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Summary for Policy Makers 
Almost all scientists agree that the enhanced greenhouse effect will cause changes in 
Earth’s climate. It is clear that increases in the atmospheric concentration of 
greenhouse gases, such as carbon dioxide (CO2), methane (CH4), nitrous oxide (N2O) 
and halons (CFCs), are increasing the greenhouse heat trapping capabilities of the 
atmosphere, thus enhancing the greenhouse effect. Several of these predicted climate 
changes will likely affect Queensland. Most confidently predicted are increases in 
temperatures, as these have already been observed in the 20th century in many 
locations, using a number of different techniques. Less confidently predicted are 
changes in rainfall. This is because rainfall amounts in Queensland depend to a large 
extent on the current state of the El Niño-Southern Oscillation phenomenon (ENSO). 
The causes of ENSO are complicated and not fully understood, which makes ENSO 
difficult to represent in climate models, the main tool used to make predictions about 
the effects of climate change on rainfall. 
 
Progress has been made on this issue, and although there are differing opinions 
regarding the possible effect of climate change on ENSO, the balance of evidence 
from a number of different models suggests a trend towards more El Niño-like 
conditions. Since El Niño conditions are often associated with drought in Queensland, 
this suggests the possibility of more droughts in Queensland in a warmer world. One 
of the main outcomes from an increase in drought frequency is a predicted decrease in 
the average moisture of Queensland soils. This a consequence of the greater 
evaporation caused by higher temperatures combined with rainfall that is not 
predicted to increase substantially, and which may even decrease in some seasons. 
 
Results from a substantially improved version of the CSIRO climate model suggest 
that this new model has a much better simulation of ENSO, with the size of the ENSO 
variations larger and therefore more realistic than previous versions of the CSIRO 
model. This gives optimism that this model can be used in the future to provide a 
better estimate of the effect of climate change on Queensland rainfall. 
 
Even if changes in average rainfall are still relatively uncertain, a number of studies 
suggest increases in the intensity of the heaviest rainfall events. This may have a 
number of different policy implications, as listed below. 
 
Tropical cyclones regularly affect the Queensland coast. One prediction of climate 
change research, both at CSIRO and elsewhere, is that tropical cyclone intensities are 
likely to increase somewhat in a warmer world. In research undertaken by CSIRO and 
summarized in this report, it is shown that high wind speeds caused by tropical 
cyclones may become more frequent along much of the Queensland coast. This may 
have implications for design standards of building construction in coastal cities and 
towns. 
 
Climate model results provide the indispensable foundation for estimating the impacts 
of climate change. Researchers have used CSIRO results, as well as those of other 
institutions, to examine specific impacts of climate change on Queensland. These 
impacts are likely to include the following: 
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The impact of increases in temperature may include: 
• sea-level rise and resulting effects on coastal infrastructure; 
• temperature stresses on coral reefs, leading to more frequent episodes of 

reef mortality; 
• decreasing suitability for growing fruit requiring ‘chilling’ to set fruit (e.g. 

stone fruit, apples); 
• increase in risk of fruit-fly infestation in southern Queensland; 
• increased vulnerability of cold climate adapted species to habitat loss; 
• spread of warm climate adapted weeds; 
• changes in electricity demand patterns associated with warmer summers; 
• changes in cooling efficiencies associated with warmer ambient 

temperatures (e.g. in power stations using cooling towers/cooling water); 
• public health issues e.g. less vulnerability to cold weather diseases, greater 

vulnerability to ‘tropical’ diseases; 
• increased risk of fire; and 
• increased heat stress on dairy cattle. 

 
The impact of increases in the intensity of the heaviest rainfall events may include: 

• sporadic increased runoff and/or soil saturation depending on surface 
conditions (but average runoff due to changes in average soil moisture may 
decrease); 

• increased vulnerability to salinity, soil erosion and concomitant nutrient 
loss; 

• impact on water supply infrastructure from increased siltation resulting 
from episodes of intense soil erosion; 

• impacts on existing/future water storage design to account for changes in 
extreme events;  

• crop damage from heavier rainfall events;  
• impact on freshwater and marine ecosystems from any increase in soil 

erosion and associated nutrient and pollutant mobilization in near-coastal 
regions; 

• increases in insurance costs associated with increase likelihood of storm 
damage to public and private infrastructure; 

• implications for emergency planning and evacuation of low lying regions; 
and 

• altering the design of roads and bridges to cope with enhanced runoff and 
flood events. 

 
Not all of the impacts of climate change would necessarily be negative, however. 
There could be a number of positive effects, including the following: 
 

• an initial increase in wheat yield 
• little impact on heat-related mortality 
• beneficial effects on native pastures, provided that rainfall does not decrease 

more than 10% 
• increases in productivity in plantation forests located in fertile areas, for 

moderate warmings 
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Extended Abstract 
New, finer resolution climate change simulations of Queensland 

Climate model simulations provide the foundation for estimating the impacts of 
climate change. To make useful inferences regarding most impacts, the most accurate 
and detailed simulations available are required. Accordingly, a number of fine 
resolution climate model simulations of Queensland have been performed during the 
course of this work. In the previous year’s report (Walsh et al., 2000), simulations of 
the regional climate model DARLAM at a horizontal resolution of 125 km were 
described. It was also noted that simulations at a finer resolution of 60 km were at an 
experimental stage, with some improvements still needed. Improvements have now 
been made to the 60-km simulation; these are now described and the simulation is 
referred to as DARLAM-60.  
 
It is important to note that the understanding of the effects of climate change involves 
assessment of the predictions of a number of different climate models. Although the 
DARLAM simulation described here is the most detailed climate change simulation 
ever performed for the Queensland region, it is nevertheless one model amongst a 
number of models. A climate change scenario used for climate impact studies should 
be constructed from the consensus of predictions over several models. 
 
Average Temperature  

The DARLAM 60-km resolution model (DARLAM-60) has a good simulation of 
average temperature when compared with the observed current climate. The model 
slightly underestimates temperatures in the interior of the continent and overestimates 
temperatures along the coast. Predicted temperature changes in a warmer world are 
consistent with previous climate change scenarios released by CSIRO and others, and 
are summarized below. 
 
Maximum and Minimum Temperatures 

There is good agreement between observations and DARLAM-60 current climate 
simulations of maximum and minimum temperatures. The DARLAM-60 simulation 
underestimates maximum temperature in the far interior of the state in most seasons. 
DARLAM-60 also slightly underestimates minimum temperatures in the same region 
in summer and spring. Differences between observations and simulations are modest 
elsewhere. 
 
Under enhanced greenhouse conditions, predicted increases in maximum and 
minimum temperatures are generally largest in the interior and smaller along the 
coast. Between the years 2000 and 2100, maximum temperatures increase by about 
4°C in the interior and by about 3.5°C in the northern and south-eastern regions of 
Queensland. Increases in minimum temperatures are about 4°C in the interior and 
about 3°C in the northern and south-east regions. 
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Average rainfall 

Current observed rainfall is well simulated by DARLAM-60 in summer and winter. 
Simulated autumn rainfall is generally less than observed in the interior, and 
simulated spring rainfall is too great, with greatest differences also in the far interior. 
Under enhanced greenhouse conditions, relatively small changes in rainfall are 
simulated in summer. Some increases are simulated in autumn, and decreases in 
spring and winter.   
 
As mentioned above, in constructing a climate change scenario for Queensland 
rainfall, these predictions would be compared with those of other models. Many of 
these models predict rainfall decreases over Queensland, rather than the increases 
required to counteract the drying effect of increased temperature. DARLAM-60 itself 
does not simulate such increases in rainfall and thus does not provide strong evidence 
to counterbalance the consensus model prediction towards drier conditions. 
 
Year-to-year variability of rainfall 

In general, the year-to-year variability of rainfall is considerably underestimated in 
DARLAM-60. This is mostly because the variability of the El Niño-Southern 
Oscillation phenomenon (ENSO) is weaker than observed in the global model used to 
force DARLAM-60. By 2100, little change in year-to-year variability is predicted in 
summer by DARLAM-60, whereas rainfall variability rises slightly in winter. 
Because of the smaller than observed variability simulated by DARLAM-60, 
however, confidence in predictions of changes in year-to-year variability in the 
decades to come must be regarded as low. 
 
Much of the year-to-year variability in DARLAM-60 is caused by the CSIRO Mark 2 
global climate model, as the global model determines the sea surface temperatures 
used by DARLAM-60. Efforts to improve this aspect of model performance have 
been made with the development of the CSIRO Mark 3 global model, which simulates 
observed ENSO variability and strength better than its Mark 2 counterpart. 
 
Extreme temperatures 

Many of the important impacts of climate change rely on estimates of changes in the 
frequency of extreme temperature and rainfall rather than changes in averages or 
variability. DARLAM-60 simulates strong upward trends in the coming decades in 
extreme maximum temperatures in all regions of Queensland. Here, extreme 
maximum temperatures are defined as numbers of days over 40°C in the north and in 
the interior, and over 35°C in the south-east. Using moderate assumptions about 
increases in greenhouse gases (specifically, the IS92a scenario), by 2100 the numbers 
of days of extreme maximum temperatures in summer roughly double in the north and 
south-east and triple in the interior. In contrast, numbers of very cold days decrease 
sharply in all regions in winter. These are defined as minima less than 10°C in the 
north and less than 5°C in the interior and south-east. 
 
There is a considerable range of predicted results for all of the above temperature 
variables depending on assumptions about the future emissions of greenhouse gases 
and depending upon which climate model is used. Taking both of those factors into 
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account, predictions for 2050 are summarized in the tables below, for the winter and 
summer halves of the year respectively. Increases in average maximum and minimum 
temperatures are predicted, as well as percentage increases in the number of hot days 
and decreases in the number of cold days. 
 
April-September 
 South-east Central North 
Ave. max temp (°C) � 0.4 to 1.9 � 0.6 to 2.1 � 0.7 to 2.2 
Ave. min temp (°C) � 0.7 to 2.1 � 0.8 to 2.3 � 0.7 to 2.3 
No. of hot days (% change) � 30% to 162% � 92% to 411% � 62% to 216% 
No. of cold days (% change) � 18% to 56% � 20% to 58% � 27% to 61% 

 
October-March 
 South-east Central North 
Ave. max temp (°C) � 0.7 to 2.2 � 1.0 to 2.5 � 0.8 to 2.2 
Ave. min temp (°C) � 0.7 to 2.2 � 0.9 to 2.4 � 0.7 to 2.1 
No. of hot days (% change) � 16% to 46% � 49% to 128% � 35% to 83% 
No. of cold days (% change) � 72% to 89% � 75% to 93% � 100% 

 
 
Extreme Rainfall 

Extreme rainfall events are likely to become more common in a warmer world, 
despite possible decreases in average rainfall. This is a result that has been simulated 
previously by a number of climate models, and DARLAM-60 is no exception, with 
increases in the size of heavy rainfall events predicted by 2050.  
 
Intercomparison of climate models 

The intercomparison of model predictions is an important process in the construction 
of climate change scenarios. Different climate models have different simulations of 
climate change. As climate models improve, a more discriminating evaluation can be 
performed of their strengths and weaknesses, even to the point of leaving out a model 
when constructing a climate change scenario. The quality of the simulation of several 
different climate models is compared here. From the analysis presented in this report, 
it is reasonable to conclude that some models are less reliable than others on the basis 
of their poorer simulation of the current climate. Most models predict similar 
temperature increases over Queensland, with increases larger in the interior than along 
the coast. Models differ in their prediction of precipitation changes, but the 
predominant tendency is for rainfall decreases, particularly if one model is excluded 
from consideration on the basis of its less than adequate simulation of the current 
climate. A final decision on this will be made in conjunction with the construction of 
new climate change scenarios by CSIRO, to be released in 2001. 
 
Climate change and ENSO 

In general, although the balance of evidence suggests a trend towards an average 
climate that is more El Niño-like (and thereby more likely to cause droughts in 
Queensland), it is still true to say that consensus has not yet been reached on this 
issue. Despite most climate model simulations suggesting such a trend, there are still 
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some differences between various models in their simulations of the effect of climate 
change on ENSO.  
 
It remains controversial whether the more frequent El Niños of the 1990s are an early 
sign of global warming or whether they are due to slow, natural oscillations in the 
climate system. 
 
The development of climate models with a substantially improved representation of 
ENSO is a high priority. Through the support of the Queensland Government, a new 
version of the CSIRO global model, Mark 3, has been developed.  Although 
development of Mark 3 continues, preliminary results indicate that Mark 3 better 
captures the characteristics of observed ENSO variability than the previous Mark 2 
model.  Results of this research are discussed in Chapter 2, Section 2.5. 
 
Tropical cyclones 

Recent results continue to suggest that there are likely to be increases in tropical 
cyclone intensities in a warmer world. Increases in tropical cyclone wind speeds may 
have implications for building design standards. Based on plausible increases in 
tropical cyclone wind speeds, the change in the return periods (or time between events 
of the same magnitude) for wind gusts is calculated for five coastal locations in 
Queensland, for conditions after about 2050. The results suggests that  there would be 
little impact on design standards in south-east Queensland. Further north, effects 
become more likely, with greatest impact in Cairns, where plausible increases in 
cyclone wind speeds exceed current building design standards. The same is true to a 
lesser extent in Mackay. However, whether this would require changes to building 
design standards still needs to be assessed. 
 
Scenarios for new climate variables and the development of OZCLIM 

Climate change scenarios are developed for new variables that are important inputs 
for climate impact models. It is also shown that changes in potential evaporation and 
precipitation simulated by climate models are not independent, but rather are related 
to each other. Since potential evaporation and precipitation must vary together rather 
than independently, this reduces the possible number of future climate conditions, as 
not all possible changes in potential evaporation would occur for a specified change in 
precipitation. Analysis of the change in precipitation minus evaporation suggests most 
climate models are predicting generally drier conditions for Queensland in a warmer 
world. 
 
In addition, a new version (Version 2.0.1 Beta) of OZCLIM, the interactive climate 
change scenario generator, is described. This version includes three new variables 
important for climate impact studies: evaporation, vapour pressure and radiation. In 
addition, patterns of change for eight more models have been included. This has been 
done to more fully represent the possible range of model predictions. Version 2.0.1 of 
OZCLIM also has substantially increased functionality, which is described in more 
detail in the report. A CD containing this software is included with this report. 
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Climate impacts on Queensland 

Tools such as climate models and OZCLIM are indispensable to enable the specific 
impacts of climate change on Queensland to be estimated. Researchers have 
employed a number of different techniques to estimate these impacts. These include 
the following, ranked in order of highest to lowest confidence: 
 
Very high confidence (better than 9 out of 10 probability): 

• Effects of sea-level rise on coastal infrastructure 
 

• Potential for expansion of vector-borne diseases (in the absence of existing 
effective health measures) 

 
• Higher energy costs for buildings as a result of higher temperatures and the 

increased need for air conditioning 
 

• Increased heat stress on dairy cattle. 
 
High confidence (about 9 out of 10) 

• Temperature stresses on coral reefs, leading to more frequent episodes of reef 
mortality 

 
• Loss of biodiversity in native forests 

 
• Increase in risk of fruit-fly infestation in southern Queensland. 

