the global climate system, and model to model differences in local climate change. Whetton and Page (2003) added some new model results, which were available to them at that time, to model results for producing climate change projections in 2001. 

On the basis of their calculations, annual temperature increases between 0.4º and 1.6º by 2030 and between 1.0º and 4.8º by 2070. Seasonal values show increases between 0.3º and 1.8 by 2030 and 0.9º and 5.6º by 2070. These increases apply to both daily maximum and minimum temperatures. The number of hot days increases, while the number of cold days decreases. The direction rainfall change is not clear in summer and autumn, but decreases predominate in winter and spring. Annual water balance changes show a decrease due to the combined effects of increasing temperature and decreasing rainfall. Since the work on climate change projections for the ACT region by Whetton and Page (2003), we have obtained more new results from the latest CSIRO Atmospheric Research global climate model, CSIRO Mark3 GCM. In the next section, we will show, how well GCMs simulate the present climate over southeast Australia. 

2. Simulation of the present climate 

Much of the work reported here on model validation was done as part of the contract for the Victorian government. For the Victorian contract, we have analysed the simulations of 13 models, shown in Table 1, to see how these models capture the spatial patterns of the present climate over the region of interest, southeastern Australia. The CSIRO Mark3 GCM was included in this analysis. Since the domain covers the ACT, we report relevant results to this region. Statistical methods were employed to test whether simulations of models for present day greenhouse gas scenarios satisfactorily resemble observed patterns of mean sea level pressure, temperature and precipitation. Simulated and observed patterns for 1961-2000 were compared using a pattern correlation coefficient, which measures pattern similarity, and root mean square error (RMS). A pattern correlation coefficient of 1.0 indicates a perfect match between observed and simulated spatial pattern and RMS error of 0.0 indicates a perfect match between observed and simulated magnitudes. Therefore, the closer a result lies to top the left hand corner of Figures 1 and 3, the better the model performance is. A domain centred on southeastern Australia (135-155ºE, 25-45ºS) was used for testing temperature and precipitation. However, relatively a larger region (110-160ºE, 10-45ºS) has been chosen to test the simulation of mean sea level pressure. 

Mean sea level pressure results in Figure 1 indicate that all models captured the basic features of regional climate, although the GFDL simulation was notably poorer than the other simulations. As examples, simulations by the CSIRO Mark3 GCM and Cubic conformal models are compared with observed mean sea level pressure in Figure 2. It is evident that these models fairly well simulate the observed pattern of mean sea level pressure over the selected domain.

The temperature results (Figure 3a) indicate the models simulate fairly well the pattern during summer, autumn and spring, when a continental scale effect on temperature is dominant. However, pattern correlations during winter are low and RMS error values are large, particularly for coarse resolution GCMs. In this season topographical variations more strongly drive the temperature patterns, and not surprisingly the high resolution models perform better. For precipitation (Figure 3b), pattern correlations are generally lower than they are for temperature although they are higher in winter. The range for all models is 0.3 to 0.95, indicating that the basic regional pattern is represented by all models. Again the high resolution DARLAM simulations performed well compared to the GCMs. Compared to the CSIRO Mark3 GCM, the cubic conformal model captures most of the synoptic and local scale circulation features and temperature patterns over the topographically complex area.

Table 1: Climate model simulations analysed in this report. Further information about the non-CSIRO simulations may be found at the IPCC Data Distribution Centre (http://ipcc-ddc.cru.uea.ac.uk/). Some further information on the emission scenarios used may be found Whetton et al. (2002). 

