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Introduction
Extreme summer temperatures have a significant im-
pact on Australia, and changes in their intensity in a 
warmer climate would be a major concern. Most places

on the mainland, including the southern coast, already 
experience screen temperatures above 40°C on extreme 
days, and 45°C is often reached in parts of the interior 
(see Parkinson (1986) or the Bureau of Meteorology 
(BOM) website, www.bom.gov.au/climate/averages, 
for maps of monthly and seasonal extremes, etc.). The 
domain of the study is shown in Fig.1. Interestingly, 
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eration of warming on the east and west coasts, however. Warming 
over New Zealand and New Guinea is typically 2°C, for both means 
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a simple model for the influence of wind.
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though, mean daily maximum temperatures on the 
southern coast are moderate even in summer. There, 
southerly winds from the cool Southern Ocean provide 
a great contrast to the hot northerlies associated with 
heat waves (e.g. Tapper and Hurry 1993; Mills 2002).
 Increases in temperatures due to rising greenhouse 
gases are simulated by climate models (atmosphere-
ocean general circulation models, or GCMs), and such 
changes are a major feature of the current CSIRO/
BOM climate change projections for Australia for late 
in the current century (CSIRO and Bureau of Meteo-
rology 2007), based on multi-model data-sets. Typi-
cally, GCMs simulate larger mean warming over the 
Australian land mass than surrounding oceans (Meehl 
et al. 2007). Consistent with the contrast between land 
and ocean warming, the mean warming of land near 
most coasts is projected to be somewhat less than 
warming in the interior. Presumably winds will play a 
role in moderating coastal changes, just as they do in 
the present summer climate. The projected increases in 
mean daily minima and maxima associated with global 
warming are typically similar to those in the daily aver-
ages (or means). Thus the contrast between coastal and 
interior changes remains in these temperatures.
 Most studies of simulated changes in extreme tem-
peratures have been restricted to a small number of 

models, partly due to the limited availability of daily 
data from model archives until recently. Kharin and 
Zwiers (2005) analysed annual extremes of tempera-
ture in simulations from the Canadian Climate Centre’s 
CGCM2. They found that the upper extremes, which 
are our focus here, mostly increased at a similar rate to 
the means. Using the same GCM, Tryhorn and Risbey 
(2006) focussed on Australian heat waves, and found 
an increase in their intensity, as would be expected. 
Analysing data from models submitted to the Coupled 
Model Intercomparison Project CMIP3 experiment 
(see www-pcmdi.llnl.gov) in support of the Fourth As-
sessment Report of the IPCC, Meehl et al. (2007) and 
Kharin et al. (2007) find mostly similar increases in 
means and extremes, over Australia and elsewhere.
 In observations for the past half-century over the 
Asia-Pacific region, Griffiths et al. (2005) found most-
ly positive trends in extreme warm temperatures, in 
line with mean warming. Indeed, they suggested that 
changes in extremes could often be inferred directly 
from changes in the means. Thus CSIRO and Bureau of 
Meteorology (2007) provide numbers of extreme tem-
perature days under a warmer climate at a location, es-
timated by simply adding the expected mean change to 
the observational daily record there. This is consistent 
also with earlier results for Australia of Trewin (2001), 

Fig. 1 Australasian domain considered in the study. Regions used in area-averaging (of model land) outlined and 
marked with three-letter code (see also Table 2). 
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who assessed the full statistical distribution of observed 
daily temperature anomalies. He showed, moreover, 
that these are often non-normal, with varying degrees 
of skewness or asymmetry about the mean.
 Alexander et al. (2007) note, however, an indication 
that warm extremes have increased at a slightly larger 
rate than that of the means in parts of Australia. Dif-
ferences in rates of increase have also been found for 
Europe by Della-Marta et al. (2007), who related these 
to increases in the variability of temperature anoma-
lies, which they attributed to decreased precipitation 
and soil moisture. Meehl and Tebaldi (2004) attributed 
some differences in simulated rates of change into the 
future over North America to circulation changes. Dif-
fenbaugh et al. (2005) noted the importance, in some 
locations, of changes in surface properties associated 
with snow and ice retreat. Despite the role of wind 
variability in the present climate, there has apparently 
been little attention paid to the potential influence it 
has on changes in extremes. 
 Given the contrasts between temperatures over 
land and ocean, particularly for Australian summer, 
there is a major caveat to temperature projections in 
coastal regions. The horizontal resolution of GCMs is 
limited; for example in CGCM2 it is 4°of latitude and 
longitude. Grids used in multi-model analyses are usu-
ally around 2.5°. In generating projections, values at 
the Australian coast are typically linearly interpolated 
from such a grid. The contrast between land and ocean 
temperature changes can thus only be crudely simulat-
ed and analysed. As a sensitivity study for the effects of 
resolution, here we focus on the method of ‘dynamical 
downscaling’, using simulations by the high-resolution 
Conformal Cubic Atmospheric Model, CCAM, on an 
approximately 0.5° grid over the Australasian region.
 Our prime interest here is in the extremes of tem-
perature, partly driven by the following proposition. 
If winds from the Australian interior produce high 
temperatures near the coasts, the increase in coastal 
extremes under climate change may be larger than that 
in the local means. We consider daily data simulated 
by CCAM to investigate this. While the focus is on 
Australia, and the south coast in particular, results for 
New Guinea and New Zealand are also presented.
 In the next section, the CCAM model and its simu-
lations of the 21st century are briefly described. Aver-
age temperatures, including averages of daily maxima 
and minima, are presented for the recent past (1961-
1990) and the future (specifically 2071-2100). In sub-
sequent sections we consider the extreme temperature 
anomalies at three time-scales or levels, and these are 
then put in the context of the full distribution of daily 
average temperatures. The importance of both skew-
ness and standard deviation to the upper extremes is 
demonstrated using an apparently novel application of 
the beta distribution, with details given in an appen-

dix. Influences of moisture and, in particular, winds in 
explaining the results are then considered. A brief dis-
cussion is then offered, followed by the conclusions.

Mean temperatures from CCAM
The model
The CSIRO Conformal Cubic Atmospheric Model 
(CCAM) has been described by McGregor (2005). It 
includes six grid panels that cover the globe non-uni-
formly. The version considered here has the highest 
resolution of approximately 60 km (or 0.54° latitude) 
over a panel that covers most of Australia. The reso-
lution diminishes to around 80 km over New Guinea, 
and 110 km over New Zealand. Land temperatures 
are simulated in six soil layers, with the top layer 
responding realistically to the diurnal variation of 
insolation. Ocean (sea) surface temperatures (SSTs) 
are prescribed, although an additional estimation of 
varying skin temperatures is made. Surface air or 
screen temperatures are diagnosed by the model at 
each 20-minute time step to represent the value at 
the height of 2 m above the surface. This is done by 
an interpolation between the surface and the bottom 
sigma-level temperatures, consistent with the model 
boundary-layer theory.