 
Medium to high confidence (2 out of 3 or better) 

• Increases in storm surge heights in some locations by 2050 
 

• Significant effects on transport infrastructure by 2070 
 

• Increased risk of fire 
 

• Little impact on heat-related mortality by 2030. 
 
Moderate confidence (better than 1 in 2) 

• Increased drought 
 

• Reduction in river and stream flow 
 

• Initial increase in wheat yield. 
 
Low confidence (possible only) 

• Beneficial effects on native pastures (provided rainfall does not fall too much). 
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1. Introduction 
 
This is the third annual report under a four-year consultancy (1997-2001) between 
CSIRO and the Government of Queensland. The consultancy addresses the following 
aspects of climate change: 
 
•  changes in average climate (temperature, rainfall and other relevant variables) 

from the present until the year 2100 and beyond,  
 
• possible changes to ENSO, notably in its variability and amplitude, and related 

changes in drought and flood frequencies, 
 
• possible changes to tropical cyclone frequency, intensity and location, 
 
• potential changes in climatic variability, including daily, within-season, 

interannual and multi-decadal variability and extremes, 
 
• the development of methodologies to assess the risk of occurrence of  critical 

climatic thresholds for relevant impacts and adaptation measures, 
 
• the identification of potential impacts of climate change across relevant sectors in 

Queensland, in collaboration with interested parties, and the facilitation of studies 
thereof, where appropriate through separately funded collaborative impact studies. 

 
1.1 Progress against Milestones 
Here we detail the achievements of the third year of the consultancy and compare 
them to the agreed milestones of the contract. 
 
Item 2.3.1 Provide scenarios of changes in average climate, and climatic variability, 
on daily, interannual and multi-decadal timescales (including the effects of changes in 
ENSO), up to year 2100. This will be based on regional model estimates at 60-km 
resolution, nested in the Mark 2 coupled AOGCM, and will take account of a range of 
CO2 emission scenarios. Estimates of possible changes in the frequency and 
magnitude of extreme temperatures and rainfalls, and of droughts and floods, will be 
included. 
 - these tasks have been performed and are summarized in Section 2. 
 
Item 2.3.2 Provide the best possible estimates of changes in tropical cyclone 
frequency, location and intensity in the Queensland region. Results from multiple 
nesting will also be examined. 
 - in addition, a study examining the effect of climate change on wind gust 
return periods in Queensland has been completed. These topics are discussed in 
Section 3. 
 
Item 2.3.3 Provide estimates of changes in the risk of exceeding relevant climatic 
thresholds (as determined by Queensland stakeholders), based in part on the CSIRO 
Mark 2 coupled AOGCM and CSIRO regional model. Incorporate selected climate 
variables and types of variability into OZCLIM according to the needs of impact 
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researchers (to be chosen in collaboration with designated Queensland contacts). 
Structure OzClim for transient scenarios and risk assessment. 

• a new version of OZCLIM has been released that addresses these issues, 
which are discussed in Section 4. 

 
Extra work: a considerable amount of work has now been performed by researchers at 
CSIRO and elsewhere on the specific impacts of climate change on Queensland. 
These results have been summarized in Section 5. 
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2.  DARLAM simulation of climate change at a 
horizontal resolution of 60 km (Item 2.3.1) 

 
2.1 Introduction 
 
Climate model simulations provide the foundation for estimating the impacts of 
climate change. For most impacts, to make useful inferences, the most accurate and 
detailed simulations available are required. Accordingly, a number of fine resolution 
climate model simulations of Queensland have been performed during the course of 
this work. In the previous year’s report (Walsh et al. 2000), DARLAM simulations at 
a horizontal resolution of 125 km were described. It was also noted that simulations at 
a finer resolution of 60 km were at an experimental stage, with some improvements 
still needed. Improvements have now been made to the 60-km simulation; these are 
now detailed and the simulation is referred to as DARLAM-60.  
 
It is important to note that understanding the effects of climate change involves 
assessment of the predictions of a number of different climate models. Although the 
DARLAM simulation described here is the most detailed climate change simulation 
ever performed for the Queensland region, it is nevertheless one model amongst a 
number of models. A climate change scenario used for climate impact studies should 
be constructed from the consensus of predictions over several models. 
 
As in Walsh et al. (2000), for the purposes of data analysis, Queensland is divided 
into three regions: north, south-east and central (see Fig. 2.1). Temperature 
observations are taken from the data set described in Jones and Trewin (2000). These 
data are averaged over the period 1961-1990, and were derived from station data 
interpolated to a 1°x1° grid. The rainfall data set was taken over the same period, and 
is described in Jeffrey et al. (2001). These data were also derived from station data 
and then interpolated to a regular grid. 
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Figure 2.1. Regions of Queensland for data analysis: (top) northern Queensland; (lower left) central 
Queensland; (lower right) south-east Queensland. Latitudes and longitudes (in degrees) are indicated. 

 
 
2.2 Climate simulated by DARLAM-60 
2.2.1 Mean climate 
Temperature 
Figures 2.2 and 2.3 show the observed average temperatures over Queensland 
compared with the DARLAM-60 simulation. In general, the model simulation is very 
good: absolute values of temperature are well simulated (with the possible exception 
of summer) and the geographically-varying patterns of temperature are very well 
simulated. This is partly due to the better representation of topography in DARLAM-
60 compared with other climate models. Figure 2.4 shows the differences between the 
model simulation and observed. There is a tendency for the model to simulate lower 
temperatures than observed in the interior of Queensland, although these differences 
are small, mostly less than 2°C. The model slightly overestimates temperature along 
the coast, but these differences are even smaller, mostly less than 1°C.  
 
Some analysis has been performed to determine the reasons for these biases. The 
underestimate of temperature in the interior is likely associated with too much cloud 
simulated in DARLAM-60. The largest effect occurs in the interior of the continent, 
where the observed cloudiness is low, rather than along the coast, where observed 
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cloudiness is high. This explains the larger biases in the interior. There is also inherent 
cold bias in the temperature simulated by the forcing GCM, whose cause is currently 
unknown. 
 
Changes in mean temperature under enhanced greenhouse conditions 
Temperature changes under enhanced greenhouse conditions are shown in Figure 2.5. 
Here, the values presented are changes per degree of global warming. In other words, 
for a global warming of 1°C, the temperature changes over Queensland would be 
those shown in Fig. 2.5. For a global warming of 2°C, the changes would be twice 
those shown in Fig. 2.5, and so on. These numbers are calculated by a technique 
known as the “slope method”. This is done by linearly regressing the modelled local 
seasonal mean temperatures (or rainfalls) against modelled global average 
temperatures (smoothed with an 11-year running mean) and taking the slope of the 
relationship at each grid point as the estimated response. This method has two 
advantages over simply displaying differences: the global warming signal is less 
likely to be obscured by natural variability, and the impact of differing scenarios of 
global warming on local temperatures can be easily estimated. The main disadvantage 
of the method is that it assumes a linear relationship between the local response and 
global temperature, and this may not always hold.  For example, Figure 2.6 shows the 
time series of spring rainfall over the central Queensland area as simulated in the 
CSIRO GCM along with the fitted response using the slope method. Before 1960, 
there is evidence of an initial non-linear rainfall response in the CSIRO simulation (as 
discussed in last year’s report), although the major response in the 21st century 
appears linear with global warming. It should also be noted that this method is still 
susceptible to noise or decadal variability, as the trend line in Fig. 2.6 is not a tight fit 
to the data and therefore a component of the response may be spurious. This could be 
reduced by using longer simulations or by making many simulations using the same 
model (“ensemble” simulations).  
   
In the DARLAM-60 simulation (Fig. 2.5), as expected, temperature changes are 
highest inland and lowest along the coast. A coastal effect, caused by the slower 
warming of the adjacent ocean, is seen quite clearly at this high resolution, indicated 
by a narrow band of smaller increases running up the entire coastline into the tropics. 
Greatest increases are generally seen in the far west interior of the State.  
 
Differences in warming between seasons do not appear to be pronounced, except that 
slightly smaller warmings are simulated in winter. For all seasons, warming along the 
coast is 0.8-0.9°C per degree of global warming, whereas in the interior, warming is 
1.0-1.2°C per degree of global warming. These values are similar to, although slightly 
lower than, those given in the scenarios provided by CSIRO (1996). 
 
In summary, the DARLAM 60-km resolution model has a very good simulation of 
mean temperature in the current climate. Predicted temperature changes in a warmer 
world are consistent with previous climate change scenarios. 
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Figure 2.2. Observed mean temperature for (a) summer (Dec.-Jan.); (b) winter (June-Aug.); (c) autumn 
(Mar.-May); and (d) spring (Sep.-Nov.). Contour interval is 5°C. 
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Figure 2.3. The same as Fig. 2.2 but for DARLAM-simulated mean temperature for the model 
equivalent of 1961-1990. 
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Figure 2.4. The same as Fig. 2.2 but for the differences, model simulated minus observed. 
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Figure 2.5. The change in temperature over Queensland per degree of global warming, for (a) summer; 
(b) winter; (c) autumn and (d) spring. Contour interval is 0.1 (°C). 
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Figure 2.6. Rainfall from the CSIRO GCM for the central region of Queensland shown in Fig. 2.1, 
with the response estimated using the slope method superimposed.  

 
Minimum and maximum temperature 
Figure 2.7 compares maps of observed and simulated minimum temperatures over 
Queensland. The simulations are good: as for the mean temperatures, there is very 
good agreement between the patterns of simulated and observed minimum 
temperatures. Figure 2.8 shows the differences between simulated and observed 
minima. These are mostly small (less than 2°C) with the exception of far south-west 
Queensland in the summer and spring. Also shown in Fig. 2.8 is the predicted 
increase in minimum temperature per degree of global warming. As for mean 
temperatures, increases are largest in the interior and smaller along the coast. 
 
Figure 2.9 shows the same pattern for maximum temperatures. The agreement is not 
as good as it is for minimum temperatures, but still a very reasonable pattern of 
temperatures is produced. Some biases are evident, as shown in Fig. 2.10. The 
DARLAM-60 simulation underestimates maximum temperature by more than 4°C in 
the far interior of the state in summer, spring and winter. Biases in most other regions 
are modest. 
 
The predicted temperature change per degree of global warming is also shown in Fig. 
2.10. As for the mean temperatures, temperature changes are highest in the interior 
and less along the coast, with the exception of winter, where largest changes are 
simulated in the northern interior. 
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Figure 2.7. Minimum temperatures in the current climate (top) observed; and (bottom) simulated, for 
(a) summer (Dec.-Feb.); (b) winter (June-Aug.); (c) Autumn (Mar.-May); and (d) spring (Sep.-Nov.). 
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Figure 2.8. (top) 60-km simulation of minimum temperatures minus observations; and (bottom) the 
change in temperature per degree of global warming, for the same seasons as Fig. 2.7. 
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Figure 2.9. The same as Fig. 2.7 but for maximum temperature. 
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Figure 2.10. The same as Fig. 2.8 but for maximum temperatures. 
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Figures 2.11 and 2.12 show time series of annual mean minimum and maximum 
temperature compared with observations. When averaged over the three regions, there 
is very good agreement between the observed and simulated records. Minimum 
temperature (Fig. 2.11) increases between the years 2000 and 2100 are greatest in the 
central region, at around 4°C. Increases are slightly less in the northern region and 
about 3°C in the south-east. Maximum temperature (Fig. 2.12) increases by about 4°C 
between 2000 and 2100 in the central region, by about 3.5°C in the northern and 
south-east regions.  
 
The dark line through the time series in these two figures is the eleven-year running 
mean. This indicates decadal-scale variability, which is mostly generated by the 
forcing GCM. These figures indicate that decadal variability continues to be simulated 
in the model into the later part of this century. One implication of the presence of 
decadal variability is that it is large enough to, at times, halt the simulated upward 
trend of temperature for periods of a decade or more. 
 
In summary, there is good agreement between observations and DARLAM-60 
simulations of maximum and minimum temperatures. The DARLAM-60 simulation 
underestimates maximum temperature in the far interior of the state in most seasons 
and also underestimates minimum temperatures in the same region in summer and 
spring. Differences between observations and simulations are modest elsewhere. 
 
Rainfall 
Figures 2.13 and 2.14 show observed and simulated rainfall for summer, winter, 
autumn and spring. The simulated rainfall is averaged over the first 30 years of the 
DARLAM-60 simulation, for the model equivalent of 1961-1990. In general, the 
summer (December-February) rainfall pattern is good. Particularly good is the 
position of the 500-mm contour, which simulates the observed higher rainfall over the 
mountainous regions near Mackay and in the south-east hinterland. Fig. 2.15 shows 
the precipitation simulation minus the observations, and shows that summer rainfall is 
overestimated in the interior of Queensland. Simulated summer rainfall is less than 
observed along certain portions of the coast.  
 
In contrast to the summer rainfall pattern, autumn rainfall is largely underestimated in 
the simulation. The spatial pattern of rainfall shown in Fig. 2.14 remains reasonable, 
with a distinct gradient away from the coastline, as observed. The pattern of winter 
rainfall is also good, with the position of the 50-mm contour very close to that 
observed. Too much winter rainfall is simulated in the seasonally dry regions of the 
northern interior, and not enough in the south-east of the State. The observed and 
simulated spring rainfall patterns are poorly correlated, with rainfall overestimated 
throughout the state, and with a failure to capture the observed gradient from the 
south-east coast into the interior of the state. 
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Figure 2.11. Annual mean minimum temperature, observed and simulated. The dark line is the eleven-
year running mean. 
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Figure 2.12. The same as Fig. 2.11 but for maximum temperature. 
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Figure 2.13. Observed rainfall for (a) summer (Dec.-Feb.); (b) winter (June-Aug.); (c) Autumn (Mar.-
May); and (d) spring (Sep.-Nov.). Units are mm. 
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Figure 2.14. The same as Fig. 2.13 but for DARLAM-60 simulation (model equivalent of 1961-1990). 
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Figure 2.15. The same as Fig. 2.14 but for the difference, DARLAM-60 simulation minus observed. 
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The origin of these differences in precipitation between the simulation and 
observations has been examined. Analysis shows that much of the bias evident in the 
DARLAM-60 simulation is due to biases in the forcing GCM (Mark 2). The GCM 
transports too much moisture into the interior of the continent, causing too much 
rainfall to be simulated in both the GCM and in DARLAM-60. Further GCM 
development is addressing this issue. Although the DARLAM simulation is able to 
partially correct for these forcing biases, its ability to do so is not perfect. 
 
Changes in mean rainfall under enhanced greenhouse conditions 
Figure 2.16 shows the changes in rainfall simulated by DARLAM as a percentage per 
degree of global warming. In other words, for a 1°C global warming, the rainfall 
would change by the percentages indicated. In summer, the model predicts relatively 
small changes in rainfall in a warmer world over much of the State. Some increases 
are simulated in autumn, with percentage changes ranging from 0-10%  per degree of 
global warming. Winter sees some fairly large decreases in the seasonally dry sections 
of Queensland, with values up to 10-15% in the north-west of the state. The south-east 
in winter experiences no change or slight increases, in contrast to the southern inland 
regions, where decreases are simulated. Finally, for spring, rainfall changes are 
neutral or slightly negative throughout the state. 
 
