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Introduction

Most climate change studies to date have generally focussed on
changes in climatic means rather than changes in climatic
extremes and variability and yet, from an impacts perspective,
changes in the latter are likely to be at least as important.
Changes in the extremes and variability of high-quality surface
air temperature data have been analysed over Australia for the
period 1961 to 1993. The mean, maximum, and minimum tem-
peratures and the diurnal temperature range were examined.

Regional trends in intraseasonal and interannual temper-
ature variability were mixed and generally not statistically sig-
nificant, although some seasonal changes (e.g. interannual
decreases in spring) were. While intraseasonal trends were
generally small overall there was a tendency for winter increas-
es and autumn decreases, and a weaker spring-increase, sum-
mer-decrease pattern of change. There has been a bias towards
increases in temperature variability for the daytime and a ten-
dency towards decreases in variability of overnight tempera-
tures. Further, there was an association between warmer days
(nights) and increased (decreased) temperature variability,
particularly in the south. Through analysis of changes in the
95th and 5th daily percentile temperatures, the cooler ‘relative
extremes’ were found to increase at a similar rate to the medi-
an, but a little larger than rises in the warmer ‘relative
extremes’. However, changes in the differences between these
extremes (analogous to low frequency intraseasonal variabili-
ty) were not significant.

Perhaps surprisingly, the most significant seasonal
increase in intraseasonal temperature variability has occurred
in the temperate west region in winter during a period of
decreased baroclinic activity and declining rainfall totals. This
study indicates that the direction of change in regional temper-
ature variability, unlike those for actual temperature itself,
may be difficult to predict even if changes in broadscale atmos-
pheric circulation are evident.

Much has been documented about the potential for sig-
nificant changes in the variability and extremes of
weather and climate due to a human-induced rise in car-
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bon dioxide and other radiatively active greenhouse
gases. Information on the likelihood of significant
changes in climatic extremes and variability is consid-
ered highly valuable by those charged with assessing
possible impacts on socioeconomic sectors and the envi-
ronment. However, it is also tainted with uncertainty
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and possible scenarios for change will, most likely, be
highly regionally dependent. Policy analysts have
received comparatively little information with regard to
changes in climatic extremes and variability compared
to changes in mean quantities (Katz and Brown 1992).

There is potential for significant socioeconomic and
environmental impacts associated with changes in cli-
matic extremes and variability. The deleterious impacts
on agriculture have been examined in a number of stud-
ies (e.g. Decker 1967, Mearns et al. 1984; Parry and
Carter 1985; Miller and Glantz 1988). The impacts of
climatic extremes on the dynamics and distribution of
animals and insects (e.g. Walker et al. 1989) and on
human health (e.g. Kalkstein 1994) have also received
attention. Wigley (1985) stressed that the importance of
successive extremes lies in their amplified cumulative
impact. While a single extreme may be easy to with-
stand, if buffer stocks (of some variable affected by the
climate anomaly) were depleted by one bad season, a
second in succession could be far more devastating.

It is necessary to state from the outset that answering
the question: ‘Have temperature variability and
extremes significantly changed over Australia in recent
decades ?’ is not simple. Nicholls (1995) discusses the
problems of determining changes in extreme tempera-
tures and suggests that non-climatic factors (e.g. station
relocation, growth of nearby vegetation, construction of
buildings nearby) are likely to exert greater problems for
analysis of extremes compared to analysis of mean tem-
peratures. Also, how do we choose the extreme thresh-
olds a priori? In some instances, the choice of thresh-
old may be driven by sound environmental or economic
reasoning, but in others the decision will often be made
arbitrarily. Definitional problems have led to a dearth in
consistent country-wide analyses and small changes in
the choice of threshold can lead to significant differ-
ences in results. Similar problems exist in determining
changes in variability since there are several ways to
define the temporal variability of a climatic variable.

Several studies have investigated changes in surface
air temperature over Australia (e.g. Coughlan et al.
1990; Jones et al. 1990; Plummer 1991; Burrows and
Staples 1991; Jones 1991; Balling et al. 1992; Karl et al.
1993; Salinger et al. 1996; Lough 1995; Plummer et al.
1995). Post-1910 changes in surface air temperature
over the Australian continent are currently being
assessed (S. Torok and N. Nicholls, personal communi-
cation 1995) but preliminary results suggest that the rate
of warming has been broadly consistent with the hemi-
spheric trend.

Mean temperatures have increased at a rate of 0.1 to
0.2°C per decade over most of Australia since 1951 but
larger increases have occurred in some areas, most
notably the northeast. A recent decrease in the diurnal
temperature range (DTR) has been observed over most

regions, particularly the northeastern interior where falls
in excess of 0.4°C per decade have been observed over
the period 1951 to 1992. As with changes observed over
much of the global landmass, the decrease in the DTR
has been primarily driven by increases in overnight min-
imum temperatures. There is a strong suggestion that
changes in cloud cover are associated with the observed
decreases in DTR over the northeast.