The simulations
The model has been run to simulate the period from 
1961 to 2100, as a downscaling of CMIP3 simulations 
by the CSIRO Mark 3 (or Mk3.0) coupled atmosphere-
ocean GCM, described by Gordon et al. (2002) and 
Watterson and Dix (2005). There is a single simulation 
for the period 1961 to 2000, in which the prescribed 
greenhouse gas concentrations are based on observa-
tions. This can be denoted ‘20C3M’, following the 
CMIP3 designation.
 Beyond 2000 there is one simulation for each of 
two SRES scenarios: A1B with ‘moderately’ increas-
ing CO2, and A2 with more rapidly increasing CO2. 
Aerosol and ozone changes are also represented, 
in CCAM as in the GCM. The SSTs in CCAM are 
based on the Mk3.0 monthly output. However, these 
are adjusted by a constant annual cycle that removes 
the present-climate bias in Mk3.0. In order to ap-
proximately reproduce the large-scale weather from 
Mk3.0, the CCAM winds above 500 hPa are nudged 
towards the Mk3.0 12-hourly values at all grid-points. 
Since low-level winds and surface pressure are not di-
rectly constrained, these, in particular, can differ from 
Mk3.0. Comparison with ERA40 reanalysis data sug-
gests that CCAM avoids some of the bias of Mk3.0 in 
these fields, also. In this respect, CCAM is not merely 
downscaling the GCM weather and climate; however 
comparisons are not made here.
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 The model daily outputs include mean temperature 
averaged from each time step, and daily extremes. 
These are calculated for the 0000 to 2400 UTC day 
(rather than local time). Wind data from 0600 UTC 
(early to mid-afternoon over Australia) are also consid-
ered, as well as monthly means of various quantities.
 For processing and plotting of data it is necessary to 
use values on a regular grid, and the choice of 0.5° ap-
proximates the model resolution. To avoid any smooth-
ing of the land–sea contrast, each value at a regular 
grid-point was taken from the nearest model grid-point, 
rather than interpolating between points. The model 
coastline shown in Fig. 2 and subsequent figures bounds 
land values, although it is slightly different from the ac-
tual coast in the model. Maps of nearest point values can 
appear slightly noisier than interpolated values because 
the grid-points are shifted a little from their actual posi-
tions. The data analysis was performed on a monthly 
case basis, initially for all January days within each of 
several 30-year periods. Results were then obtained for 
the December and February cases, to provide averages 
for the usual southern hemisphere summer season.
 It should be noted that the inability of SSTs in 
CCAM to respond to the simulated land temperatures 
or other influences is a minor caveat to the present 
analysis, with regard to contrasts across coasts.

Mean temperatures
1961-1990. Climatological means of three tempera-
ture quantities for summer over years 1961-1990 of 
the single pre-2000 simulation are plotted for the 
Australasian domain in Fig. 2. The means for daily 
maximum and daily minimum compare well with ob-
servational data (Bureau of Meteorology (2005), or 
the BOM website). The mean daily average decreases 
to the south over both land and ocean, although the 
gradients in southern Australia are sharpened by the 
raised temperatures of inland Australia. Reductions in 
mean temperature due to model orography are evident 
in New Guinea and New Zealand and also Tasmania 
and the southeast of Australia.
 There is a clear jump at the coast in the daily maxi-
mum field, especially in the Australian west and south. 
Except in the west, there is a moderation of coastal 
land temperatures compared to those inland. This oc-
curs in the daily minimum and daily average fields 
also. The Australian means (including Tasmania) of 
the three fields are given in Table 1. The mean diur-
nal range is 12.2°C. The daily average is only 0.15°C 
cooler than the mean of the maxima and minima, as 
often used for the observational ‘mean temperature’.
 Means for selected Australian regions, chosen 
based on later results, are given in Table 2. The re-
gions are defined using latitude and longitude ranges 
that are given, along with a descriptive name, in the 
caption, and shown in Fig. 1. They will be referred to 

by a three-letter code (e.g. AUS). The regions are non-
overlapping, except for the smaller southern regions 
‘Nullarbor’ (NUL) and southwestern Victoria (SWV). 
Also given are means for the regions of New Guinea 
and adjacent islands (NGI) and New Zealand (NZD). 
All these are averages over true land values from the 
model. They may not be representative of locations 
very close to the sea, for instance Auckland NZ, for 
which there is no nearby land point in CCAM. 

Fig. 2 Mean summer surface air (screen) tempera-
tures for 1961-1990, simulated by CCAM in °C: 
(a) daily maximum, (b) daily minimum, and (c) 
daily average (over all time steps).
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Change to 2071-2100. With global mean temperature 
steadily increasing in both Mk3.0 runs, the 2071-2100 
period provides the largest contrast to 1961-1990. 
The Australian mean summer daily average tem-
perature change for these periods from the CCAM 
A1B simulation is 2.2°C, as given in Table 1. This is 
lower than from the multi-model mean of Meehl et al. 
(2007), which is 3.1°C (from data in their Fig. 10.9, 
adjusted using the means from Fig. 10.4, courtesy of 
Julie Arblaster and Haiyan Teng). The reduction is 
consistent with the relatively small global and annual 
mean warming simulated by Mk3.0, which for these 
periods is 2.0°C. As discussed by Watterson and Dix 
(2005), the forced warming from Mk3.0 is actually 
about 0.2°C larger, as there is a slow cooling in the 
corresponding control simulation. In both Mk3.0 and 
in the multi-model means (see Meehl et al. 2007), lo-
cal changes late in the century for the A1B and A2 
scenarios are approximately proportional to the global 
mean change. These changes and others in this study 
should therefore be considered with respect to the 
modest Mk3.0 global warming.

 The simulated change in the Australian mean tem-
perature is much larger than variation caused by un-
forced or internal variability of the climate system of 
Mk3.0. (The standard deviation of such 30-year means 
in a long, steady control run of the newer Mk3.5 ver-
sion is 0.12°C). This ‘signal’ of forced change is rela-
tively certain. However, the effect of such ‘noise’ can 

Table 1. Means (in °C) over Australian land points of 
daily average, maximum and minimum surface 
air (screen) temperatures from CCAM, over 
three summer months, DJF, within 1961-1990. 
In addition to the means over all days, extreme 
warm anomalies (in °C) are given for three levels 
of rarity: 1 day in 30 days, 1 in 150 and 1 in 900, 
averaged over a 30-year period. The change re-
sults are representative of change to 2071-2100. 
The extreme anomalies all increase, on top of 
the mean warming. For the change in average, 
results for the two differences (based on the A1B 
and A2 runs, see text) are given, followed by the 
mean of the two runs. For the change in maxi-
mum and minimum, only the mean is given. The 
second decimal place aids comparison between 
cases.