The time evolution of rainfall and the remaining model biases at this resolution are 
illustrated in Figs. 2.17 and 2.18, for each of the three defined regions of the State, for 
the winter and summer halves of the year. The summer half-year is from October 
through March, while the winter half is April to September.  For the winter half of the 
year (Fig. 2.17), the model overestimates rainfall in the northern and central regions; 
the mean rainfall is well simulated in the south-east. Few large rainfall trends are 
simulated between the years 2000 and 2100. There are large simulated interannual 
and decadal variations in the simulated rainfall towards the end of this century. In the 
summer half of the year (Fig. 2.18), the model overestimates rainfall in all regions. 
Again, few trends in rainfall are seen, with the exception of slight downward trends 
towards the end of this century in the north and south-east regions. Model decadal 
variability exists but it is smaller than that seen in the observations, especially towards 
the end of the 20th century. 
 
In interpreting these predicted changes, we note again that DARLAM is one climate 
model among many, although it is particularly detailed and thus best equipped to be 
used for simulating regional climate changes. Temperatures in Queensland are 
confidently predicted to increase in a warmer world. To maintain the same level of 
soil moisture as in the current climate, an increase in rainfall would thus be required. 
However, no substantial increases in rainfall are predicted for Queensland in this 
simulation of the kind that would be required to counteract the drying effect of the 
predicted increase in temperatures. The precipitation does not change much when the 
year is taken as a whole. This means that soil moisture is still predicted to decrease. 
The balance of evidence from recent climate model simulations suggests a change to 
drier conditions over Queensland in a warmer world (see Section 2.4). The 
simulations shown here do not provide a strong contradiction of this conclusion. 
Further DARLAM results will be obtained using an improved GCM forcing (Mark 3) 
in the next year of the project. 
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In summary, rainfall is well simulated by DARLAM-60 in summer and winter. 
Simulated autumn rainfall is generally less than observed, and simulated spring 
rainfall is too great. Under enhanced greenhouse conditions, relatively small changes 
in rainfall are simulated in summer. Some increases are simulated in autumn, and 
decreases in spring and winter. DARLAM-60 does not simulate the consistent 
increases in rainfall required to counteract the drying effect of predicted temperature 
increases. 
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Figure 2.16. The same as Fig. 2.13 but for percentage change of rainfall per degree of global warming. 
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Figure 2.17. Observed and simulated rainfall for the winter half of the year, for the three regions of 
Queensland. Solid line gives the 11-year running mean. 
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Figure 2.18. Observed and simulated rainfall for the summer half of the year. 
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2.2.2 Observed and simulated variability 
Comparison is made between the observed and DARLAM-simulated variability at 60-
km resolution. Figures 2.19 and 2.20 compare observed and simulated rainfall for the 
summer half of the year. As shown previously, the model somewhat overestimates the 
observed rainfall for the period 1960-2000, particularly in the central region. Also 
overlain as a continuous line on the observed and simulated data is a weighted 31-year 
running mean, with the weights chosen to exclude variations with periods less than 10 
years (Neil Flood, personal communication, 2001). This gives an indication of long-
term trends or decadal fluctuations. Figure 2.19 shows some decadal fluctuations in 
each region but little long-term trend. Simulated decadal variations are relatively 
small. 
 
Additionally, as expected, the simulated record has smaller year-to-year fluctuations 
in rainfall than observed. This is most clearly shown in Fig. 2.21, which shows the 
variability expressed as the coefficient of variation CV, defined as  
 

CV = 100(σ/χ) 
 

where σ is the standard deviation and χ is the mean of the time series. The coefficient 
of variation is displayed as a percentage and measures the variability of 31-year 
running portions of the time series as a ratio of their averages. 
 
Fig. 2.21 shows rainfall variability for the summer half of the year. It is clear that the 
simulated year-to-year variability over the period 1960-2000 is considerably smaller 
than observed. This is a result of the small size of the ENSO variations generated in 
the forcing CSIRO Mark 2 GCM, which gives SST variations in the equatorial Pacific 
region only about a third of the size of those observed.  
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Figure 2.19. Observed rainfall (dashed line) from 1889 to 1996 during the summer-half year of the 
three regions in Queensland. The smooth line shows the weighted 31-year running mean. 
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Figure 2.20. DARLAM-simulated rainfall (dashed line) from 1961 to 2100 during the summer-half 
year for the three regions in Queensland. The smooth line shows the weighted 31-year running mean. 
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Figure 2.21. Observed changes during the summer-half of year in the 31-year running mean of the 
coefficient of variation, for observations (solid line) and model simulation (dashed line).  

 
 

1880 1920 1960 2000 2040 2080

C
oe

ff.
Va

r. 
(%

)

0

10

20

30

40

50

Observation
DARLAM

North region

1880 1920 1960 2000 2040 2080

C
oe

ff.
Va

r. 
(%

)

0

10

20

30

40

50

Year

1880 1920 1960 2000 2040 2080

C
oe

ff.
Va

r. 
(%

)

10

20

30

40

50

Central region

Southeast region

October to March



Climate Change in Queensland under enhanced greenhouse conditions 

 37

There are some curious trends in year-to-year variability in the observed record (Fig. 
2.21). Both the north and central regions experience almost a step jump in variability 
at about 1960. This is because the 31-year running values centred near this year 
suddenly incorporated the very variable rainfall experienced in the mid-1970s. 
Additionally, in the south-east region there has been a strong downward trend in year-
to-year rainfall variability in the period 1900-1940, with variability rising slightly 
since then. 
 
In general, the DARLAM-simulated rainfall variability is about half of that observed. 
Predictions of trends of variability into the next century must therefore be treated with 
caution. DARLAM predicts variability to remain roughly constant in all regions into 
the next century, with the possible exception of the central region, where variability is 
predicted to fall.  
 
Turning to the winter half of the year, Figures 2.22 and 2.23 compare observed and 
simulated rainfall. In the north and central regions, the model again overestimates 
rainfall, particularly in the north. The model appears to have a good simulation of 
average rainfall in the south-east region, however. The observed rainfall in Fig. 2.22 
does not appear to have substantial trends, and simulated trends into the next century 
(Fig. 2.23) remain modest, although there appears to be some substantial multi-
decadal variability. Comparing the observed and simulated coefficients of variation 
(Fig. 2.24 and 2.25), again simulated variability is consistently lower than observed in 
all regions. Observed variability in the winter half of the year (Fig. 2.24) has shown 
some trends: there appears to be a downward trend in variability towards the year 
2000 in the north region, while in the central and south-east regions the winter rainfall 
has been becoming slightly more variable in the past few decades. The model-
predicted trends (Fig. 2.25) show increases in rainfall variability in all regions towards 
the end of the next century. Because of the model’s weaker than observed variability, 
however, confidence in these predictions must be regarded as quite low. 
 



Climate Change in Queensland under enhanced greenhouse conditions 

 38

 
Figure 2.22. The same as Fig. 2.19 but for April-September. 
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Figure 2.23. The same as Fig. 2.20 but for April-September. 
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Figure 2.24. Same as Fig. 2.21 but for April-September. 
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2.2.3 Extreme events 
Many of the important impacts of climate change rely on estimates of changes in the 
frequency of extreme temperature and rainfall rather than changes in averages or 
variability. Even relatively small changes in averages can cause large changes in 
extreme events, as illustrated in Fig. 2.25. This section summarizes the DARLAM-60 
simulation of these quantities and the implications for future climate. 
 
Temperature 
Simulations of temperature extremes from the DARLAM 60-km simulation are 
shown in Figs. 2.26 and 2.27. Comparison with observed station data suggests that 
numbers of days over 35°C are overestimated in south-east Queensland, while the 
other regions are better simulated. However, all regions show consistent strong 
upward trends in the number of extreme temperature maxima and consistent 
downward trends in the number of extreme minima. 

 

 

 

 

Figure 2.25. Illustration of large changes in extremes that can occur with only modest changes in mean 
conditions. 
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Figure 2.26. Simulated number of days in each half year of extreme maximum temperature events, 
defined as maximum temperatures greater than 40°C (north and central regions) or 35°C (south-east 
region). 



Climate Change in Queensland under enhanced greenhouse conditions 

 43

1960 1980 2000 2020 2040 2060 2080 2100
0

10

20

30

40

50

60
D

ay
s 

un
de

r 
10

 o  C

North Queensland

Apr-Sep

1960 1980 2000 2020 2040 2060 2080 2100
0

2

4

6

8

10

D
ay

s 
un

de
r 

10
 o  C

North Queensland

Oct-Mar

1960 1980 2000 2020 2040 2060 2080 2100
0

10

20

30

40

50

60

D
ay

s 
un

de
r 

5 
o  C

Central Queensland

Apr-Sep

1960 1980 2000 2020 2040 2060 2080 2100
0

2

4

6

8

10
D

ay
s 

un
de

r 
5 

o  C

Central Queensland

Oct-Mar

1960 1980 2000 2020 2040 2060 2080 2100
Years

0

10

20

30

40

50

60

D
ay

s 
un

de
r 

5 
o  C

South-east Queensland

Apr-Sep

1960 1980 2000 2020 2040 2060 2080 2100
Years

0

2

4

6

8

10

D
ay

s 
un

de
r 

5 
o  C

South-east Queensland

Oct-Mar

Minimum Temperature Extremes

 

Figure 2.27. The same as Fig. 2.26 but for extreme minimum temperatures (less than 10°C for north 
Queensland, less than 5°C for central and south-east Queensland). 
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Impact of different emission scenarios and differing model predictions 
The impact of differing emissions scenarios on extreme temperature events can be 
substantial. Figures 2.26 and 2.27 are based on the IS92a scenario, assuming a mid-
range increase in emissions (IPCC, 1996). Using the lower IS92c emission scenario, 
the number of extreme maximum temperatures only rises slightly by the year 2000. 
Using the higher emission IS92e scenario, large increases in the frequency of extreme 
temperature events are simulated, with numbers of days of greater than 40°C in 
summer in north Queensland more than quadrupling by 2100.  
 
Additional uncertainty arises from the lack of knowledge of the exact response of the 
Earth’s climate to increases in greenhouse gases, known as the climate sensitivity. 
This quantity is different in each climate model. These two uncertainties are 
combined and the results for extreme temperatures are summarized in Tables 2.1 and 
2.2. These tables were constructed assuming a range of emissions scenarios (IS92c, 
IS92a and IS92e, as described above). 
 
Table 2.1. Changes in daily temperature indicators between two 40-year periods: 2031-2070 

and 1961-2000, during April to September. The indicators are average maximum 
temperature, average minimum temperature, percentage changes in number of extremely hot 

days (over 35°C in the south-east, over 40°C in the central and northern regions), and 
number of extremely cold days (below 10°C in the north and below 5°C in the central and 

south-east). The range of values reflects uncertainty in greenhouse gas emission scenarios 
and climate sensitivity. 

 South-east Central North 
Ave. max temp (°C) � 0.4 to 1.9 � 0.6 to 2.1 � 0.7 to 2.2 
Ave. min temp (°C) � 0.7 to 2.1 � 0.8 to 2.3 � 0.7 to 2.3 
No. of hot days (% change) � 30 to 162% � 92 to 411% � 62 to 216% 
No. of cold days (% change) � 18 to 56% � 20 to 58% � 27 to 61% 

 
 
 

Table 2.2. Changes daily temperature indicators between two 40-year periods: 2031-2070 
and 1961-2000, during October to March. The indicators are average maximum temperature, 
average minimum temperature, number of extremely hot days (over 35°C in the south-east, 
over 40°C in the central and northern regions), and number of extremely cold days (below 

10°C in the north and below 5°C in the central and south-east). The range of values reflects 
uncertainty in greenhouse gas emission scenarios and climate sensitivity. 

 South-east Central North 
Ave. max temp (°C) � 0.7 to 2.2 � 1.0 to 2.5 � 0.8 to 2.2 
Ave. min temp (°C) � 0.7 to 2.2 � 0.9 to 2.4 � 0.7 to 2.1 
No. of hot days (% change) � 16 to 46% � 49 to 128% � 35 to 83% 
No. of cold days (% change) � 72 to 89% � 75 to 93% � 100% 
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Extreme Rainfall Events 
 
Extreme rainfall events also become more frequent in a warmer world. Figure 2.28 
shows the return periods in years of rainfall events for the three regions. The 40-year 
event increases substantially in north Queensland in both seasons, and slightly in 
central and south-east Queensland. These results are similar to those from the 
DARLAM 125-km simulation from Walsh et al. (2000) (Figure 2.291), except that the 
extreme events for the DARLAM-60 simulation are somewhat less than in the 
DARLAM 125-km simulation. In both models, the maximum daily rainfall expected 
over a certain period of time increases in a warmer world. This indicates that present-
day heavy rainfall events should become heavier. 
 

 

 

 
 

                                                 
1 These plots are a corrected version of Figs. 2.3 and 2.4 in Walsh (2000), the previous year’s report, as 
these were plotted incorrectly in that report. 
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Figure 2.28. Return periods of rainfall events for north Queensland, for present and enhanced 
greenhouse conditions. 
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Figure 2.28 (continued).  
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Figure 2.28 (continued). 
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Figure 2.29. DARLAM 125-km simulation,  return period of extreme rainfall. 
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Figure 2.29 (continued). 
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Figure 2.29. (continued). 
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2.3 Intercomparison of Model Results 
2.3.1 Introduction 
The intercomparison of model predictions is an important process in the construction 
of climate change scenarios (e.g. Whetton et al., 1994). Different climate models have 
different simulations of climate change, as they are constructed with differing 
representations of the physical processes governing such phenomena as clouds and 
rainfall. As climate models improve, a more discriminating evaluation can be 
performed of their strengths and weaknesses, even to the point of leaving out a model 
when constructing a climate change scenario. This section updates previous work 
(Walsh et al., 2000, Section 2.4) by considering the results of further models and 
making a judgement regarding their suitability for inclusion in climate change 
scenarios. 
 
2.3.2 Model characteristics 
The models evaluated in this section are listed in Table 2.3. Four new models are 
added to the results presented in Walsh et al. (2000). 
 

Table 2.3. Model runs used in intercomparison. “Letter in Figures” indicates the letter 
designating the model run in the subsequent figures contained in this section. 