	Centre
	Model
	Emission Scenarios post-1990 (historical forcing prior to 1990)
	Years
	Horizontal resolution 

(km)
	Symbols used

in the report

	Canadian CCCM 
	CCCM1
	1% increase in CO2 p.a.
	1900–2100
	~400
	CCCM1

	DKRZ, Germany
	ECHAM3/LSG
	IS92a
	1880-2085
	~600
	ECHAM3

	GFDL
	GFDL
	1% increase in CO2 p.a.
	1958–2057
	~500
	GFDL

	Hadley Centre, UK 
	HadCM2
	1% increase in CO2 p.a. (four simulations)
	1861–2100
	~400
	HADCM2

	Hadley Centre, UK
	HadCM3
	IS92a
	1861-2099
	~400
	HADCM3

	DKRZ, Germany
	ECHAM4/OPYC3
	IS92a
	1860–2099
	~300
	ECHAM4

	NCAR
	NCAR
	IS92a
	1960-2099
	~500
	NCAR

	CSIRO, Australia
	Mark2
	IS92a, SRES A2 (four simulations), SRES B2
	1881–2100*
	~400
	MARK2

	CSIRO, Australia
	DARLAM
	IS92a
	1961-2100
	60
	DAR60

	CSIRO

Australia
	DARLAM
	IS92a
	1961-2100
	125
	DAR125

	CSIRO, Australia
	CC
	SRES A2
	1961-2100
	50
	CC50

	CSIRO, Australia
	Mark3
	SRES A2
	1961-2100
	~200
	MARK3

	Canadian CCCM
	CCCM2
	SRES
	1961-2100
	~400
	CCCM2


* pre-1990 period common to the SRES simulations
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Figure 1. Pattern correlation coefficients and RMS error for observed versus model mean sea level pressure for the models in Table 1. DJF, MAM, JJA and SON on the right-hand corner of the panels represent summer, autumn, winter and spring seasons.
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Figure 2. Observed and Simulated mean sea level pressure patterns by CSIRO Mark3 and CC50. Observed and simulated climatologies are based on years from 1960 2000. . The left , middle and right columns show observation from NCEP reanalysis, Mark3 and CC50 simulations. . DJF, MAM, JJA and SON represent summer, autumn, winter and spring seasons. Units are in hPa.
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Figure 3. Pattern correlation and RMS error for observed versus model temperature (a: left column) and precipitation (b: right column) for the models in Table 1. . DJF, MAM, JJA and SON on the right-hand corner of the panels represent summer, autumn, winter and spring seasons.

The present-day models capture large-scale circulation features and their related temperature and rainfall well, but local climate variations are not adequately captured and this is an important issue for the ACT region. Complex topography in the ACT region has significant influence on the spatial variability of a number of climate variables. The issue related to the influence of local topography on climate is particularly important when constructing climate change projection using coarse resolution global climate model simulations. Even the resolution of the present day regional climate models is not sufficient to resolve the spatial climate variability over a topographically complex area similar to the ACT region. However, downscaling methods allow detailed analysis of spatial and topographical variations in rainfall response to the projected climate change. For example, Bates et al. (2003) used predictions of atmospheric variables from the CSIRO Mk3 Global Climate Model to generate at-site predictions of rainfall occurrence and amount under two climates: a “current climate” (1975–2005) and a future climate (2035–2005). Moreover, the uncertainty introduced in the simulated changes in local climate is unlikely to be large relative to other uncertainties such as the differences between models in their simulated changes and changes in emission scenarios. Therefore, we have used results of all models in this study.

3. Climate Change Projections

Climate change projections for the ACT region, defined by Whetton and Page (2003) (a 100 km ( 100 km square centred on 35.5ºS 149º E), are given here using simulations from 13 models. As in previous procedures, temperature and rainfall changes have been scaled to per degree of global warming. Since additional results from the CSIRO Mark 3 GCM fall within projected ranges given by Whetton and Page, revised temperature and rainfall projections given in this document are similar to their projections for the ACT. For example, the CSIRO Mark3 GCM simulates annual change in projected temperatures between 1.17º and 4.25º by 2070.

Table 1 gives ranges of projected annual and seasonal average temperature change for the ACT region for both 2030 and 2070. Among the models, Cubic conformal stands at the high range and DARLAM, NCAR and CSIRO Mark2 lie at the low range of projected temperature. Projected changes in temperature can be applied to both daily maximum and minimum temperatures. 