Field Mean 1-30 1-150 1-900

1961-90 
Average 27.95 5.31 7.42 8.81
Maximum 34.18 6.51 8.92 10.39
Minimum 22.01 4.96 6.90 8.31

Change
Ave-A1B 2.16 0.19 0.25 0.26
Ave-A2 2.60 0.24 0.21 0.28
Average 2.38 0.21 0.23 0.27
Maximum 2.34 0.20 0.18 0.30
Minimum 2.49 0.18 0.22 0.24

Table 2. Averages (including area weighting) over select-
ed regions of daily average temperature fields 
from CCAM, over three summer months, DJF, 
for both 1961-1990 (in the top half) and the rep-
resentative change 2071-2100 relative to 1961-
1990 (see text, in the lower half). The changes 
that are not significant at the 0.1 level are shown 
in italics. Mean is the usual mean (in °C). 1-150 
is the 1 in 150 extreme anomaly (in °C), as in 
Table 1. SD is the standard deviation (°C) and 
skew the non-dimensional skewness coefficient, 
calculated from the distribution of all daily val-
ues at each point. The regions are land points, 
with ‘AUS’ all-Australia, ‘NZD’ New Zealand, 
and ‘NGI’ New Guinea and adjacent islands 
within 0-10°S, 120-160°E. Other regions are 
Australian points bounded by: ‘QLD’ eastern 
Queensland, 16-30°S, 147-155°E; ‘CEN’ cen-
tral, 23-30°S, 120-140°E; ‘MDB’ Murray-Dar-
ling Basin, 25-36°S, 140-147°E; ‘NSW’ eastern 
New South Wales, 30-39°S, 147-155°E; ‘STH’ 
central-south, 30-40°S, 120-140°E; ‘NUL’ Nul-
larbor, 30-34°S, 125-132°E; ‘SWV’ SW Victo-
ria, 36-39°S, 139-142°E.

Region Mean 1-150 SD Skew

1961-90
AUS 28.0 7.4 3.44 –0.11
NZD 14.8 4.7 2.19 –0.22
NGI 23.6 1.9 0.81 –0.28
QLD 26.0 7.5 2.96 0.20
CEN 29.6 7.2 3.93 –0.53
MDB 28.6 8.8 4.05 –0.18
NSW 22.6 10.7 4.06 0.27
STH 24.8 11.0 4.63 0.24
NUL 24.1 12.0 4.77 0.50
SWV 20.5 11.8 4.67 0.50

Change
AUS 2.4 0.2 0.08 -0.03
NZD 2.0 -0.3 0.0 -0.04
NGI 1.9 0.2 0.07 0.05
QLD 2.4 0.1 0.04 0.05
CEN 2.6 0.4 0.12 -0.02
MDB 2.6 -0.1 -0.01 -0.09
NSW 2.3 -0.3 -0.05 -0.06
STH 2.0 0.5 0.11 0.02
NUL 1.7 0.9 0.09 0.08
SWV 1.9 1.0 0.16 0.01
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be greater for grid-point values, particularly of ex-
tremes representing a small number of days. Rather 
than present results for the two scenarios, we make 
use of the second run to increase the signal to noise 
ratio. Since a second ‘cooler’ period is also helpful, 
the 1991-2020 period from the 20C3M-A2 simulation 
is used. The change from this to the 2071-2100 period 
of A2 is also given in Table 1, averaging 2.6°C. Given 
the similarity of the two mean warmings, to reduce the 
noise we simply average the two available changes, 
for these (Table 1) and other results. The global and 
annual mean warming from Mk3.0, calculated simi-
larly (combining two sets of changes), is 2.05°C. Thus 
the combined changes should represent approximately 
the forced response from 1961-1990 to 2071-2100 for 
A1B (given the Mk3.0 global sensitivity, of course). 
The change for A2 would be larger. The character of 
the change, particularly for extremes relative to the 
mean, is the focus of interest here.
 To assess the statistical significance of such com-
bined changes, it is useful to calculate each as the av-
erage of six changes, from the three individual sum-
mer months, and two simulations. These six values 
should be approximately normally distributed. The 
significance of the average of the six being non-zero is 
based on a t-distribution with five degrees of freedom 
(e.g. Yamane 1967, p.512). For a two-tailed test, the 
mean should be larger in magnitude than the SD by 
a factor of 2.02/√6, for a change significant at the 0.1 
level, or 1.16/√6, for the modest 0.3 level. In the case 
of mean temperatures, all local and regional changes 
are significant at the 0.1 level.
 The mean changes for daily minimum, maximum 
and average are similar for most of Australia, as seen 
in Fig. 3. Changes over land are typically 70 per cent 
larger than those over the adjacent ocean. An excep-
tion is for maximum in the far north. The Austra-
lian average change in maximum (Table 1) is a little 
smaller than that for minimum, as anticipated. The 
south coast rises are relatively small, although still 
more than for the adjacent Great Australian Bight. 
The warming in the NUL region, given along with 
those for other regions in Table 2, is two-thirds of the 
Australian average.
 There is a clear positive gradient in warming 
moving inland from most Australian coasts, particu-
larly in the south. However on some coasts, includ-
ing much of the west and the east (and the eastern 
Queensland QLD region), there is little gradient af-
ter a large step from the ocean to the land. On these 
coasts, especially, interpolation from a coarse GCM 
grid using oceanic warming would overestimate the 
moderation of mean warming near the coast. The 
oceanic warming peaks in the Tasman Sea along the 
NSW coast, but there is no obvious effect on adja-
cent land warming. Changes for New Zealand points 

(Fig. 3, Table 2) can exceed 2°C, similar to the global 
mean warming from Mk3.0 but less than the Austra-
lian mean summer warming. Similar results hold for 
New Guinea and the adjacent islands.

Extreme warm temperatures
1961-1990
There is substantial day-to-day variability in tempera-
tures over land, resulting in extremes that can be much 
larger than the means. To focus on these, during a pe-