Centre Letter in Figures Model Emission Scenario Features Years 
Canadian CCMA5  (a) CGCM1 1% CO2 pa No sulfates 1900–2100 
CCSR/NIES, 
Japan8 

(b) CGCM IS92a No sulfates 1890-2099 

DKRZ, Germany7 (c) ECHAM3/LSG IS92a No sulfates 1880-2085 
GFDL2 (d) GFDL CGCM 1% CO2 pa No sulfates 1958–2057 
Hadley Centre, UK4  (e) HADCM2 1% CO2 pa Ensemble 

of four 
simulations, 
no sulfates 

1861–2100 

Hadley Centre, UK6 (f) HADCM3 IS95a, individual 
gas concentrations 
specified 

No sulfates 1861-2099 

DKRZ, Germany3 (g) ECHAM4/OPY
C3 

IS92a No sulfates 1860–2099 

NCAR (h) CGCM IS92a No sulfates 1900-2035 
CSIRO, Australia1 (i) Mk2 IS92a equivalent 

CO2  
No sulfates 1881–2100 

1Gordon and O’Farrell (1997) 
2See http://ipcc-ddc.cru.uea.ac.uk/index.html 
3DKRZ-Model User Support Group (1992), Oberhuber (1992) 
4Cullen (1993) 
5Flato et al. (2000) 
6Gordon et al. (2000) 
7DKRZ-Model User Support Group (1992); Maier-Reimer and Mikolajewicz (1991) 
8Emori et al. (1999) 
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2.3.3 Model validation 
 
Temperature 
Mean temperature patterns in each of the models have reasonable agreement with 
observations, although variation amongst models is up to 5°C. An intermodel 
comparison for winter is shown in Fig. 2.30. The GFDL model (Fig. 2.30d) has the 
strongest cool bias. Given the reasonable quality of the temperature simulations in all 
models, it may not be justifiable to exclude any of them. 
  
 

Figure 2.30. Winter simulated temperature for models detailed in Table 2.3, compared with 
observations (Fig. 2.30(j)). Contour interval is 5°K. 
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Precipitation 
There is considerable variation amongst models in the simulations of summer and 
winter precipitation (Fig. 2.31).  At points over Queensland, the range in simulated 
rainfall among models can be 100% or more.  In agreement with the observations, all 
models simulate more rain in summer than in winter and more in the north and east of 
the State than inland.  Although all simulations have their good and bad features, the 
GFDL simulation (Fig. 2.31(d)) is notably poor in its simulation of the seasonality of 
rainfall.  In this model, rainfall in spring is higher than in summer in much of the State 
and that of winter is only a little less than summer (not shown).  
 
General circulation 
Rainfall variations are often determined by changes in the mean pattern of pressure 
and winds, known as the general circulation. Here, fields of mean sea level pressure 
are evaluated for the selected models (Fig. 2.32). By the criteria used in Whetton et al. 
(1994), the Japanese model’s simulation of mean sea level pressure (Fig. 2.32(b)) 
would have excluded it from consideration. In this model, there are no trade winds in 
the Queensland coast in summer. Instead, there are north-westerlies, which result 
from the model connecting the continental heat low over the north of Australia 
directly with the midlatitude westerlies.  All the other models simulated all of the 
main observed features of the mean sea level pressure, with the exception of the 
GFDL model, for which mean sea level pressure fields were not available. This model 
will be evaluated in subsequent work. 
  
In summary, it is reasonable to conclude that the Japanese model and, to a lesser 
extent, the GFDL model are less reliable than the other models on the basis of their 
simulation of the current climate.  A more complete evaluation of performance will be 
made in conjunction with the construction of new CSIRO climate change scenarios 
for Australia, in early 2001. 
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Figure 2.31. (top) Intercomparison of summer rainfall; (bottom) the same for winter. Contour interval 
is variable, in mm. 
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Figure 2.32. Comparison of observed and simulated summer mean sea level pressure. The GFDL 
model simulation (d) is missing. Contour interval is 2.5 hPa. 

 
 
2.3.4 Climate change simulations 
Figure 2.33 shows changes in mean temperature over Queensland simulated by the 
models. These are changes in °C per degree of global warming. The magnitude of the 
temperature changes are reasonably similar across Queensland in each of the models. 
The patterns of change also are generally similar, with largest increases inland and 
smaller increases towards the coast and in the tropics. The warming range is 0.9 to 
1.5°C per degree of global warming in inland areas and 0.7 to 1.3°C in coastal areas.  
These ranges are similar to those reported in Walsh et al. (2000), using a sample of 
five models. Exclusion of the GFDL or Japanese models would not much affect these 
ranges. 
 
Seasonal variations of average temperature changes simulated by each model over the 
three regions of Queensland are also shown in Fig. 2.33. There is considerable 
similarity among the model results for each season and region, although individual 
models exhibit consistently weaker or stronger responses. Some regional variations 
can be seen, with warmings slightly greater in the central region. Variations in the 
seasonal response are minor compared with the differences between models, although 
winter warmings tend to be less than warmings in the other seasons. 
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Figure 2.33. (top) Simulated change in temperature (°C per degree of global warming) for each model; 
(bottom) average change in temperature for each model by season and region. 

 

North

Model
CC CS DK GF H2 H3 MP NC RX1

Te
m

pe
ra

tu
re

 C
ha

ng
e 

(o C
)

0

1

2

Summer Autumn
North

Model
CC CS DK GF H2 H3 MP NC RX1

0

1

2

Central

Model
CC CS DK GF H2 H3 MP NC RX1

0

1

2

Central

Model
CC CS DK GF H2 H3 MP NC RX1

Te
m

pe
ra

tu
re

 C
ha

ng
e 

(o C
)

0

1

2

Southeast

Model
CC CS DK GF H2 H3 MP NC RX1

0

1

2

Southeast

Model
CC CS DK GF H2 H3 MP NC RX1

Te
m

pe
ra

tu
re

 C
ha

ng
e 

(o C
)

0

1

2

Winter Spring
North

Model
CC CS DK GF H2 H3 MP NC RX1

0

1

2

North

Model
CC CS DK GF H2 H3 MP NC RX1

0

1

2

Central

Model
CC CS DK GF H2 H3 MP NC RX1

0

1

2

Central

Model
CC CS DK GF H2 H3 MP NC RX1

0

1

2

Southeast

Model
CC CS DK GF H2 H3 MP NC RX1

0

1

2

Southeast

Model
CC CS DK GF H2 H3 MP NC RX1

0

1

2



Climate Change in Queensland under enhanced greenhouse conditions 

 58

Variations in the precipitation response of the models is much greater (Fig. 2.34). In 
both summer and autumn, the models predict the possibility of either rainfall 
increases or decreases in most areas of the state. In all three regions and in both of 
these seasons, the changes are in the range of +10 to –10% per degree of global 
warming.  Although some models simulate rainfall increases in winter, the 
predominant tendency is one of decrease: across the three regions the results are in the 
range of +5% to –10%. There is strong and consistent tendency for rainfall decrease 
in spring, with changes across the three regions of +2 to –15%.   
 
As mentioned in the previous section, inclusion of these model results in the 
construction of a climate change scenario depends upon their ability to simulate well 
the current climate. The results for the predicted precipitation response to global 
warming would not be much affected if the Japanese CCSM results were excluded, as 
this model is not an outlier in the climate change simulations.  However, exclusion of 
the GFDL results would have a significant impact, as this model is one of those 
predicting rainfall increases. In particular, the exclusion of the GFDL model would 
increase consistency amongst models in predicting rainfall decreases in winter.  
 
In summary, most models are predicting similar temperature increases over 
Queensland, with increases larger in the interior than along the coast. Models differ 
in their prediction of precipitation changes, but the predominant tendency is for 
rainfall decreases, particularly if one model is excluded from consideration on the 
basis of its less than adequate simulation of the current climate. A final decision on 
this will be made in conjunction with the construction of new climate change 
scenarios by CSIRO. 
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Figure 2.34. The same as Fig. 2.33 for precipitation changes, in percent per degree of global warming. 
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2.4 ENSO and climate change 
As in the previous year’s report (Walsh et al., 2000), we will discuss the possible 
effects of climate change on ENSO in terms of both possible changes in the average 
state of ENSO and of changes in its variability. Here, new results are discussed that 
have a bearing this issue. 
 
2.4.1 Change in the average state of ENSO 
In general, while the balance of evidence suggests a trend towards an average climate 
that is more El Niño-like (e.g. Hulme and Sheard, 1999), it is still true to say that 
consensus has not yet been reached that climate change will definitely lead to such 
conditions.  Despite most GCM simulations suggesting such a trend, there are still 
some differences between various models in terms of their simulation of the effect of 
climate change on ENSO. Collins (2000) notes that the response of the Hadley Centre 
model at 4xCO2 conditions gives a mean pattern that is somewhat El Niño-like, in 
agreement with the recent results of Timmermann et al. (1999). In contrast, Meehl et 
al. (2000) compare the results of two climate models, the National Center for 
Atmospheric Research (NCAR) U.S. Department of Energy (DOE) model and the 
NCAR Climate System Model (CSM). They show that while the DOE model 
produces an El Niño-like response as a result of global warming, the CSM model does 
not. They attribute the differing model response to substantial differences in the way 
that the clouds simulated by each model respond to increasing CO2.  
 
Whether a SST signature that is more El Niño-like has yet emerged in the observed 
record remains a controversial issue. Lau and Weng (1999) note that analysis of 
observed SSTs from 1955-97 suggests that the rapid warming since the 1970s is a 
manifestation of a decadal or multidecadal signal. Thus, in their view, the more 
frequent El Niños observed since the 1970s may be related to the modulation of the 
ENSO interannual variability by interdecadal variations, rather than caused by global 
warming. They detected relatively little change in the east-west temperature gradient 
across the Pacific in their analysis; a decrease in the gradient would have indicated a 
trend to more El Niño-like mean conditions, but this was not shown in their analysis. 
 
On the other hand, some recent evidence from climate of the past suggests that the 
warming since the 1970s may be unusual compared to typical natural variability. 
Hughen et al. (1999) examined the ENSO variations measured in oxygen isotopes and 
elemental ratios extracted from fossil coral that grew 124,000 years ago in the central 
Indonesian region, near the island of Sulawesi. The measured frequency pattern of 
ENSO variability at that time is similar to the variability in modern instrumental 
records, but distinct from that in the period since the mid-1970s. These results tend to 
support the hypothesis that ENSO behaviour since that time has been unusual with 
respect to normal interannual variability.  
 
2.4.2 Changes in the variability of ENSO 
Recent work has thrown more light on possible changes in ENSO variability in a 
warmer world. In the previously-mentioned simulations described in Collins (2000), 
no statistically significant changes in ENSO variability occur until 4xCO2 conditions 
are reached. At this level of CO2 concentration, the simulated ENSO has a frequency 
about double that of the simulated ENSO in the current climate – in other words, with 
a period reducing from 3-4 years in the control simulation to 2-3 years in the 4xCO2 
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simulation. The model ENSO also becomes about 20% stronger than the control 
simulation. The increased strength of the simulated ENSOs is attributed to the 
increased vertical temperature difference across the thermocline, or the region of 
strong vertical temperature gradient in the upper ocean. A sharper thermocline has 
been previously shown to give stronger ENSO fluctuations (Münnich et al., 1991; 
Wilson, 2000).  
 
A sharper thermocline and stronger ENSO variations in a warmer world were also 
simulated by Timmermann et al. (1999), although the resulting stronger ENSO 
variations occurred earlier in their model simulation, as they presented results only 
out to 2100 (slightly later than equivalent 3xCO2 conditions). The stronger 
thermocline in their simulations is caused by temperatures rising near the surface but 
falling at deeper ocean levels. They attributed the deeper ocean cooling to a greater 
inflow of cold waters caused by an intensification of the atmospheric Hadley 
circulation, particularly in the Southern Hemisphere. 
 
Again, the confidence of these predictions may depend on processes that are not 
entirely understood, such as cloud feedbacks in the equatorial Pacific. The continued 
development of improved models, such as the CSIRO Mark 3 GCM, will be 
important in building a consensus for changes in ENSO variability in a warmer world. 
 



Climate Change in Queensland under enhanced greenhouse conditions 

 62

 
2.5 Simulation of current climate by CSIRO Mark 3 GCM 
One of the main tasks undertaken recently by CSIRO Atmospheric Research is the 
development of a new, state-of-the-art coupled ocean-atmosphere GCM. The main 
motivation for this task has been to develop a model that has a good simulation of 
ENSO variations so that more confidence can be placed in its predictions of the effect 
of climate change on ENSO, and how this affects the predicted patterns of rainfall 
change over Queensland. The previous Mark 2 version of the coupled model (Gordon 
and O’Farrell, 1997) produced ENSO-like variations, but these had some deficiencies, 
most notably their small amplitude compared to those observed. In this section, 
aspects of the Mark 3 GCM simulation of ENSO in the current climate are presented, 
showing that Mark 3 produces ENSO variations of more realistic size. The 
climatology of the Mark 3 model is still being improved at this time, but already it 
simulates many aspects of the observed ENSO variability. 
 
The experiments described in this section use a high-resolution version of the Mark 3 
CSIRO GCM. The horizontal resolution of the atmospheric component is 
approximately 200 km, with 18 vertical levels. It contains a land-surface scheme 
(Kowalczyk et al., 1991, 1994) that simulates the effects of vegetation. Precipitation is 
calculated in the model using the methods described in Rotstayn (1997) and Rotstayn 
et al. (2000). The main difference between the Mark 3 GCM and the Mark 2 version 
(apart from the finer horizontal resolution) is the maintenance in the Mark 3 ocean 
GCM of a sharp thermocline (Wilson, 2000). This has been shown to make the ENSO 
variations larger than in Mark 2 and thereby more realistic. 
 
Figure 2.35 shows a comparison between the observed and simulated global rainfall 
for January. The observed rainfall (1979-1995) is from Xie and Arkin (1997), and the 
simulated rainfall is for twenty-four years of the Mark 3 simulation. Many features of 
the observed global pattern of precipitation are well reproduced, including the sharp 
gradient of rainfall in the central Pacific region from the high-rainfall region of the 
Intertropical Convergence Zone (ITCZ) just north of the equator to the dry region 
immediately to the north of the ITCZ. Rainfall over northern Australia is 
overestimated but the pattern of rainfall is good. For July (Fig. 2.36), the simulated 
rainfall pattern is good over both northern and southern Australia, while again the 
global patterns of rainfall are generally well reproduced. Rainfall is overestimated 
over the west coast of South American and over southern Africa, however. 
 
The model is also able to simulate year-to-year variations quite well. A standard test 
of the atmospheric part of the model is to force it with observed SSTs over a number 
of years and see if model variations in atmospheric parameters are similar to those 
observed. Figure 2.37 shows the Mark 2 and Mark 3 atmospheric model’s simulation 
of the observed Southern Oscillation Index (SOI), as defined by Troup (1967). Both 
models simulate the observed SOI variations well, with Mark 3 giving a particularly 
good simulation of the 1982 El Niño event.  
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Figure 2.35. January rainfall in mm per day for (a) observations (Xie and Arkin, 1997); and (b) Mark 3 
coupled model simulation. 
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Figure 2.36. The same as Fig. 2.35 for July. 
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In addition to giving an excellent simulation of the observed SOI when forced by 
observed SSTs, the unforced coupled ocean-atmosphere version of the Mark 3 GCM 
produces large amplitude variations in central Pacific SSTs, internally generated by 
the model, of the kind observed in reality. Figure 2.38 shows the simulated year-to-
year variations in Niño 3.4 SSTs, where Niño 3.4 is defined as the average SST over 
the region 5°N-5°S, 170°W-120°W. The first five years of this run are omitted as the 
GCM was still “spinning up” during this time. Positive SST anomalies averaged over 
this region are more than 2° in year 28 of the model run; this would correspond to a 
model-generated El Niño. There are also substantial model-generated La Niña events, 
where the Niño 3.4 SST anomaly goes below -1°C. The period of the ENSO 
variations is also reasonable, typically 2-3 years, which is similar to observations (e.g. 
Allan et al., 1996). 
 