Table 2. Temperature change (ºC) for the ACT by 2030 and 2070, relative to 1990.

	Season/Year
	2030
	2070

	Annual
	0.4 to 1.6
	1.0 to 4.8

	Summer
	0.4 to 1.8
	1.0 to 5.6

	Autumn
	0.4 to 1.5
	1.0 to 4.6

	Winter
	0.3 to 1.3
	0.9 to 4.1

	Spring
	0.4 to 1.7
	1.1 to 5.3


Increases in temperature will lead to changes in the frequency of extreme temperatures in the ACT Region. Changes in the frequency of extreme temperature days, hot days above 35ºC and cold days below 0ºC for Canberra were given by Whetton and Page (2003). 

Table 3 shows seasonal and annual ranges of projected average percentage rainfall for the ACT for both 2030 and 2070. As mentioned earlier in this document and also clear in this Table that simulated direction of rainfall changes are not clear during summer and autumn, but decreases predominate in winter and spring. Among the models, the CSIRO Cubic conformal model simulates stronger decreases during most of the seasons, while the ECHAM3 and ECHAM4 models simulate a slight increase in rainfall in most of the seasons. 

Table 3. Rainfall change in percentage for the ACT by 2030 and 2070, relative to 1990.

	Season/Year
	2030
	2070

	Annual
	-9 to 2
	-29 to 7

	Summer
	-9 to 12
	-28 to 36

	Autumn
	-5 to 5
	-17 to 15

	Winter
	-11 to 2
	-34 to 6

	Spring
	-11 to 0
	-34 to -1


Changes in rainfall under climate change conditions will have a significant affect on the frequency of extreme dry and wet years. During wet years, the effectiveness of rainfall would be reduced by higher evaporation associated with higher temperatures. Models also simulate an increase in the frequency and intensity of extreme rainfall under enhanced greenhouse conditions. The intensity of extreme rainfall may increase even under average or declined mean rainfall conditions.

Table 4 gives present and changes in annual point potential evaporation for the ACT for 2030 and 2070. Projected point potential evaporation values have been taken from nine climate models for annual and also for four seasons. Greater increase in potential evaporation is expected as a result of increased temperature. 

Table 4. Projected point potential evaporation for the ACT for 2030 and 2070, relative to 1990. Present values are in mm and projected values in percentage.

	Season/Year
	Present (mm)
	2030 (%)
	2070 (%)

	Annual
	1575
	+1.4 to +9.1
	+3.8 to +28.0

	Summer
	626
	+0.5 to +11.0
	+1.5 to +33.8

	Autumn
	329
	+0.8 to +10.8
	+2.2 to +33.3

	Winter
	184
	+2.2 to +12.8
	+5.9 to +39.4

	Spring
	436
	+2.1 to +12.0
	+5.8 to +36.8


4. Conclusions

The latest climate change projections for the ACT region indicate an annual increase of 0.4º to 1.6º in mean temperature by 2030 and of 1.0º to 4.8º by 2070. There are slight variations among the seasons. Increases in temperature imply increases in hot days during summer and decreases in cold days in winter. Rainfall changes during summer and autumn are not clear, but winter and spring show strong decreases. The frequency and intensity of extreme rainfall may increase under climate change conditions.

An assessment of simulations of present-day climate models reveals that these models capture large-scale circulation features well. Compare to high-resolution models, coarse resolution models do not adequately simulate spatial patterns of temperature and rainfall where topography plays an important role. This is clearly a case for the simulation of winter temperature over southeastern Australia. Such deficiencies in model simulations make it difficult to translate climate change projections, which were based on broader-scale spatial patterns, to a local-scale, such as the ACT region. However the uncertainty introduced in the simulated changes in local climate is unlikely to be large relative to other uncertainties such as the differences between models in their simulated changes. 
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