Fig. 3 Change in mean summer temperatures, for 
2071-2100 relative to 1961-1990 (in °C): (a) dai-
ly maximum, (b) daily minimum, and (c) daily 
average.
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riod of transient climate change, it is useful to consider 
anomalies relative to a changing ‘mean’, as discussed 
recently by Power and Nicholls (2007). We will ap-
proximate this by a simple linear trend in temperature 
in each case. In effect, the means and extremes for the 
1961-1990 period can be considered representative of 
the climate at the mid-year 1975, while those for the 
later period are for 2085.
 For each temperature quantity, each of the three 
summer months, and each point, the trend was de-
termined by regression of monthly means over the 
30 years. Daily anomalies were taken relative to the 
regression line value for that year. The largest of the 
daily anomalies within each individual month (or 
‘monthly extreme anomaly’) provides a statistic for 
moderate extremes. Considering all years in each five-
year sub-period, the largest of 155 values in the case of 
January, provides a higher level of extreme. The very 
largest in the full 30-year period is about the highest 
level of extreme that is practical. Such extremes could 
relate to record values in a stationary climate.
 Since we average the extreme values over the three 
summer month cases, there is no simple description 
for the higher statistics. As informative names, we 
adopt ‘1 in 150’ and ‘1 in 900’, with ‘1 in 30’ for the 
monthly extreme. These will be shortened to ‘1-150’, 
etc. As in the analysis of Kharin and Zwiers (2005), 
such statistics may be approximately described by the 
Gumbel extreme-value distribution. We will focus 
only on the mean of the pooled values. Thus combin-
ing all 90 summer months of the 1961-1990 period, 
the 1-30 statistic is an average of 90, 1-150 of 18, and 
1-900 of 3 values. As a rough guide, a 1-150 value 
relates to the extreme from two summers, and 1-900 
the extreme of a decade.
 The Australian averages for each statistic and all 
three temperature fields are given in Table 1. The ex-
tremes increase steadily with level in each case. The 
anomaly values for maxima average some 25 per cent 
larger than those for minima, with those for means in 
between. Since the 1-900 extremes will have large 
statistical uncertainty for local values, we focus on 
the 1-150 values. These are plotted for each field in 
Fig. 4. In general, the extreme anomalies increase 
with latitude southward. In southern Australia values 
reach 13°C, and very near the coast anomaly maxima 
can exceed 15°C. In Table 2, some regional means 
are seen to exceed 10°C. If these anomalies are add-
ed to the mean (Fig. 1), then as for the observations 
discussed in the introduction, the extremes of daily 
maximum are relatively uniform over the country.
 In New Guinea and northern NZ, anomalies are 
smaller than over southern Australia. Oceanic anoma-
lies in the air temperature reach 5°C in the Bight and 
appear to be enhanced by the land to the north.

Change to 2071-2100
The change in the 1 in 150 extremes for each tem-
perature field is plotted in Fig. 5. Here values that are 
not significant at the 0.3 level are not shaded. This re-
moves only a few values that reach the first contour 
(±0.3°C). Higher significance is reached for the larger 
changes. Statistical uncertainty in the values contrib-
utes to some spatial variation, but there are still broad 
bands of change that are mostly similar in the maxima, 
minima and daily average fields. The far southeast, 

Fig. 4 Average upper extreme anomaly at the 1 day in 
150 level, averaged over three summer months 
of temperatures for 1961-1990, simulated by 
CCAM (°C): (a) daily maximum, (b) daily min-
imum, and (c) daily average.
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including the eastern NSW region (Table 2), features 
decreases of between 0.3°C and 1.0°C. Interestingly, 
over the adjacent Tasman Sea, the decrease in extreme 
anomaly coincides with relatively large mean warm-
ing. There is little change in the anomalies in the far 
north. For much of the rest of the continent there are 
increases of over 0.3°C. In the far south the increases 
over land near the coast reach 1°C. The averages for 
the central-south (STH), SWV and NUL regions (Ta-
ble 2) approach this increase.

 Anomalies in the daily maximum in the northeast 
of New Zealand increase substantially, while anoma-
lies in minimum decrease by typically 0.5°C. For NGI, 
the absolute or net change in extreme maximum is on 
average a third (0.6°C) more than the change in the 
mean (1.9°C, Table 2).
 The changes for the other levels of extreme anom-
aly are shown for the daily average case in Fig. 6. The 
1-30 field is smoother than the 1-150 result, as expect-
ed, but the subtropics also feature only modest increas-
es, while NSW decreases are also smaller. The most 
extreme statistic, 1-900 (Fig. 6(b)), changes similarly 
to the 1-150 case, but is particularly large over SWV 
and Tasmania. Turning to the Australian averages, in 
Table 1, the changes are all positive, from seven per 
cent to 13 per cent of the corresponding change in the 
mean. The change increases with the level of extreme, 
in each case. All are significant at the 0.1 level.
 The changes in anomalies are broadly similar for 
the daily maxima and minima and mean. The mecha-
nisms considered later will likely apply to all times, 
so for the remainder of the paper the focus is on the 
daily averages. Contrasts between coastal and interior 
Australia are of particular interest.

The distribution of daily temperatures
Measures
To make further progress it is useful to put the ex-
tremes in the context of the distribution of all daily 
values. We consider firstly two important measures 
of the shape of the distribution that can be calculated 
from the individual daily average temperature anoma-
lies, denoted T´. These measures are based on the first 
few moments about the mean or central moments (e.g. 
Hogg and Craig 1970, also articles on en.wikipedia.
org), given by the average of (T´)m. The first central 
moment (m = 1) is, of course, zero. The second central 
moment (m = 2) is the variance. The square root of 
this, or standard deviation (SD) is a basic measure of 
the spread of the distribution. The third central mo-
ment, standardised (divided) by the cube of the SD, 
is the ‘skewness’ of the distribution. This tends to be 
positive (negative) when the right (left) tail is longer. 
We can anticipate that the T´ upper extremes will be 
larger when the skewness is positive.
 The SD for the summer temperatures simulated 
for 1961-1990 (averaging over results for December, 
January and February as before) is plotted for Austra-
lian points in Fig. 7(a). The values over land are much 
larger than those over ocean, with the largest being 
along the southern coast. The spatial pattern has much 
in common with the extremes in Fig. 4(c). Regional 
averages (Table 2) vary from values as small as 0.8°C 
for NGI to over 4°C in the Australian south.

Fig. 5 Change in 1-150 extreme anomalies, for 2071-
2100 relative to 1961-1990 (in °C): (a) daily 
maximum, (b) daily minimum, and (c) daily 
average. Changes not statistically significant at 
the 0.3 level are shown in white (see text).
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 The change in SD to 2071-2100, again calculated 
from averaging the changes from two simulations, is 
plotted in Fig. 7(b). Over the Australian west and south 
the SD increases significantly (using the 0.3 signifi-
cance test as before). The pattern of change is broadly 
similar to that in the extremes (Fig. 5(c)). The Austra-
lian average SD (Table 2) increases some 2.3 per cent, 
as do those for the STH and SWV regions. However, 
the changes are proportionally less than those in the 
extremes.
 The skewness for 1961-1990 is plotted for Austra-
lia in Fig. 8(a). Strongly positive values occur along 
the south coast, including that of Tasmania, and extend 
over the Bight. Weaker positives occur on the other 
coasts. Much of the interior is negatively skewed. 
Both the SD and skewness distributions over Australia 
appear quite realistic when compared with the analy-
ses of observed temperatures by Trewin (2001). As 
for observations, along the south coast, skewness is 
more positive in the daily minima (not shown) than the 
maxima. In the interior, the maxima (also not shown) 
are more negatively skewed.