There is also a substantial model-generated SOI, shown in Figure 2.39. Values in year 
28 of the model run are lower than –20, which compares well with observed El Niño 
variations of this quantity: for instance, during the 1982 El Niño, which was 
particularly severe, SOI values dipped to a little less than –30. Another way of 
showing these variations is in Figure 2.40, which shows global SST patterns for a 
typical model El Niño and La Niña. For the El Niño occurring in year 28 of the model 
run (Fig. 2.40a), peak SST anomalies are more than 2°C across a large region of the 
central and eastern Pacific. Negative SST anomalies are also generated in the 
Australian region, as observed. For the simulated La Niña of year 26 (Figure 2.40b), 
anomalies are more negative than –3°C in one region of the eastern Pacific. These are 
substantial anomalies compared with observations and indicative of the ability of 
Mark 3 to generate large ENSO variations. 
 
Figure 2.41 shows global rainfall anomalies for model-generated El Niño and La Niña 
conditions. For simulated El Niño conditions (Fig. 2.41a), January rainfall anomalies 
are strongly negative over much of northern Australia, similar to observed. There is 
also a large negative anomaly over the South Pacific region adjacent to Australia, with 
positive anomalies further eastwards in the South Pacific past the dateline, generally 
as observed. In contrast, for simulated La Niña conditions (Fig. 2.41b), rainfall 
anomalies over much of northern Australia are strongly positive, with accompanying 
positive anomalies in the adjacent South Pacific region. In general, these are also in 
agreement with observed ENSO variations (e.g. Allan et al., 1996).  
 
In summary, while further work is still being performed on the CSIRO Mark 3 GCM, 
its present simulation of ENSO variations has a good representation of a number of 
the characteristics of the observed ENSO. 
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Figure 2.37. CSIRO Mark 2 and Mark 3 atmospheric GCM simulation, when forced with observed 
SSTs, of the observed SOI. The bold line is the observed SOI. The line marked “AMIP I” is the SOI 
simulated by the Mark 2 atmospheric GCM; the line marked “AMIP II” is that simulated by the Mark 3 
GCM. AMIP I and II are two international model comparison experiments, with AMIP I simulating the 
period ending in 1988, and AMIP II in 1996. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.38. Variations in the “Niño 3.4” index of equatorial SST as simulated by Mark 3. 
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Figure 2.39. SOI generated internally by Mark 3 coupled ocean-atmosphere GCM, rather than from 
specified SSTs as in Fig. 2.37. 
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Figure 2.40. SST anomalies generated by Mark 3, for (a) a selected model El Niño year; and (b) a 
model La Niña year. Contour interval is 1° C. 
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Figure 2.41. Rainfall anomalies in mm per day for (a) a selected Mark 3 model-generated El Niño 
year; and (b) the same for La Niña conditions. 
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3. Climate change and tropical cyclones (Item 2.3.2) 
 
3.1 Introduction 
In addition to reviewing the latest understanding of the effect of climate change on 
tropical cyclones, this section details the results of new simulations, as well as making 
an estimate of the effect of climate change on the return periods of tropical cyclone 
winds in several locations along the coast of Queensland. The return period, the 
average time between events of a certain magnitude, is an important variable in 
assessing the impact of climate change because of its role in design standards and 
planning. 
 
Recent results continue to suggest that there are likely to be some increases in tropical 
cyclone intensities in a warmer world (Knutson et al., 1999; Walsh and Ryan, 2000). 
Building on previous work, Knutson et al. (2000) incorporated an ocean that interacts 
with the atmosphere into simulations of the effect of climate change on tropical 
cyclone intensities; previous simulations used sea surface temperatures (SSTs) as 
specified from the forcing GCM. Their results suggest that the inclusion of 
ocean/atmosphere interaction has only a minor effect on previous results that 
simulated the intensification of tropical cyclones in a warmer world, with the 
predicted intensification slightly reduced compared with that predicted by a model 
with no ocean/atmosphere interaction. In other words,  the prediction of stronger 
tropical cyclones is supported by a number of different approaches, from theoretical 
techniques (e.g. Holland, 1997) to the above-mentioned numerical studies. Because 
these studies have been performed with different climate models in different regions 
of the globe, and yet have obtained similar results, this strengthens the consensus on 
this issue. 
 
3.2 Further simulations of tropical cyclones under climate change 
Previous work in the Australian region (Walsh and Katzfey, 2000) suggested that 
tropical cyclones might track further poleward in a warmer world. However, at the 
time of writing this is the only climate model in the world displaying this behaviour. 
In addition, this simulation was performed using DARLAM at a horizontal resolution 
of 125-km, which is adequate for simulation of tracks but not for intensities. This 
limits the interpretation of the results, particularly when the physical reasons need to 
be investigated for the dissipation of storms at the poleward limit of their tracks. As a 
result, in Walsh and Katzfey (2000) it was not possible to determine unambiguously 
the reason for the simulated poleward shift of cyclone occurrence simulated in a 
warmer world. Analysis showed that the southward shift in occurrence could be 
explained by a slight southward shift in formation combined with tracks that were 
more southward under enhanced greenhouse conditions. The analysis did not answer 
the question of why the storms were able to maintain their intensities further south in 
a warmer world despite atmospheric conditions that remained unfavourable for the 
maintenance of storm intensities, namely high vertical wind shear, the difference in 
wind speed and direction between upper and lower levels in the troposphere. 
 
Accordingly, similar simulations at higher horizontal and vertical resolutions were 
undertaken. It was found in previous work (Walsh and Ryan, 2000) that a horizontal 
resolution of 30 km is adequate (although not ideal) for the simulation of tropical 
cyclone intensities. The simulations described in this section are at this resolution and 
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are implemented over the domain shown in Fig. 3.1. These simulations are driven at 
their boundaries by the 125-km resolution DARLAM simulation whose 
characteristics were described in Nguyen and Walsh (2001), which in turn is forced at 
its boundaries by the CSIRO Mark 2 coupled ocean/atmosphere GCM. In other 
words, these are “multiply-nested” simulations. So far, 30 Januaries have been 
simulated for 1x and 3xCO2 conditions. These results are presented and discussed in 
this section.  
 

ID

20S

40S

30S

140E 160E 180  
 
 
 
Figure 3.1. Domain for 30 km DARLAM simulations described in the text. 

 
 
Figure 3.2 shows the detected tracks of the “tropical cyclone-like vortices” (TCLVs) 
in the 30-km DARLAM simulations. Here we show all TCLVs that have low-level 
wind speeds of at least 17 ms-1, the observed tropical cyclone intensity threshold.  
Numerous TCLVs are generated by the model, and their tracks follow paths that are 
similar to those observed. There are a couple of anomalies in the 3xCO2 simulation: 
TCLV formation is simulated near the coast of New South Wales, where it never 
occurs in reality in the current climate. Further analysis is required to investigate the 
reasons for this. Figure 3.3 compares the number of TCLVs formed and their 
occurrence to observed formation and occurrence by latitude band. Here, occurrence 
is defined as the number of cyclone-days in each latitude band. Figure 3.3 shows that 
cyclone formation and occurrence are generally well simulated, although formation is 
underestimated in the 10-15°S latitude band, and overestimated in the 20-25°S 
latitude band. Examination of Fig. 3.1 suggests that this latitude band is in close 
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proximity to the northern boundary of the DARLAM domain. This boundary is 
suppressing intense TCLV formation through the forcing by the coarser-resolution 
125-km simulation, where considerably weaker vortices are generated. To avoid this 
problem, new simulations are under way where this boundary is extended further 
north. 
 

 
(a) (b) 
 
Figure 3.2. Tracks of simulated TCLVs, for (a) 1xCO2 conditions; and (b) 3xCO2 conditions. Crosses 
are formation locations. 

 
 

(a)       (b) 
Figure 3.3. Comparison between observations, 1x and 3xCO2 simulations for (a) formation of 
cyclones; and (b) occurrence of cyclones. 
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Under 3xCO2 conditions, formation decreases. This was also simulated in the 125-km 
simulation using the same GCM forcing (Nguyen and Walsh, 2001). Note that these 
results may only be applicable to the south-west Pacific region over which DARLAM 
is implemented. A general decrease in tropical cyclone numbers in a warmer world 
has also been simulated by other models (Yoshimura et al., 1999); nevertheless, 
Tsutsui et al. (1999) and Walsh and Katzfey (2000) simulated little change in numbers 
in the south-west Pacific region. Therefore it is probably premature to state what the 
change of tropical cyclone numbers in a warmer world will be, particularly because 
the direction of change is likely to be different for various regions of the globe. 
 
Depending upon the latitude band in question, the results of Fig. 3.3 suggest both 
increases and decreases in TCLV occurrence as a result of climate change. These 
results must be considered preliminary; simulations of other months besides January 
and a more detailed analysis needs to be performed before firm conclusions can be 
drawn. 
 
What percentage decrease in cyclone occurrence would be required to negate the 
predicted increases in intensities? The damage caused by tropical cyclones increases 
very sharply as intensity increases. Therefore a 15% decrease in tropical cyclone 
occurrence would not be sufficient to negate a 15% increase in maximum cyclone 
intensity, an intensity increase within the range of current predictions. Clark (1997) 
suggests that a 15% increase in maximum cyclone intensity would cause more than 
double the amount of property damage caused by cyclones in the current climate. 
Thus to negate an increase in intensity of this size, the occurrence of tropical cyclones 
would have to fall by more than a factor of two, considerably larger than the changes 
in numbers simulated by recent model simulations. 
 
In addition to increases in tropical cyclone intensities, simulations suggest increases in 
rainfall generated by tropical cyclones. Knutson and Tuleya (1999) showed that near-
tropical cyclone precipitation increased by 28% in their enhanced greenhouse 
simulations compared to their current climate simulations. Similar results have been 
shown in the later, coupled ocean/atmosphere simulations of Knutson et al. (2000). 
Using a GCM, Yoshimura (2000, personal communication) simulated a 10% increase 
in precipitation near their model-generated tropical cyclones. Analysis of the TCLV 
simulations of Walsh and Ryan (2000) gives similar results, with the average of 
maximum daily rainfall rates near the simulated TCLVs being 29% greater under 
2xCO2 conditions than in the current climate, a result that is statistically highly 
significant. There are good theoretical reasons why rainfall might increase in intensity 
in a warmer world, as there is a large increase in lower tropospheric water vapour 
content and greater environmental evaporation rates. This increase in tropical cyclone 
rain rates in a warmer world may have some implications for the estimates of 
maximum precipitation rates due to tropical cyclones and the subsequent effects on 
infrastructure.  
 
3.3 Return period analysis of tropical cyclone winds   
3.3.1 Introduction 
In northern Australia, tropical cyclones are a major source of extreme winds that pose 
a threat to the built environment. As mentioned above, under enhanced greenhouse 
conditions, there is evidence to suggest that tropical cyclone intensities will increase. 
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Estimates of the return periods of extreme winds, the time between wind events of a 
specified intensity, are essential in the structural design of buildings. However, the 
current design standards for wind loading do not incorporate the issue of climate 
change. This study is the first to examine the possible changes to extreme wind return 
periods caused by tropical cyclones under enhanced climate conditions.  
 
The technique used in the present study involves coupling a statistical model of 
tropical cyclone occurrence with a simple model of the cyclone vortex to randomly 
simulate maximum winds (see McInnes et al., 2000). Model-simulated winds are 
converted to wind gusts, the crucial variable for design standards. Estimates of 
cyclone intensity changes under enhanced greenhouse conditions are made and these 
are inserted into the statistical model. New return periods of extreme winds under 
enhanced greenhouse conditions are thereby calculated. 
 
3.3.2 Methodology for Evaluating Tropical Cyclone Extreme Winds 
Return periods of extreme winds under present and enhanced greenhouse climates 
have been determined for five locations along the Queensland east coast: Brisbane, 
Hervey Bay, Mackay, Rockhampton and Cairns. 
 
The magnitude of the cyclone winds depends on the following factors: 
• intensity of the cyclone�s central pressure;  
• size of the cyclone (measured by the radius from the cyclone centre to the region 

of maximum winds); 
• cyclone track, including its direction of movement, forward speed and proximity 

to the location under consideration; and 
• speed of forward movement of the storm. 
 
In this study, tropical cyclone winds are generated by randomly selecting values of 
these parameters from statistical distributions calculated from observed historical 
records of cyclones. The selected parameters are then used in a simple model of the 
cyclone vortex to calculate the winds (Holland, 1980).  
 
Cyclone Climatology 
An analysis of the cyclone climatology was performed for each of the five study 
locations. Cyclone data in the Australian region are available from 1908, although 
data in the pre-satellite era (prior to the mid-1960s) are considered to be less reliable 
because a number of cyclones over the open ocean would not have been detected. 
However, in the interests of maximising the number of events so as to perform a 
meaningful statistical analysis in the present study, cyclones were selected from the 
1953 to 2000 seasons inclusive. This is justifiable for this study, as cyclones are 
analysed here that approach the coast in populated regions, where few or no cyclones 
would have been missed during this period. 
 
The boundary of cyclone influence can be defined as the distance from the location of 
interest at which the most intense storms produce no significant wind damage. The 
lower threshold of damaging wind speed is arbitrary, and here a lower limit of  20 m 
s-1 is used.  Based on the size and strength of typical tropical cyclones that affect the 
Queensland coast, this requires even the most severe storm to pass within a specified 
radius of the location in question.   
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Because the number of cyclones that have travelled within this distance of each 
location is small, it is not possible to use them adequately to represent the long-term 
distribution of cyclone behaviour (defined by storm intensity, size, speed and 
direction of movement). Accordingly, the analysis region must be expanded to 
encompass a larger section of the coast. In doing this, it is assumed that cyclone 
behaviour is reasonably homogeneous over a small area surrounding each location. 
Thus the probabilities associated with cyclone activity in the expanded region can be 
appropriately scaled to represent cyclones affecting the location of interest.    
 
For example, Figure 3.4 shows the storm analysis for Mackay.  All storms that passed 
within two degrees of latitude (approximately 220 km) of the coast were included in 
the analysis.  Cyclones crossing the straight line drawn along the coast were defined 
as ‘coast-crossing’.  Others  crossing the line drawn perpendicular to the coast from 
the location of interest were defined as ‘coast-parallel’ cyclones.  Table 3.1 
summarises the latitude range from which coast-crossing and coast-parallel cyclones 
for each location are selected.  The mean annual recurrence rates (the time interval 
between events) for each cyclone type are also given. 

 

Figure 3.4. Cyclone analysis region for Mackay. Longitudes and latitudes (in degrees) are indicated. 
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Table 3.1. Details of observed cyclones used in statistical analysis. Recurrence is defined as 
the average time between events. 