 The average over Australia (Table 2) of skewness 
for daily means is close to zero, while that of New 
Zealand is negative. The change in skewness averaged 
over both countries is small (Table 2), but significant 
changes occur regionally, most enhancing the original 
skewness. Much of the Australian coast, especially 
Queensland and the far south, has increased positive 
skewness (Fig. 8(b)). Decreases in skewness occur 
in the southeast, including the Murray-Darling Basin 
(MDB) region (simplified to a rectangle in the western 
part of the basin) and the Tasman Sea. For some loca-
tions this coincides with decreases in relative extremes 
(Figs 5 and 6).

Fig. 6 Change in daily average temperature extreme 
anomalies, for 2071-2100 relative to 1961-1990 
(in °C), at two levels: (a) 1-30, and (b) 1-900. 
Changes not statistically significant at the 0.3 
level are shown in white.

Fig. 7 Standard deviation of daily average tempera-
ture (°C), averaged over three summer months: 
(a) 1961-1990, and (b) change for 2071-2100 
relative to 1961-1990. Changes not statistically 
significant at the 0.3 level are shown in white.
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PDFs
The full distribution of daily anomalies can be repre-
sented as a ‘probability density function' or PDF, f(T´), 
with the proportion of values within a small range dT´ 
being f dT´. We can approximate f from the data for 
each period and grid-point by accumulating values 
within bins of 0.5°C. Given the north-south structure 
of SD, it is worth considering firstly the zonal and 
seasonal averages of distributions from land points at 
each latitude. The domain here extends from 70°E to 
160°W, so includes New Zealand. These zonal mean 
PDFs are plotted in contour form in Fig. 9(a). The 
enhanced spread of distributions for subtropical and 
southern Australia is clear. Each distribution is ap-
proximately bell-shaped, with no sign of bimodality. 
However, there is predominantly negative skewness 
around 25°S, and positive skewness with large upper 
extremes farther south, consistent with Fig. 8(a).

 The change in the zonally-averaged distributions 
(Fig. 9(b)) is a broadening at most Australian lati-
tudes, with the larger positive anomalies increasing 
in frequency. Similar distributions and changes occur 
for the daily maximum and minimum (not shown). A 
notable difference is the broader range for maxima in 
northern Australia.
 We turn to averages over three regions, chosen in 
part to illustrate skewness. Averaging over all points 
in the MDB region produces the distribution shown 
in Fig. 10(a). The measures of an averaged distribu-
tion need not be the same as the area average of the 
measures, but are here close to those given in Table 1, 
with SD 4.08°C. A normal distribution with this SD 
(and zero mean) is quite a good match (Fig. 10(a)), 
consistent with the small skewness.
 Turning to the STH region, we find a positively 
skewed average distribution, shown in Fig. 10(b). The 
fitted normal is not a good match. Trewin (2001) used 
combinations of normals to produce a better result 
in such cases. While constructing a good analytic fit 
to the distributions is not our purpose, it is useful to 
demonstrate the effect on extremes of changes in both 
SD and skewness. For this we consider a simple dis-
tribution that allows a skewness, namely the four-pa-
rameter beta distribution, used recently by Watterson 
(2008). The details of the distribution and fitting pro-
cess are in the appendix. The beta distribution shown 
in Fig. 10(b) produces quite a good match to the tails 
of the model PDF.
 The average distribution for the central region 
(CEN) in Fig. 10(c) has a mildly negative skewness. 
The beta distribution again produces a more satisfac-
tory fit overall than the normal distribution. Even if 
there is no skewness, a beta fit can be considered. In 
the MDB case, the beta curve shown in Fig. 10(a) 
is close to the normal. The beta distribution cannot 
match all variations in the PDF shapes in these three 
examples, including those in the upper tail. Never-
theless, the beta form appears a useful alternative to 
the normal.
 For each of these three regions, the distribution of 
temperature anomalies from the 2071-2100 period of 
the A1B run is also shown in Fig 10. The differences 
from the early period are subtle; however they can 
be large enough at the right tail to provide significant 
changes in the extremes, as will be demonstrated 
shortly.

Relationship of tails to extremes
The tails of a distribution are often quantified using per-
centile statistics such as comprise the cumulative distri-
bution function (CDF). For instance, if we integrate one 
of our temperature PDFs from the smallest value to-
wards the largest, 0.99 is reached at the 99th percentile, 
denoted T99. The CDF at T99 is 0.99 or 99 per cent.

Fig. 8 Skewness of daily average temperature, aver-
aged over three summer months, (a) for 1961-
1990, (b) change for 2071-2100 relative to 1961-
1990. Changes not statistically significant at the 
0.3 level are shown in white.



Watterson et al.: Australasian summer extreme temperatures and global warming 205

 If the daily temperature values were independent 
samples from a true PDF, then the largest value of n 
choices (also known as the first order statistic) would 
itself have a distribution. In the case of a normal dis-
tribution with zero mean, the percentile and extreme 
statistics are all proportional to the SD. The expected 
value of each of our three levels of extremity relative 
to the SD is given in Table 3. From the CDF values for 
these three anomalies (Table 3), we see that they all lie 
in the top n−1 fraction of values, as anticipated, but not 
the upper half of this.

 The actual ratio of the mean extreme to the SD 
of the PDF varies widely across the Australian grid-
points, both higher and lower than the normal result. 
This is evidently contributed to by non-normality of 
the distributions. The ratio is smaller, on average (Ta-
ble 3), compared to the normal case for each level. 
This is true also for the MDB region, despite the near-
normal distribution in Fig. 10(a).
 Regardless of whether a temperature distribution 
is approximately normal, we might anticipate that ex-
tremes of independent days would be on average at 

Fig. 9 Distribution of daily average land temperature 
anomalies accumulated at each latitude of the 
0.5° data grid: (a) for 1961-1990, and (b) 2071-
2100 relative to 1961-1990. Unit of the plotted 
PDF is °C−1.

Fig. 10 Probability density function for daily average 
temperature in DJF for: (a) Murray-Darling 
Basin (MDB), (b) central-south Australia 
(STH), and (c) central Australia (CEN). Results 
for 1961-1990 (‘1975’) are shown, along with 
normal and beta distribution fits to that PDF. 
Also shown are PDFs for 2071-2100 (‘2085’) 
under A1B.

a

b

c
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similar CDF values to those in Table 3. Integrating 
the PDFs at each grid-point, and interpolating linearly 
across bins, the values are indeed rather similar, al-
though with some variation across Australia encom-
passing the normal value in each case. The 1-150 ex-
treme typically occurs close to the 99.5 percentile. The 
Australian average of these CDF values is given in 
Table 3 for each level of extreme. This is clearly lower 
than the normal result only for the 1-30 case. Presum-
ably, the days within each individual month are not all 
independent, and the individual extreme values tend 
to be smaller than they would be for 30 independent 
samples from the full distribution.
 In the 1-150 and 1-900 cases, the CDF percentages 
for both base and warmer climates are very close at 
most grid-points. The averages of the changes deter-
mined using the base percentages, given in Table 3, 
are similar to the actual changes (Table 1). Likewise, 
the plot of changes in T99.5 (not shown) appears very 
similar to Fig. 5(c). In the 1-30 case, CDF percentages 
are typically a little higher (0.3 per cent) in the warmer 
climate. The average of the changes determined using 
the base climate CDF is a little lower.
 In general, though, the changes in the distributions 
and the associated statistics relate closely to those in 
extremes. We can hope to understand the extremes 
through an understanding of changes in the shape of 
the distributions. Katz and Brown (1992) demonstrat-
ed the importance of changes in the SD to extremes.