 
 

Location 
 

 
Region 

 
Number of  
Cyclones 

Average 
Recurrence of 

Coastal Crossing 
Cyclones (years) 

Average 
Recurrence of 
Coast-Parallel 

Cyclones (years) 
Brisbane 25.8°S - 30°S 10 7.4  16.7  

Hervey Bay 23.5°S - 28°S 19 4  8.8  
Rockhampton 20.5°S - 25.5°S 16 5.5  14.7  

Mackay 19.5°S - 23°S 22 4  14.7  
Cairns 14.5°S - 19.2°S 26 3.7  7.4  

 
 
Cyclone Intensity 
Cyclone intensity, the maximum wind speed close to the surface, is directly related to 
the cyclone central pressure. An analysis of storm central pressure was made by 
obtaining the minimum pressure of each storm within the regions defined in Table 3.1 
for each location. A statistical distribution was then fitted to the pressure data. The 
distribution used in the present study is the Generalised Pareto Distribution (GPD), 
which is of the form,  
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where  s is a scale factor and k is a shape factor.  The case k < 0 is the usual Pareto 
Distribution. Unlike the often-used Gumbel distribution, which is frequently used in 
extreme weather applications, the GPD has the advantage that it has an upper limit for 
extreme values. This is often more realistic in geophysical applications (Holmes and 
Moriarty, 1999), and is particularly important for tropical cyclones, as there are good 
physical reasons to believe that there are upper limits to the possible intensity of cyclones 
in any one location (e.g. Holland, 1997). The GPD also has an advantage over the 
Gumbel distribution in that all available data are used to fit the distribution rather than 
just the extreme value within a specified time interval. The fitted cumulative distributions 
are shown in Fig. 3.5. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.5. Cumulative probability of cyclone intensity for each location. 

0

0.2

0.4

0.6

0.8

1

920 930 940 950 960 970 980 990 1000

Storm Pressure (hPa)

Pr
ob

ab
ilit

y

Cairns
Mackay
Rockhampton
Hervey Bay
Brisbane



Climate Change in Queensland under enhanced greenhouse conditions 

 77

 
Translation Speed 
The speed of movement of the cyclone is important as it contributes to the magnitude 
and distribution of wind speed around the storm. In the Southern Hemisphere, winds 
circulating around the cyclone centre on the left side of the storm (facing the direction 
towards which the cyclone is moving) are in the same direction as the movement of 
the storm. Therefore the direction of storm movement increases the speed of these 
winds. On the right side of the storm, the wind direction is opposite to the direction of 
movement, which reduces winds on this side. Thus the faster moving the cyclone, the 
greater the asymmetry in the wind field. 
 
The average speed of movement was calculated over a period of twelve hours as the 
cyclones either moved across the coast (for coast-crossing storms) or near to the coast 
(for coast-parallel cyclones).  Probability distribution functions were fitted to the 
results at each location by pooling both sets of cyclones and fitting a single 
distribution, shown in Figure 3.6. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.6. Probability distributions for storm speed at each location.  

 

Direction of Approach 
The direction of cyclone approach was determined by calculating the mean cyclone 
direction over the same twelve hour period centred on each cyclone’s coastal crossing 
location (for coast-crossing cyclones) or the closest approach to the location of 
interest (for coast-parallel cyclones). Normal or log normal distributions were fitted to 
the results and these are shown in Figure 3.7. A bi-modal distribution was fitted for 
Mackay, where the orientation of the coast allows some storms to cross the coast from 
a more north-westerly direction, compared with the other locations. 
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Figure 3.7.  Probability distributions for storm direction at each location.  

 
Radius of Maximum Winds 
The wind field associated with a tropical cyclone depends on both its intensity and 
spatial extent. The latter is generally characterised by the radius of maximum winds 
(RMW), defined as the distance from the cyclone centre to the band of maximum 
winds.  Due to the absence of data on cyclone size, a mean RMW of 30 km was 
applied to all cyclones in the current study. 
 
Cyclone Filling 
To account for the fact that storms lose intensity (i.e. ‘fill’) after crossing the coast, a 
statistical filling algorithm was applied in the numerical modelling procedure.  This 
algorithm is based on an aggregated analysis of coast-crossing cyclones extracted 
from the cyclone data base. 
 
The relationship between cyclone filling and both its time over land and distance from 
the coast was considered.  However, best results were found by relating the filling rate 
directly to the speed of movement of the cyclone.   
 
The filling algorithm is then given by: 
 
 

2

2

1
0 a

a
p*

cva∆p +��
�

�
��
�

�
= , 

 
(3.2) 

where ao, a1 and a2 are empirically derived constants, vc is the speed of the cyclone and 
p* is the pressure deficit given by  
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(3.3) 
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p being the cyclone central pressure. ∆p has units of hPa hr-1. 
 
Figure 3.8 shows the derived relationship for three cyclone speeds and Figure 3.9 
shows predicted versus observed pressures for 10 randomly selected events. Good 
agreement is shown between the predicted filling based on equation 3.2 and the 
observations. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.8.  Relationship between cyclone filling rate and pressure as a function of cyclone speed as it 
moves inland (based on Eq. 3.2).  
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Figure 3.9. Predicted cyclone filling rates versus observed filling rates for ten randomly selected 
coastal crossing storms. 

 
Monte-Carlo Simulations 
The fitted probability distributions described above are used in a “Monte-Carlo” 
technique to generate individual synthetic cyclones. In this method, individual 
cyclone characteristics, including storm track, intensity, and speed of movement, are 
randomly selected and used to generate synthetic cyclones. A cyclone crossing point 
is also selected. In the case of coastal crossing cyclones, this is a location on the 
coastline that lies less than 1.0° to the north and south of the location of interest, as 
these are cyclones that are close enough to cause extreme winds. This is a smaller 
region than that over which cyclones from the observational record were extracted 
and this is taken into account by reducing the frequency of coast-crossing cyclones in 
Table 3.1 when calculating the return periods. In the case of coast-parallel cyclones, a 
crossing point is chosen along a fictitious line extending perpendicularly from the 
coast about 1.5° to the east. Once the crossing point is selected, a start and finish 
location and time for the cyclone is determined from the speed and direction 
parameters. A 24-hour cyclone simulation is performed for each selection of cyclone 
variables with the simulation commencing 15 hours before the cyclone reaches the 
crossing point. The maximum winds are recorded at the selected location in the 24-
hour period of simulation and used in the return period analysis. 
 
Approximately 2000 cyclone simulations were performed for each coastal location, 
comprising a mix of coast-crossing and coast-parallel cyclones depending on the 
average frequency of cyclones of each category observed in each location. The output 
of the model is the gradient wind speed, which is related to the surface pressure 
distribution in the cyclone. 
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3.3.3 Wind Loadings in Urban Design 

The gust speed, sec2Û , is the wind speed used in the design of small buildings in the 
Australian Standard for Wind Loads (Standards Australia, 1989). In urban areas, the 
magnitude of wind gusts is reduced by the sheltering effect of buildings located 
upstream and by the adjustment of the boundary layer (the region of the atmosphere 
close to the surface) to the rougher terrain (if the distance travelled by the wind over 
land is large enough). In the present study, gust speeds are evaluated at 4-m height, 
which is appropriate for wind loads on low-rise buildings. The ratio of the gradient 
wind speed, ∞U , calculated in the cyclone wind model to the gust speed at 4 m, 

mU 4sec,2
ˆ , can be determined as follows: 
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(3.4) 

 
Here, mU 10min,10   is the average wind speed over a period of 10 minutes at a height of 
10 m. Following Standards Australia (1989), the ratio of the 10-m wind to the 
gradient wind is taken to be: 
 
 

0.66 north of 25° S,  
=

∞U
U m10min,10

0.62 south of 25° S. 
 
(3.5) 

 
Studies into the relationship between wind gusts and mean wind speed have been 
undertaken by Deacon (1965) for mid-latitude gales in flat, open country, Ishizaki 
(1983) for Japanese tropical cyclones (typhoons), and Krayer and Marshall (1992) and 
Black (1992) for hurricanes in the United States. Based on these studies, the ratio of 
the 2-second, 10-m gust to the 10-m mean wind speed is found to range from 1.45 to 
1.66 (John Holmes, personal communication, 2000).  In the present study, the 
following ratios have been adopted: 
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1.50 south of 25° S. 
 
(3.6) 

 
Following Standards Australia (1989), the ratio of the 4-m gust to the 10-m gust is 
taken to be: 
 

0.925 north of 25° S,  
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0.88 south of 25° S. 
 
(3.7) 

 
Therefore the factors used in (3.4) are given as follows 
 

0.98 north of 25° S,  
=

∞U
U m4sec,2
ˆ

0.82 south of 25° S, 
 
(3.8) 
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for winds over open country and coastal waters. 
 
Over urban terrain, further modification to the wind reduction factors occurs due to 
the sheltering effect of upstream rows of houses. Standards Australia (1989) gives this 
reduction factor as 0.85, which is applicable for buildings at least one row downwind 
from the ‘edge of town’. 
 
There is also a gradual reduction in wind speeds as air travels over rough terrain such 
as urban buildings. Standards Australia (1989) allows for a linear reduction over a 
distance of 2.5 km. Table 3.2 gives the adjustment factors (multiplicative factors used 
to reduce gust strength) for gust wind speeds at a height of 4 m due to this effect. 
 
 

Table 3.2. Adjustment for change of terrain. 

Distance into urban terrain 
(m) 

Adjustment factor 
(north of 25° S) 

Adjustment factor  
(south of 25° S) 

1000 0.95 0.94 
2000 0.89 0.88 

> 2500 0.86 0.85 
 
 
Since there is little difference in these values north and south of 25° S, the more 
conservative values (the higher ones) are used. These additional adjustments are 
incorporated into the wind reduction factors used for each of the five coastal locations 
by taking into account the terrain features of each location. These factors are 
summarised in Table 3.3. For each location, only the highest and lowest values are 
shown and refer to the most and least vulnerable areas within each location. For 
example, in Cairns, the suburbs that are most exposed to wind effects are the hillside 
suburbs, especially when the wind is from the east. Those least exposed are situated 
more than 2.5 km from the edges of the main urban area and are afforded some 
sheltering by the surrounding housing.  
 
These factors are applied to the winds generated over each location during the cyclone 
simulation and the maximum values of the low and high 4-m gusts are extracted and 
stored for later analysis. 
 

Table 3.3. Ratio of mU 4sec,2
ˆ  to ∞U  for the five locations indicated. The high value applies to 

residential areas that are most exposed to wind effects and the low value to residential areas 
that experience the maximum sheltering effects. 

High Low Location 
Directions Gust factor Directions Gust Factor 

Brisbane all 0.60 all 0.49 
Hervey Bay all 0.70 all 0.62 
Rockhampton N,S,W 

E 
0.83 
0.75 

N,S,W 
E 

0.72 
0.67 

Mackay all 0.83 all 0.74 
Cairns N,S 

E 
W 

0.83 
0.90 
0.75 

N,S 
E,W 

0.72 
0.64 
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3.3.4  Impact of Climate Change 
Some additional assumptions need to be made about the effect of climate change on 
tropical cyclone intensities in each location. In McInnes et al. (2000), which examined 
the effects of climate change on the tropical cyclone climate in the Cairns region, 
tropical cyclone mean central pressures were assumed to decrease by 10 hPa (i.e. 
become more intense), and the standard deviation of tropical cyclone intensities was 
assumed to increase by 5 hPa. These results were derived from previous climate 
model simulations by Walsh and Ryan (2000).  In that study, a large number of 
TCLVs in both the present and enhanced climate simulations of a regional climate 
model were selected for re-simulation at a higher model resolution. Cyclones of 
central pressure 985 hPa were then inserted at the position of the original TCLV and a 
higher-resolution simulation conducted to allow the cyclone to develop to its 
maximum intensity. This is a relatively intense cyclone for the region. Comparing the 
maximum intensities of the cyclones in the two climates indicated that under 
enhanced greenhouse conditions, the average intensity of cyclones was 10 hPa deeper 
and the standard deviation had increased by 5 hPa. 
 
These figures are appropriate for Cairns, which is in a region where the most intense 
cyclones occur off the Queensland coast. Some adjustments need to be made for the 
other locations, however, where intensities are generally lower. This is especially true 
in the far southern regions of tropical cyclone occurrence. If tropical cyclones do not 
travel further south in a warmer world, then their typical latitude of dissipation will 
remain the same. Thus at this latitude, the change in tropical cyclone intensity in a 
warmer world will be zero. If we assume a maximum central pressure for tropical 
cyclones of 1000 hPa, then the amount that the central pressures of cyclones are less 
than 1000 hPa in the current climate can be used to scale the assumed changes in 
intensity under enhanced greenhouse conditions. This amount would be different at 
each location. For example, at Mackay the mean cyclone intensity in the current 
climate is 22.4 hPa less than 1000 hPa (an “exceedance” of 22.4 hPa). Since the 
exceedance at Cairns is 29.3, we calculate a change in mean at Mackay under climate 
change conditions of 10x(22.4/29.3) = 7.6 hPa.  Similar scalings for all locations are 
shown in Table 3.4.  
 
The changes in mean and standard deviation in Table 3.4 are used to generate a 
modified Pareto distribution of cyclone intensity based on those determined for the 
five locations for the current climate on the basis of historical cyclone information. 
From these modified distributions, additional Monte-Carlo simulations can be 
performed.  
 
We note, however, that these changes represent an upper threshold for changed 
climate conditions because, as discussed above, in Walsh and Ryan (2000) the 
changed means and standard deviations were derived after inserting relatively intense 
(985 hPa) cyclones. For less intense cyclones, it is possible that the average increase 
in intensity in changed climate conditions would be less than this.  Thus, in the 
present study, a lower threshold was also determined for increases in cyclone intensity 
under changed climate conditions. This was achieved by taking the population of 
cyclone intensities selected via the Monte-Carlo process for Cairns under present 
climate conditions and reducing the intensity by 10 hPa for all cyclones with an 
intensity of 985 hPa or deeper and then re-calculating the population mean and 
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standard deviation. This assumes that no change in intensity of cyclones weaker than 
985 hPa occurs, and therefore constitutes a lower threshold of possible cyclone 
intensity change. It is expected that under actual changed climate conditions, the 
modified Pareto curve for each location would lie somewhere between the upper and 
lower limit. For locations to the south of Cairns, the lower threshold values of mean 
and standard deviation are once again scaled on the assumption of no change in the 
dissipation latitude. The resulting values are given in Table 3.4. 
 
Using the changes in mean and standard deviation indicated in Table 3.4, two 
modified Pareto distributions of cyclone intensity are derived for each location and 
two sets of changed climate Monte-Carlo simulations were performed representing an 
upper and lower limit of likely occurrence. 
 

Table 3.4. Summary of changes to cyclone climatology under enhanced greenhouse 
conditions. Units are hPa. 

Location Present Climate 
Average 

Intensity (µ) 

Present Climate 
Standard 

Deviation (σ) 

∆µ 
(Changed 
Climate) 

∆σ 
(Changed 
Climate) 

   Upper Lower Upper Lower 
Cairns 971 18.6 -10.0 -7.2 5.0 3.5 
Mackay 978 16.7 -7.6 -5.4 3.8 2.7 
Rockhampton 977 15.1 -7.8 -5.6 3.9 2.7 
Hervey Bay 981 14.5 -6.4 -4.6 3.2 2.2 
Brisbane 986 11.2 -4.9 -3.6 2.4 1.6 
 
3.3.5 Results 
The 10-m winds from the 2000 cyclone simulations in each region under present 
climate conditions are ranked and fitted to a Pareto Distribution, as shown in Figure 
3.10. This figure shows wind speed return periods for current climate for both high 
and low exposures (i.e. the amount of sheltering by other buildings; black curves); 
and the same for changed climate conditions, with the lower limit shown by the green 
curves and the upper by the red curves. The location exhibiting the lowest probability 
of tropical cyclone wind damage is Brisbane, owing to the relatively low number of 
tropical cyclones that affect this location.  Cairns experiences not only the greatest 
threat from cyclone wind damage, but also the largest range of wind exposure. 
 
The maximum 10-m wind return periods for each location are compared with the 
current wind code guidelines (Fig. 3.11). This figure compares the wind speed design 
standards over open ground for similar wind speeds generated by the model. For 
Brisbane, the cyclone wind gusts calculated in the present study are considerably 
lower than the wind design standards. However, we note that the code estimates are 
based on all wind gusts including those due to thunderstorms, while the current study 
considers only gusts caused by tropical cyclones. 
 
In an analysis of thunderstorm related wind gusts based on anemograph records 
(Bureau of Meteorology, 1997), 1000-year average gust predictions (based on several 
fitting methods) were approximately 56 m s-1 (48 years of record) and 46 m s-1 (33 
years of record) at Brisbane and Gladstone respectively. These results, combined with 
those of the current study, suggest that thunderstorm winds dominate extreme wind 
statistics in south-east Queensland while cyclone activity dominates to the north.  
Combining the cyclone predictions from the current study with the thunderstorm 
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related predictions from the earlier study would produce a result consistent with the 
Wind Code Region B standard.    
 
The results of Fig. 3.11 show that increases in tropical cyclone wind speeds, by 
themselves, are unlikely to have an impact on building design standards in south-east 
Queensland, because projected increases in intensities still leave an adequate safety 
margin below the design standard. Further north, wind speeds in a warmer climate 
exceed the design standards, with the greatest impact likely in Cairns. This also 
occurs to a lesser extent in Mackay. The practical implications of these results for 
design standards need to be assessed. 
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Figure 3.10. Distributions of 10-m wind gusts at the five locations. Black curves are current climate 
(high and low exposure, as described in the text); green curves 2xCO2 climate, lower limit of intensity 
increase (high and low exposure); and red curves are the same for the upper limit of intensity increase.  
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Figure 3.11. Wind speed return periods over open ground compared with design standards. Design 
standards are indicated by crosses, while the calculated wind speeds are for the current climate (black 
curve); enhanced greenhouse climate, lower limit (green curve) and upper limit (red curve). 

Cairns

0

20

40

60

80

100

120

10 100 1,000 10,000

Return Period (yrs)

W
in

d 
Sp

ee
d 

(m
/s

)

Mackay

0

20

40

60

80

100

120

10 100 1,000 10,000

Return Period (yrs)

W
in

d 
Sp

ee
d 

(m
/s

)

Rockhampton

0

20

40

60

80

100

10 100 1,000 10,000

Return Period (yrs)

W
in

d 
Sp

ee
d 

(m
/s

)

Hervey Bay

0

20

40

60

80

100

10 100 1,000 10,000

Return Period (yrs)

W
in

d 
Sp

ee
d 

(m
/s

)

Brisbane

0

20

40

60

80

100

10 100 1,000 10,000

Return Period (yrs)

W
in

d 
Sp

ee
d 

(m
/s

)



Climate Change in Queensland under enhanced greenhouse conditions 

 88

3.3.6 Discussion and Conclusions 
The level of confidence of these results can only be described as moderate. This is 
because of combined effects of uncertainty in the predictions of the effect of climate 
change on tropical cyclone intensities and the assumptions made about the regional 
variation of this change. Additionally, another source of uncertainty is the possible 
effect of climate change on ENSO. If climate change leads to more El Niño-like 
conditions (see Section 2.4), this would likely reduce the number of tropical cyclone 
affecting the Queensland coast, all other things being equal. This would reduce the 
changes in wind gusts shown here; however, the possible reduction in total numbers 
of tropical cyclones close to the coast of Queensland in a warmer world has not been 
realistically quantified yet (e.g. Nguyen and Walsh, 2001). 
 
In addition, the impact of these predicted wind gust changes on the building design 
standard would have to be considered in the context of whether changes of this 
magnitude could lead to practical changes in design standards, given the level of 
uncertainty of the predictions. 
 
In summary, the predictions of climate model simulations have been used in 
conjunction with a statistical modelling technique to deduce changes in return 
periods of wind gusts at five locations in coastal Queensland under enhanced 
greenhouse conditions. Substantial increases in wind gusts for the same return period 
are shown for Cairns and Mackay, with smaller increases further south. The impact 
of these changes on building design standards is yet to be assessed. 
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4. OzClim and scenario development (Item 2.3.3) 
 
This section describes advances in scenario development, particularly regarding their 
applicability to impact studies and the management of uncertainty. Analysis is 
presented that delineates the relationship between precipitation and evaporation as 
simulated in climate models, showing that their changes in a warmer world are not 
independent. Using these relationships, it is also shown that most climate models are 
predicting drier soil conditions in Queensland in a warmer world.  
 
As part of this analysis, potential evaporation ( pE ) climate change scenarios are 
created, building on the uncertainty analyses presented in Section 6 of Walsh et al. 
(2000).  Potential evaporation is the evaporation that would occur from a surface if 
that surface were perpetually saturated and if the evaporation was quickly carried 
away by the wind so that it could not moisten the air enough to reduce further 
evaporation. Climate change patterns have been created for potential evaporation, 
vapour pressure, downward shortwave radiation, precipitation and temperature for a 
number of models, and these have been incorporated into OzClim, the interactive 
climate change scenario generator. Extra functionality has been built into OzClim, 
including interactive regridding and extraction of data for use in impact assessment. 
 
In addition, a CD containing the new release of the OZCLIM scenario generator 
(Version 2.0.1 Beta) is included with this report. In this section, some of the new 
features of this version are described. 
 
4.1 Potential evaporation scenarios 
4.1.1 Introduction 
In last year’s report, the use of output from the DARLAM 125-km regional climate 
model to simulate potential evaporation ( pE ) using the Complementary Relationship 
Areal Evaporation (CRAE) method (Morton, 1983) was described. An error analysis 
compared the results with those computed from observed climate records. It was 
concluded that climate scenarios of pE  could be calculated from climate models and 
used to construct pE  climate change scenarios. This is important as pE  is a crucial 
variable in many climate impact models. In this report, the results from seven climate 
models are presented and the relationship between pE , precipitation (P) and 
temperature (T) delineated, showing that these variables are not independent of each 
other. This interdependence reduces the possible range of future climate states. 
  
It is well understood that climatic variables show dependency between each other in 
the real world, and that this should be reflected in individual climate models. What is 
not so clear is whether this co-dependency is shared between models under climate 
change. If this is the case, one may hypothesise that if one climate variable changes 
by a certain amount then other variables showing dependence are more likely to 
change in some ways than others. For example, if P increases, then pE  may decrease 
if there is an accompanying increase in cloudiness, as would normally be expected. 
 
Reducing this type of uncertainty is important for at least two reasons: 
1. Current strategies applying constructed ranges of P and T in risk assessment 

assume that these two variables are independent (see Jones, 2000).  
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2. Scenarios of precipitation change for Australia have been equivocal about the 
direction of change (CSIRO, 1996). This has created a great deal of uncertainty 
about impacts on variables such as water supply and crop and pasture yield. 

 
If co-dependency between rainfall and other variables can be established, then the 
total uncertainty affecting such impacts can be reduced. This increases confidence in 
estimates of probability for certain outcomes, and while not directly reducing the 
uncertainty associated with P, can reduce the uncertainty surrounding impacts where 
it is a major driver. 
 
4.1.2 Method 
Changes in pE  were calculated for 7 models: the CSIRO Mark 2 AOGCM, CSIRO 
DARLAM 125 km, Deutsches Klimarechenzentrum DKRZ ECHAM4/OPYC3 and 
ECHAM3/LSG, Hadley Centre for Climate Prediction and Research HADCM3, 
Geophysical Fluid Dynamic Laboratory CGCM and the Canadian Center for Climate 
Modelling and Analysis CGCM. Details of the climate change simulation of these 
models are shown in Table 2.3. The changes in pE  are shown in Figure 4.1, and 
predominantly show increases in pE , or mostly drier conditions. Most changes are in 
the range of 2 to 10% per degree of global warming. The construction of multiple 
model scenarios for climate change allowed the question of dependence between 
different variables under climate change to be explored. 
 
To do this, P and pE  changes per degree of global warming were spatially sampled at 
grid intervals of 3°  over Queensland from the 0.25° resolution surfaces created for 
OzClim. These samples were taken quarterly at 23 grid points in Queensland and 
came from the outputs of 7 climate models, making a total of 644 samples. Note that 
although P and pE  are inversely correlated over the seasonal cycle (in any one 
season, when P is high, pE  is low), the analysis of model output is based on δP and 

pEδ , or changes to these variables. The complementary relationship of Bouchet 
(1963) on which the CRAE model is based (Morton, 1983) offers an indication of 
whether δP and  may be inversely correlated. This is illustrated schematically in 
Figure 4.2, which shows how pE  may be expected to change with respect to moisture 
availability, or in other words changes in rainfall. If there is no moisture available, 
then pE  is high and actual evaporation ( aE ) is zero. As moisture availability 
increases through increasing rainfall, actual evaporation increases and potential 
evaporation decreases. Finally, an equilibrium situation is reached for high moisture 
availability, where pE  is equal to aE  and is now defined as wE , the evaporation that 
occurs over a wet surface that is large enough to modify the atmosphere. The inverse 
correlation between pE  and aE  in Australia was also noted by Beer and Williams 
(1995). 
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Figure 4.1. Annual percentage change per degree of global warming to pE  in percentage for seven 
climate models. DARLAM 125 km annual percentage change in P is also shown for comparison with 

pE  changes. 
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Figure 4.2. Schematic diagram of CRAE relationship (adapted from Morton, 1983) where pE  + aE  

= 2 wE . 
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4.1.3 Results 
Figure 4.3 shows the results for the entire sample of 644 points. This produces 
changes consistent with those expected from Figure 4.2. The correlation between pE  
change and rainfall change is –0.65, giving an r2 value of 0.42, which is highly 
significant. This shows that the hypothesis of P change being inversely correlated 
with pE  change is confirmed. The practical outcome is that if rainfall increases, pE  
increases are likely to be small or slightly negative, whereas if rainfall decreases, pE  
is likely to undergo larger increases. The correlation between δT and δP is –0.33 and 
δT and pEδ  is 0.48, which is lower than that between pEδ  and δP. On a seasonal 
basis, correlations between δP and pEδ  are –0.71 for JJA, –0.62 for SON, –0.61 for 
DJF and –0.56 for MAM, which are also very significant. 
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Figure 4.3. Scatterplot showing samples of P and pE  change for seven climate models over 
Queensland with line of best fit. 

 
In Figure 4.3, about 45% of the samples imply a rainfall increase, and 97.5% 
represent an increase in pE . How does this translate into impacts? One of the simplest 
ways is to view Figure 4.3 in terms of EP −  deficit and to use this information to 
estimate the likelihood of the climate becoming wetter or drier, as indicated by 
changes in pE , which is more relevant for impacts on agriculture than just 
considering changes in P. In Figure 4.4, this is shown by the samples in Fig. 4.3 
overlain by several lines that mark the degree of change where δP and pEδ  cancel 
each other out. In other words, these lines show the amount of rainfall increase needed 
to balance an increase in pE  if one wanted to maintain the same moisture level. They 
show that in semi-arid climates where P is half pE , comparatively large increases in 
rainfall (2:1 P: pE  as percentages) are needed to balance increases in pE . Even in 
moist climates where P is twice pE , some increases in P are required to balance an 
increase in pE . The majority of the data points in Fig. 4.4 lie to the left of the three 
climate lines shown, towards drier conditions. This implies that for most climates in 
Queensland, the trend from the climate model results is towards drier soil conditions 
rather than wetter. 
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In summary, it has been shown that potential evaporation and precipitation changes 
simulated by climate models are not independent, but rather are related to each other. 
This reduces the possible number of future climate states. Analysis of the change in 
precipitation minus evaporation suggests most climate models are predicting 
generally drier conditions for Queensland in a warmer world. 
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Figure 4.4. Scatterplot showing samples of P and pE  change for seven climate models over 
Queensland with line of best fit with lines showing neutral changes in P/E ratio for moist, balanced and 
semi-arid climates. 

 
4.2 Implementation of new variables in OZCLIM 
OZCLIM is an interactive climate change scenario generator running under MS 
Windows. It is able to generate many different patterns of climate change based upon 
user specifications. 
 
Previous versions of OZCLIM were able to construct climate change scenarios for 
four variables: mean temperature, maximum and minimum temperature, and 
precipitation. Two different patterns of change from two models could be generated.  
In the new version of OZCLIM, three new variables important for climate impact 
studies are included: evaporation, vapour pressure and radiation. In addition, patterns 
of change for eight more models have been included (see Table 4.1). This has been 
done to more fully represent the possible range of model predictions. In addition, 
observed values of point potential evaporation, vapour pressure and radiation have 
been added (obtained from the Climate Research Unit, University of East Anglia), for 
comparison with simulated results. 
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Table 4.1. List of models and variables incorporated into Version 2.0.1 Beta of OZCLIM 

Models Variable 
CSIRO Mk2 Mean temperature 
Hadley CM2 Maximum temperature 
Hadley CM3 Minimum temperature 
GFDL Precipitation 
Canadian Climate Centre Evaporation 
CSIRO DARLAM 60 km Vapour pressure 
CSIRO DARLAM 125 km Radiation 
Max Planck OPYC3  
Max Planck LSG  
NCAR CGCM  

 
 
Climate change scenarios can be generated for two regions. The first has a horizontal 
resolution of 0.25 degrees over all of Australia, from 44°S to 10°S and 110°E to 
154°E. The second region encompasses the Murray-Darling Basin at a resolution of 
0.05 degree, from 38°S to 24°S and 138°E to 153°E. 
 
In addition to more models and variables, the new version of OZCLIM has enhanced 
functionality, as illustrated in the sample screen shown in Fig. 4.5. Using the 
regridding function (icon to far right in row just above the image), any image can be 
regridded to the user’s specification, based upon latitude, longitude and resolution. 
Basic statistics calculated for an image can also be calculated: for example, area 
averages. Images can be exported in jpeg format for inclusion in other documents. 
Finally, basic online help pages have been added. More detailed help pages are under 
development.  
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Figure 4.5. Sample screen from Version 2 of OZCLIM. 
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5. Impacts 
 
5.1 Introduction 
The previous sections have described the results of climate modelling and data 
analysis. This work provides the indispensable foundation for quantifying specific 
impacts of climate change on agriculture, coastal infrastructure, and so on. Although 
estimates of impacts are often bounded by large uncertainties, considerable work has 
been performed on the effects of climate change on various sectors. This section 
describes recent impact studies that have been performed for Queensland or that have 
been performed elsewhere but may have particular relevance for Queensland. 
 