 To demonstrate the role of changes in both SD and 
skewness, we return to the central-south case. Cooler 
(nominally 1975) and warmer climate (nominally 
2085) distributions have been constructed from aver-
aging the two 30-year period results for daily mean 
temperature anomaly for each. The difference between 
these is shown in Fig. 11(a) (CCAM). The increase in 
the PDF around the regional mean 1-150 temperature 
(11.0°C) is clear. The upper tails of the corresponding 
CDFs for the individual cases are plotted in Fig. 11(b). 
The T99.5 values can be read from these, with the dif-
ference 0.53°C, very similar to the 1-150 change. A 
beta curve was matched to the 1975 result, then a sec-
ond curve produced with SD and skewness increased 
by the STH values in Table 2. The difference curve is 
plotted as Beta in Fig. 11(a). This gives a satisfactory 
match to the model result for positive anomalies. The 
change in T99.5 is 0.34°C, which can thus be attributed 
to the combined effect of the changes in SD and skew-
ness, as represented in the beta curves. The individual 
effects are seen by constructing two further beta distri-
butions, as modifications of the 1975 case. In one only 
the SD is changed and in the other only skewness. The 
differences in the PDFs are shown in Fig. 11(a), and 
both are important in the tail. In this case the increase 
in T99.5 due to SD alone is 0.26°C, some 2.5 times the 
change in SD, while that due to skewness is 0.08°C, 
4°C times the change in (non-dimensional) skewness.
 Comparing the SD and skewness changes with 
those of other regions in Table 2, and also Figs 7(b) 
and 8(b), can give an indication of which terms are 
important in other regions. In fact, multiplying the 
changes by the above factors and summing them gives 
the sign, at least, of the change in 1-150 for each re-
gion. Around most coasts both measures contribute 
to increases in the extremes, and for NUL skewness 
produces the bigger change (for the associated beta 
curves). In NSW, both factors contribute to decreases. 
Of course, in some cases, changes in the upper tail 
may not be well reflected in those of the lower order 
moments.
 The CDFs for STH in the two climates shown in 
Fig. 11(b) can be used to illustrate the relevance of 
these analyses to the problem of estimating change in 
the number of days above a threshold. For example, 
for a threshold of 37°C (which is high for the daily 
average) the anomaly is 12.2°C relative to the ‘1975’ 
two-period mean for the region. From the CDF, this is 
reached in 0.23 per cent of summer days, or 2.2 days 
per decade. The change in the mean to 2085 is 2.0°C 
in this case. If there is no change in the distribution of 
anomalies, the value of the 1975 CDF at 10.2°C gives 
the frequency of reaching a 37°C daily average in the 
warmer climate. This is 10.1 days per decade. In fact, 
the change in the T distribution is not a simple shift 
of 2.0°C. The change in shape leads to an increased 

Table 3. Statistics associated with the extreme values 
(at three levels) of both the Normal distribu-
tion and the distribution of simulated daily 
average temperature anomalies. First is the ex-
pected value (EV) of the extreme, as a ratio to 
the standard deviation (SD) of the distribution. 
For CCAM EV is the usual extreme statistic. 
Second is the CDF (as a percentage) corre-
sponding to that value. Finally, for CCAM, the 
change in the percentile (the anomaly at that 
CDF value) is given. For CCAM, the numbers 
given are averages of results over all Australian 
grid-points. The numbers for the Normal case 
were obtained from Pearson and Hartley (1976, 
Tables 1, 9 or the empirical formula, Eqn 78).

Distribution Statistic Extreme
 1-30 1-150 1-900

Normal EV/SD 2.04 2.65 3.21
Normal CDF% 98.0 99.60 99.93
CCAM EV/SD 1.52 2.18 2.62
CCAM CDF% 93.8 99.22 99.92
CCAM Change (°C) 0.10 0.22 0.23
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frequency, which can be read from the 2085 curve at 
10.2°C. The new frequency is 13.1 days per decade. 
Relative differences for other thresholds can, likewise, 
be seen directly from the graph. For regions such as 
SWV or NUL with larger changes in the SD or skew-
ness, the effect of changes in the shape of the distribu-
tions would be larger.
 The example illustrates an alternative to simply 
adding a mean change to observational daily values 
that allows for the change in PDF shape simulated by 
CCAM. If the daily anomaly is 10.2°C, the value at 
the same percentile in Fig. 11(b) for the warmer cli-
mate is now 0.5°C larger. This could be added to the 
extreme observations, as well as the mean change.

Understanding temperature 
variations
Precipitation and surface moisture
Given previous studies, we briefly consider whether 
changes in the soil moisture might have contributed 
to changes in the frequency of extremes of the surface 
temperature anomaly. The mean precipitation for sum-

mer simulated by CCAM over 1961-1990 (not shown) 
compares very well with the gridded observational data 
for Australia from the BOM. Rainfall exceeds 10 mm 
d−1 over some coastal areas of the north and northeast, 
as well as over New Guinea. It exceeds 4 mm d−1 over 
New Zealand. Soil moisture is simulated by CCAM in 
six layers. In DJF, the mean moisture in the upper lay-
ers (not shown) has a pattern similar to that of rainfall, 
as does the mean evaporation. The monsoonal rainfall 
appears to explain the more moderate maximum tem-
peratures of the far north of Australia, while the larger 
surface insolation and small evaporation in the interior 
boosts temperatures there.
 The change in rainfall, calculated using all four 
data periods as usual, is less than five per cent of the 
1961-1990 mean for many regions, including New 
Zealand. Rainfall decreases by five per cent in much 
of New Guinea and the islands. Increases of five to 
15 per cent occur in parts of the Australian interior 
and in NSW. The changes in mean soil moisture are 
mostly less than one per cent. Increases reach two per 
cent in central Australia and on Cape York. Decreases 
exceed three per cent in parts of eastern Queensland, 
western Tasmania and also northern New Zealand. 
There is some consistency between changes in rain-
fall or moisture and changes of the opposite sign in 
extreme temperatures (especially maxima) at these 
locations. The full relationship between extremes and 
moisture, rainfall (and presumably insolation) can not 
be explored here. Nevertheless, the increases in tem-
perature anomalies for much of Australia, particularly 
on the south coast, are not readily explained by such a 
mechanism. Naturally, the surface type is unchanged 
– there is no simulated snow cover in this season.