A very important issue in determining the likelihood of particular impacts of climate 
change is the level of certainty of the climate change predictions used to determine the 
impact. The main scientific issue that limits better assessments of the impacts of 
climate change in Queensland remains the uncertainty regarding the effect of global 
warming on ENSO. This uncertainty substantially affects predictions of rainfall and 
tropical cyclone frequency in Queensland in a warmer world, and increases the 
uncertainty of predictions of impacts that rely upon precipitation forecasts. Having 
said this, as mentioned earlier in the report, the balance of evidence suggests a change 
towards more El Niño-like conditions in a warmer world and generally drier 
conditions in most parts of Queensland. 
 
Forecasts of temperature changes, however, have much lower uncertainty. Impacts 
that are more closely related to temperature changes have lower levels of uncertainty 
also. The low latitude and already warm conditions of Queensland, combined with its 
existing strong interannual variability, make it particularly vulnerable to increases in 
temperatures, especially if these are combined with decreases in precipitation. 
Nevertheless, the impacts of climate change would not be uniformly negative in all 
sectors in all locations: some positive impacts are anticipated. 
 
5.2 Use of scenarios in impact studies 
A number of impact studies in Queensland have used the CSIRO (1996) climate 
change scenarios. These scenarios suggested the possibility of both positive and 
negative changes in rainfall over the State. Later scenarios (Hulme and Sheard, 1999) 
are based on the current consensus among climate models, which mostly suggests 
decreases in rainfall over Queensland as climate warms. Therefore it is becoming 
more likely that impact studies in future will use scenarios that imply rainfall 
decreases rather than increases over Queensland. 
 
5.3 Impacts on Queensland (ranked in order of confidence) 
It is important to understand the use of probabilities in impact analysis, as part of a 
risk assessment approach. In this approach, a phenomenon that is of high risk but of 
low probability may still be worth considering as a potential impact. To take an 
extreme example, if there is a 1% risk that a certain experiment would result in the 
death of the experimenter, versus a 99% chance that nothing would happen, it would 
be foolish to ignore the 1% risk given the possible consequences. Similarly, if climate 
change impacts are of low probability but high effect, they could still be worth 
considering in terms of their policy implications (Moss and Schneider, 1999). In the 
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context of the following discussion, the probability of a particular impact of climate 
change must necessarily be related to the scientific confidence of the prediction, given 
the current state of scientific knowledge. 
 
Very High Confidence (better than 9 out of 10 probability) 

Effect of Sea Level Rise on Coastal Infrastructure 
Queensland has substantial built infrastructure in coastal regions, and development 
continues to proceed rapidly. Predictions of sea-level rise are of high confidence 
because global sea-level rise (mostly due to the expansion of the oceans as they 
warm) is strongly related to global mean temperature, which to a very high degree of 
confidence is predicted to increase in this century. Walsh et al. (1998) give a recent 
summary of the science behind sea-level rise as it applies to the Gold Coast region, 
and Betts (1999) discussed the considerations of how this science might be used by 
local government in planning for sea level rise.  Recent guidelines for the response to 
sea-level rise have been developed (May et al., 1998; RAPI, 1998; Institution of 
Engineers, 1998). Implications of sea-level rise are very site-specific, but in some 
locations could include increased beach erosion and more frequent flooding, as well 
as requiring changes to planning regulations. 
 
Another impact of sea-level rise is an associated increase in the intrusion of salt water 
into coastal aquifers (Ghassemi et al., 1996), with implications for the quality of 
coastal water supply. 
 
Potential for expansion of vector-borne diseases  
Bryan et al. (1996) note that although endemic malaria was eradicated from Australia 
by 1981, the vectors that carry the disease are still present. Climate modelling shows 
that global warming will enlarge the potential range of the main vector, the Anopheles 
mosquito. By the year 2030, it could extend along the Queensland coast to Gladstone, 
about 800 km south of its present limit. However, Australian health services currently 
deal with malaria cases effectively, removing infected patients from possible contact 
with vectors. Thus climate change by itself is unlikely to cause the disease to return to 
Australia. 
 
Higher energy costs for buildings 

Higher temperatures certainly mean higher costs for air-conditioning of buildings in 
Queensland, in the absence of design changes (Lowe, 1988). There are likely also to 
be changes in cooling efficiencies associated with warmer ambient temperatures for 
structures such as cooling towers (IPCC, 1996), as well as changes in electricity 
demand patterns associated with warmer summers. 
 
Increased heat stress on cattle 
A study by Davison et al. (1996) determined how dairy cattle in Queensland and New 
South Wales were affected by heat stress in the current climate. Heat stress on dairy 
cattle was predicted to rise with increasing temperaures in a study performed for the 
Hunter Valley in New South Wales (Jones and Hennessy, 2000). They also 
investigated the cost-effectiveness of the use of shade and sprinklers to reduce heat 
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stress, and found that such measures would be generally cost-effective in a warmer 
world.  
 
For beef cattle, Howden et al. (1999a) found 30% increases in heat stress in 
Queensland by 2100. They suggested possible increases in water consumption by 
cattle as a result, as well as effects on livestock productivity. 
 
High confidence (about 9 out of 10) 

Stresses on coral reefs 
The possible effects of rises in sea surface temperature on coral reefs have been 
summarized in Walsh et al. (2000). The main possible impact is coral bleaching, 
where coral becomes pale because it loses its symbiotic algae due to high sea 
temperatures. Death occurs if the bleaching event is prolonged or extreme. Bleaching 
is projected to increase in a warmer world (Hoegh-Guldberg, 1999). The main 
uncertainty at the present time is whether the reef would be able to adapt to higher 
average temperatures. It is possible that coral reefs will adapt through the introduction 
of heat-adapted species or by the migration of species to higher latitudes (Done, 
1999); however, the rate of adaptation is generally believed to be considerably slower 
than the rate of increase in episodes of high SST. Therefore it is considered likely that 
bleaching will become more frequent. 
 
Other risks to the reef include those associated with changes in river outflow: 
episodes of low salinity, nutrient outflow, turbidity and chemical pollution, all of 
which can damage coral reefs. Changes in river outflow rates are less certain than 
changes in temperature, however. 
 
Coral reefs are likely to suffer very little damage from sea-level rise itself (Wilkinson, 
1999). 
 
Loss of biodiversity 
Some native trees survive in very narrow temperature ranges: 25% of Australian 
Eucalyptus trees have ranges less than 1oC (Hughes et al., 1996). Rapid temperature 
changes outside of this range could cause reductions in the biodiversity of Australian 
native forests. In addition, species adapted to cooler climates in Queensland may 
suffer habitat loss. 
 
Increase in risk of fruit-fly infestation in southern Queensland 
Sutherst et al. (2000) found that the high altitude apple growing areas of south-east 
Queensland (e.g. the Darling Downs) were more vulnerable to fruit-fly infestation 
under increases of temperature. 
 
Decreased suitability for growing fruit that requires chilling 
For stone fruit and apples, a number of studies have suggested that a warmer climate 
would give less days that provide the cool temperatures required for these types of 
fruit (Hennessy and Clayton-Greene, 1995; Basher et al., 1998). 
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Spread of warm climate adapted weeds 
Sutherst et al. (1996) showed that a warmer climate would favour the spread of weeds 
already adapted to warm climates. 
 
Medium to High Confidence (2 out of 3 or better) 

Increase in intensity of the heaviest rainfall events -- impacts 
While average rainfall may decrease in some parts of Queensland, studies have shown 
that the heaviest rainfall events will likely increase in intensity. Impacts of this may 
include the following: 

• Impact on existing or future water storage design to account for 
changes in extreme events (ANCOLD, 1986; Pisaniello and McKay, 
1998). 

• Impact on freshwater and marine ecosystems from increases in soil 
erosion and associated nutrient and pollutant mobilization in near-
coastal regions (Larcombe et al., 1996). 

• Increases in insurance costs associated with increased likelihood of 
storm damage to public and private infrastructure (IPCC, 1996; Leigh 
et al., 1998a,b). 

• Implications for emergency planning and evacuation of low-lying 
regions (IPCC, 1996). 

• Altering the design of roads and bridges to cope with enhanced runoff 
and flood events (CSIRO and PPK, 1999). 

 
Increase in storm surge heights in selected locations 
Storm surge, which is a dome of water pushed ahead of a storm, causes coastal 
inundation under extreme conditions. The risk of storm surge depends greatly on the 
local topography and coastline and on the shape of the ocean floor. Not all coastal 
locations in Queensland are vulnerable to storm surge. Nevertheless, the central 
business district of Cairns is vulnerable in the current climate. McInnes et al. (2000) 
found that, due to predicted tropical cyclone intensity increases (see Chapter 3) and 
sea-level rise, the 1 in 100 year storm surge event increased by 0.4-0.7 m. The 
planning implications of this have yet to be assessed. Current uncertainties in this 
prediction include the question of whether a change towards a more El Niño-like 
mean state would substantially reduce the total number of cyclones affecting the coast 
of Queensland. This has not yet been estimated quantitatively. 
 
Effects on transport infrastructure 
CSIRO and PPK (1999) identified potential effects on the transport infrastructure of 
Queensland. Important climate variables for transport include extreme rainfall and 
winds, temperatures, storm surge, flood frequency and severity, sea waves and sea 
level. By 2070, if no adaptation was undertaken, it was considered that significant 
effects on transport infrastructure would occur. The development of new design 
standards was recommended for roads and rail, for areas under threat of flooding; in 
addition, detailed risk assessments for airports in low-lying coastal locations was also 
recommended. 
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Increased risk of fire 
The incidence of bush fires in Queensland is expected to increase in a warmer world 
(Williams et al., 2000). The main uncertainty in this prediction is the quality of the 
GCM simulation of relative humidity. 
 
Little impact on heat-related mortality by 2030 
Since 1800, about 50 deaths per year in Australia have been caused by climatically-
related phenomena. About 40% of these have been due to heatwaves (Pittock et al., 
1999). However, Guest et al. (1999) predicted little change in mortality for Brisbane 
by 2030. 
 
Moderate confidence (better than 1 in 2) 

Increased drought 
Based upon current simulations, some increases in drought frequency in Queensland 
are likely in the next century for most months (Walsh et al., 2000; see also section 4 
of the current report, as well as McKeon and Hall, 2000).  
 
Reduction in stream and river flow 
Dry conditions in much of Queensland are associated with El Niño conditions, and 
ENSO is significantly related to summer streamflow in much of the state (Chiew et 
al., 1998). Given the possible trend towards more El Niño-like conditions in a warmer 
world, this may have a negative effect on summer streamflow. 
 
Initial increase in wheat yield 
Howden et al. (1999c) investigated climate change impacts on wheat yield, using the 
CSIRO (1996) scenarios. Because of increases in carbon dioxide, wheat yields in 
Queensland were forecast to increase considerably, although this was counterbalanced 
somewhat by decreases in the protein content of the grain and thereby its quality. In a 
warmer world, yield increases in the Emerald wheat-growing region of central 
Queensland, at the northern margin of Australia’s wheat-growing belt, may be limited 
by higher than optimal temperatures for wheat (Howden et al., 1999b). 
 
Later in the 21st century, however, it was found that wheat yields begin to plateau and 
then fall, due to diminishing returns from high CO2 and increasing losses from higher 
temperatures, combined with possible decreases in rainfall. 
 
Increase in forest plantation productivity in fertile regions 
Howden and Gorman (1999) showed that plantation forests such as pinus radiata, 
fertile sites were likely to have increased productivity for moderate warmings, while 
infertile sites could have decreased production. 
 
Low confidence (possible only) 

Pastures  
Recent work by McKeon et al. (1998), Hall et al. (1998), and Howden et al. (1999d) 
found that increased carbon dioxide was likely to have a beneficial effect on native 
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pastures. However, decreases in rainfall of more than 10% would counteract this 
effect and lead to a fall in productivity. Thus future productivity depends very much 
on assumptions regarding changes in rainfall. 
 
Unknown 

Hail 
Hailstorms are the second most costly weather phenomenon in terms of insured 
damage (tropical cyclones are the most costly; Insurance Council of Australia, 1997). 
McMaster (1997) used predictions from several GCMs to make estimates of the 
possible effect of climate change on hail frequency in New South Wales, finding little 
impact. Further work needs to be performed in Queensland to address this issue. 
 
Land Salinity 
Land salinity is a major problem in many parts of Queensland, but a comprehensive 
assessment of the impact of climate change on salinity has yet to be carried out. 
Changes in land use independent of climate change would naturally have large 
impacts.  
 
5.4 Adaptation to Climate Change 
The potential to adapt to these impacts varies considerably. For instance, adaptation of 
buildings to be more energy-efficient in a warmer world may be considerably less 
costly than protecting those same buildings against sea-level rise. The cost of 
adaptation is an important factor in considering whether the impact of climate change 
on a particular section would be a matter for concern. A number of the studies 
mentioned above have made suggestions regarding possible adaptations that would 
ameliorate the impact of climate change on the sector in question. 
 
Specific adaptations are not discussed here. In general, though, a risk assessment 
approach, combined with a cost-benefit analysis of the effectiveness of the adaptation 
in question, has potential to inform the development of policy on climate change 
impacts. An example of this approach is provided in the study by Jones and Hennessy 
(2000). It was shown that cost-effective adaptations, such as shade and sprinklers, 
could be introduced to deal with the problem of increased heat stress on dairy cattle, 
given knowledge of the probability of various increases in temperature in future 
decades. Cost-benefit analysis of this kind could serve as a guide to the identification 
of potential adaptation strategies. 
 
These approaches require knowledge of the likely impacts of climate change, which 
can only come from detailed studies. This particularly applies to impacts that are 
related to changes in extreme events, which are predicted to change faster than 
changes in average climate. 
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6. Future Work 
 
To resolve some of the outstanding climate change issues important to Queensland, 
there needs to be further work both on the improvement of climate models and on 
more specific climate impact studies. Most important for the future of this work is 
continued development of the CSIRO Mark 3 climate model, which has already 
demonstrated the potential to clarify the issue of the effect of climate change on 
ENSO. A clearer result on this issue would greatly improve the reliability of 
predictions of the effects of climate change on Queensland rainfall.  
 
A more precise description of the relationship between climate change and ENSO 
would also help to resolve an outstanding issue regarding the effect of climate change 
on tropical cyclones, namely whether climate change would necessarily cause fewer 
tropical cyclones to affect the coast of Queensland, even though those that form are 
likely to be more intense. 
 
Despite some remaining uncertainties regarding the effects of global warming, some 
predictions are of sufficient confidence to warrant more specific impacts studies to 
determine their relevance to policy, particularly those impacts that are closely related 
to temperature changes. These studies should be performed in a collaboration between 
climate scientists, impact researchers and policy specialists. The risks of climate 
change for selected sectors or activities should be examined, and appropriate 
management or adaptation strategies formulated.  Close interaction between climate 
scientists and policy makers on specific projects is required to enable this process to 
occur. 
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