Mean winds
In the introduction we noted the importance of wind di-
rection to the daily temperatures, in the Australian south 
especially. We focus on winds interpolated to the 10 m 
level, and consider firstly the mean wind vectors, aver-
aged over all times of day. Winds averaged over all sum-
mer months of 1961-1990 are shown in Fig. 12(a). The 
mid-latitude westerlies, on average, reach only south-
ern Tasmania and New Zealand in summer. Onshore 
mean meridional winds of over 2 m s−1 cool the entire 
south coast. The mean winds appear to help maintain 
the large gradient in the mean temperature between the 
coast and central Australia (Fig. 2). Northwesterly mon-
soon winds only just cross the northern coast. Stronger 
easterlies hit the east coast and predominate over the 
Australian mainland. The contrast between the east and 
west subtropical coasts in the mean temperatures seems 
consistent with these easterlies.
 In the next subsection, winds from 0600 UTC of each 
summer day are considered. The average of these over 
1961-1990 is similar in character to Fig. 12(a), although 

Fig. 11 (a) Change in PDF for the simulated daily av-
erage anomalies for T´ region STH (CCAM). 
Also shown, change in the beta fit due to change 
in SD (+0.11°C) and skewness (+0.02), both to-
gether (Beta) and separately. (b) Cumulative 
distribution functions for STH from CCAM for 
the two climates.
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there is a stronger on-shore component in the Australian 
south and west. The local standard time over Australia 
is from 1400 to 1600 and the mean wind vectors com-
pare well, qualitatively, to observational wind roses for 
1500 (see www.bom.gov.au/climate/averages).
 The climatological changes in the summer winds 
(averaging over two periods as before) are shown 
in Fig. 12(b). The clearest effect is the strengthened 
monsoon into Cape York. Elsewhere the speed of the 
change vector is typically less than ten per cent of the 
present climate value, but two other coastal changes 
are notable. The southerlies across the south coast 
strengthen, which would reinforce the coastal modera-
tion. In the northeast the onshore winds weaken, which 
appears consistent with the drying and enhanced tem-
perature there.

Wind variability
It is clear that day-to-day variability in winds is im-
portant to the variability in temperatures. In exploring 
this relationship, we focus on simulated vector winds 
at 0600 UTC, early in the daily temperature averaging 
period. For each of the three summer months of the 
1961-1990 period, standard deviations of both wind 
components exceed 4 m s−1 in the south of the domain. 
In order to present the strongest relationship at each 
grid-point, for each of 72 direction vectors (in 5° in-
crements) the component of wind in that direction was 
calculated for each of the 930 days in each case and 
the correlation with temperature determined. Averag-
ing over the three months, the largest positive corre-
lation among all directions is shown in Fig. 13. The 
maximal direction itself is shown by a vector, whose 
length represents the wind variability.
 The correlations in Fig. 13 always exceed 0.5 in the 
mid-latitudes, for a largely southward direction. They 
peak at over 0.75 in the Tasman Sea, and also along 
the Australian south coast. The effect of largely me-
ridional wind anomalies appears to extend some 5° or 
more into the interior. In the southeast and southwest, 
the directions also include a substantial component 
from the interior. While correlations are smaller far-
ther north in Australia, the warmer days still tend to 
occur during winds from the interior. A further analysis 
of winds composited during the monthly temperature 
extremes confirms these relationships. The pattern of 
these correlations relates closely to that of SD of daily 
temperature (Fig. 7(a)).
 Wind variability is very similar in the warmer cli-
mate. The percentage changes in SD of the compo-
nents (not shown) are mostly less than five per cent. 
Variability in the Bight is reduced a little despite the 
stronger mean southerlies.

A simple model for the influence of wind variability
We consider then the proposition in the introduc-
tion. Given that advection of warm air from the inte-
rior appears to produce the extreme temperatures of 
the Australian south, might the extremes there in the 
2071-2100 climate reflect the warming of the interior? 
Northerly winds of say 4 m s−1 (the 1 SD speed indi-
cated for the south coast in Fig. 13) travelling for two 
days, a plausible time for such an anomaly, could in-
deed advect air some 6° of latitude – much of the way 
from the peak warming latitude.
 While many processes will influence the local 
surface air temperatures during weather events, it is 
worthwhile presenting a simple model for the influ-
ence of wind anomalies that helps explain the pat-
terns in the extremes and also the SD and skewness. 
Suppose firstly that wind at a certain grid-point ad-
vects air in the local direction depicted in Fig. 13. For 
simplicity, we assume three equally frequent regimes 

Fig. 12 Mean wind at 10 m for DJF: (a) 1961-1990, and 
(b) Change, 2070-2100 relative to 1961-1990. 
Vectors at selected points are plotted accord-
ing to the scale shown. Shading shows the speed 
of the mean wind, in (a), and the difference in 
speed of the mean wind in (b), both in m s−1.

a

b
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of wind component, varying according to the SD of 
wind in that direction every second day. For a normal 
distribution, a typical value for the upper third is +1 
SD. We assume this advects the seasonal mean (net) 
temperature (adjusted to sea level, using the lapse rate 
6.5°C km−1) from a location 2 d travel time upwind. 
One third of the time we have the opposite wind and 
we take the temperature from the other direction. The 
remaining time we have light wind, and we take the 
local mean temperature. Along the south coast, this 
will produce a large range of temperatures. The final 
results are more realistic if the two anomalies are re-
duced by a quarter, which is not unreasonable given 
the travel time. Of course, wind anomalies occur in 
our other 35 different direction pairs also. If there are 
variations in frequency, let us assume this is reflected 
in the SD of the wind component. We therefore repeat 
the calculation of three temperatures for each direction 
and pool all 108 values. The upper extreme anomaly, 
SD and skewness were determined.
 This has been done at each grid-point for 1961-
1990, using DJF averages of the wind SDs and adjusted 
mean temperature. The resulting extremes are plotted 
(for the relevant region) in Fig. 14(a). The values over 
land are smaller than those for 1-150 in Fig. 4(c), but 
in the south are similar to the 1-30 results (not shown). 
The extremes are clearly overestimated over the ocean 

– not surprisingly given the much smaller variability 
of the ocean surface, compared to the land. The SD 
and skewness fields (Figs 14(b) and 14(c)) have a con-
siderable degree of similarity to those in Figs 7(a) and 
8(a) outside the tropics. Certainly, much of the con-
trast between the interior values and those of the south 
coast is captured. The importance of the gradients in 
mean temperature to the calculation is evident from 
the minima in SD and less-negative skewness near a 
ridge of high adjusted temperature along 23°S. Given 
these biases, it appears that other processes (in particu-
lar, variation in insolation because of clouds) are more 
important than advection over tropical land.

Fig. 13 Correlation coefficient between daily mean 
temperature anomaly and wind at 10 m, 6 UTC, 
in the direction that maximizes the correlation, 
shown by shading. The 0.5 contour is shown as 
a line. The direction is shown by a vector, with 
magnitude equal to the SD of the component 
of wind in that direction. Data simulated by 
CCAM for the summer months of 1961-1990 
are used.

Fig. 14 Statistics of daily average temperature anoma-
lies estimated using a simple theory for wind 
influence, in DJF over 1961-1990: (a) upper ex-
treme (°C), (b) SD (°C), and (c) skewness.
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 Performing the calculations with the temperature 
field augmented by the mean change (Fig. 3(c)), then 
taking the difference, produces the change fields shown 
in Fig. 15. These also show similarity in pattern to the 
actual simulated changes (Figs 5(c) and 6(a), 7(b) and 
8(b)) for southern Australia. The changes in the ex-
tremes peak near the south coast. The SD increases on 
the south coast extend to the west and east, although 
the magnitude is too large. There are some decreases 
in skewness (Fig. 15(c)) in the interior, although they 
are smaller in the southeast than in the actual change. 
Skewness increases offshore from some coasts. Using 
January data only results in a positive change reach-
ing 0.1 in the central-south coast, indicating that the 
change in skewness can be sensitive to the details. 
Changing the wind SDs to 2071-2100 makes limited 
difference overall – the land/ocean warming contrast 
is the key effect.

Discussion
The simple model calculations demonstrate that ad-
vection of near-surface air can help explain the large 
standard deviations of summer temperatures in south-
ern Australia, as well as the pattern of skewness. The 
greater warming of the land in CCAM over the 21st 
century, compared to the surrounding ocean, leads to 
a sharp rise in the calculated SD around all coasts and 
extending well inland. Skewness also changes in some 
locations, although there is some sensitivity of this sta-
tistic to the model and inputs. The analysis in the earli-
er section on distribution of daily temperatures shows 
how these measures of the shape of the full distribu-
tion of temperatures relate to the higher percentiles 
in the upper tail. These, in turn, relate well to the ex-
tremes taken from time periods ranging from months 
to decades, for regions of Australasia. The increases in 
SD and skewness in the southern regions (STH, SWV 
and NUL in Table 2) imply that even though the rise in 
mean temperature is moderated by mean southerlies, 
the net extreme values increase similarly to the mean 
warming of the interior.
 While the magnitudes of the changes from the sim-
ple model depend on the rather arbitrary choices made 
in its formulation, it does seem that the decreases in 
the extreme anomalies, relative to the mean, in NSW 
from CCAM are not explained by the advection mech-
anism. The increased rainfall there appears to be influ-
encing the temperatures. Given that the best estimate 
for summer rainfall change from CSIRO and Bureau 
of Meteorology (2007) has a much smaller region of 
increase than from CCAM and larger decreases else-
where, it is quite possible that the increases in extreme 
anomalies are underestimated by CCAM. Some of 
these regional changes remain uncertain, given the 

small number of simulated years available. Further 
simulations would be needed to assess possible differ-
ences in changes between daily maxima and minima, 
and between different global warming scenarios.

Conclusions
The changes in the summer climate of the Austral-
asian region simulated by CCAM for 2071-2100, as 
a downscaling of the Mk3.0 GCM, include a warming 
over land that exceeds that of surrounding oceans, as 

Fig. 15 As for Fig. 14, but the change due to the mean 
warming for 2071-2100 relative to 1961-1990.
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in the host model. The enhanced resolution of CCAM 
provides greater detail in the temperature change. The 
warming over the smaller islands that are now repre-
sented is larger also. The mean warming near the Aus-
tralian coasts, and the gradient of change inland, shows 
considerable spatial variation. In the south, prevailing 
southerlies, which strengthen, moderate the warming. 
In the northwest and much of the east, there is very 
little moderation near the coast. Simple interpolation 
of temperature changes from coarse GCM grids would 
be misleading.
 Extreme daily temperature anomalies peak near the 
south coast in CCAM, consistent with observations. 
These are associated with standard deviation of daily 
temperatures increasing southward. Furthermore, 
there is a positive skewness and a long upper tail in 
the temperature distributions around the coasts, which 
contrasts with negative skewness in the interior.
 In far southeastern Australia and New Zealand, 
warm extremes in summer temperature increase at 
somewhat smaller rates than the means. However, 
over much of Australia the extreme anomalies in-
crease at a faster rate, with the difference exceeding 
50 per cent on parts of the south coast. This is asso-
ciated with increases in both SD and skewness, as is 
demonstrated using a beta distribution approximation 
to the simulated local distributions. A simple model 
for the influence of wind variability on the tempera-
ture distribution provides useful insight. The increased 
anomalies in the south are consistent with advection of 
the enhanced warming in the interior by the hot north-
erlies familiar to the region. Estimates of increased 
frequency of hot days based simply on a shift of the 
local mean would be inaccurate.
 The analysis of CCAM simulations suggests that 
the rises in extreme temperatures may be larger in 
coastal areas, in particular southwestern Victoria, than 
would be anticipated from the mean warming.
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Appendix
Fitting the beta distribution
The beta distribution PDF used as an approximation to 
the temperature PDFs is defined by:

fb(x) = (1/B(p,q))((x−a)p−1(b−x)q−1/(b−a)p+q−1)
 (a ≤ x ≤ b), ...1

(and zero elsewhere), with the beta function B given 
by:

 B(p, q) = G(p)G(q)/ G(p + q),  ...2

and G the usual gamma function. Parameters a and b 
mark the end points of the PDF, while p and q deter-
mine the shape near these.
 We fit the distribution by matching the quantities 
related to the measures, mean μ, SD σ and skewness ζ. 
These depend on the parameters as follows:  

...4

...5

σ =    

a +
(b – a)p

p + q
...3μ =  

b – a
p + q (p + q +1)pq/

(pq)ζ =    
p + q + 2
2(q – p)

(p + q +1) / 

and

 We have a spare parameter, which could be used to 
maximise the goodness of fit as desired. Here it is con-
venient to specify also the full range of the distribution 
(b − a), and in the case of the graphs in Figs 10 and 11, 
40°C (approximately 10σ) gave satisfactory results. 
Given a value for a, it is simple to solve p and q to fit 
the mean (zero) and SD. We then iterate for different a 
values until the required skewness is achieved.
 In the case of the curve in Fig. 10(b), this process 
gives a good match in the positive tail, although the 
large q value (10.2) means the PDF is negligible well 
short of the endpoint b = 25.1°C. The positive skew-
ness results from q being larger than p = 6.1. Con-
versely, in Fig. 10(c) p = 13.8 is larger than q = 5.0. In 
the non-skewed case of Fig. 10(a), large values of both 
powers (p = 13.1 and q = 9.2) allow the beta distribu-
tion to approximate the normal.
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