Previous work has shown that complex relationships
exist between changes in mean, and the extremes and
variability of climate. By considering changes in the
mean parameter alone, Wigley (1985) showed that a
change in the mean by only one standard deviation
would make an extreme event, that had been expected
only once every twenty years, become five times as fre-
quently expected. Katz and Brown (1992) demonstrated
that the frequency of extreme events is relatively more
dependent on any changes in the variability than in the
mean of climate when parameters change by equal
amounts. Further, they showed that the sensitivity was
greater the more extreme the event. These results were
also found in an analysis of maximum and minimum
temperature data from Australian stations (Trewin 1993).
Hennessy and Pittock (1995) investigated the effects of a
warming on the number of extremely hot and cold days
observed in locations in southeastern Australia. No
change in the autocorrelation, standard deviation or in
the shape of the temperature frequency distribution was
assumed as the mean increased. For many of the stations
the current probability of a run of at least five summer
days over 35°C was doubled for a 1°C warming and
increased by a factor of five for a 3°C warming.

Studies into the changes in observed temperature
extremes and variability have been rather limited com-
pared to studies on changes in mean temperatures. Karl
et al. (1991) examined changes in extreme seasonal
maximum and minimum temperatures for the US and
the Former Soviet Union (FSU). The trends in the
extreme temperatures showed similar characteristics to
those of their respective means, i.e. increases in the
mean and extreme minimum temperatures with little or
no change in the mean and extreme maximum tempera-
tures. Observational studies in the late 1970s and early
1980s did not reveal any clear patterns of trend in tem-
perature variability. van Loon and Williams (1978)
found no apparent connection between trends of mean
temperature and its variability (through monthly stan-
dard deviations) over the US from 1876 to 1975.
Several studies (Angell and Korshover 1978, Barnett
1978, Diaz and Quayle 1980) failed to establish the
expected relationship whereby warmer climates result in
reduced variability. Parker et al. (1992) found no ten-
dency to higher variability in recent decades in the
analysis of a daily central England temperature time
series from 1772 to 1991.
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Karl et al. (1995) examined changes in observed tem-
perature variability over the US, the FSU, the People’s
Republic of China (PRC), and Australia over the periods
1911-92, 1935-89, 1952-89 and 1961-93, respectively.

The temperature variability parameters and the method’

of computation were the same as those employed in this
present study except for the computation of interannual
variability. Decreased intraseasonal mean temperature
variability has generally been observed over the northern
hemisphere, but with mixed trends over Australia. Tests
indicated statistically significant decreases in the US for
all elements at the shortest time intervals (i.e. day-to-day
differences), and for the magnitude of the DTR within
the FSU and China. The intraseasonal decreases in the
US were largely due to trends in spring and summer, and
in the PRC decreases were largest during spring.
Statistically significant decreases were also observed in
spring and summer in the FSU for short time-averaged
differences (through five-day time averages). The
results were mixed for changes in interannual differ-
ences of temperature with increases found over Australia
in Karl et al. (1995). Interannual changes are consistent
with the findings of Parker et al. (1994) who found little
evidence for a systematic change in interannual temper-
ature variability over the globe in the period 1974 to
1993 compared to the previous twenty-year period.
Experiments with general circulation models
(GCMs) can provide scenarios for changes in tempera-
ture variability and extremes with enhanced concentra-
tions of CO,. A more detailed description of previous
work regarding GCM-simulated temperature variability
and extremes can be found in Plummer (1996) and a
paper (Plummer and Colman) in preparation. Only a
summary of this work will be provided here. While
interannual variability over much of the global landmass
tends to be too high in summer in control simulations of
GCMs with mixed-layer oceans, it is too low around the
regions of dynamical tropical ocean. As a consequence,
these models cannot simulate the El Nifio - Southern

Oscillation phenomenon, a major contributor to interan-.

nual climate variability over much of the globe. GCMs
coupled to mixed-layer oceans suggest a decrease in
hemispheric meridional surface air temperature gradi-
ents following a doubling of CO, (e.g. IPCC 1990,
1992). This appears to be associated with a simulated
decrease in intraseasonal temperature variability over
large areas of the globe and this is broadly consistent
with the observed changes in Karl et al. (1995) as previ-
ously discussed. However, increases in middle and
upper-level meridional temperature gradients and
enhanced moisture in a warmer world suggest that the
implications on mid-latitude baroclinic systems are far
from certain (e.g. Held 1993, Hall et al. 1994). Plummer
(1996) also gives several reasons why caution should be
exercised when interpreting results from_ mixed-layer

models. The findings from fully coupled ocean-atmos-
phere GCMs (where the ocean is more realistically sim-
ulated and where experiments have concentrations of
CO, gradually increased) suggest that the decreases in
meridional temperature gradients given by mixed-layer
ocean models are likely to be overestimated, particular-
ly in the southern hemisphere. The results from some
fully coupled models, such as Meehl et al. (1994), sug-
gest quite a different scenario of chauge for temperature
variability although a lack of flux-correction in these
experiments can lead to low confidence in perturbed cli-
mate. It should also be noted that there is evidence to
suggest that the retarded warming at high latitudes of the
Southern Ocean may be exaggerated in fully coupled
models (e.g. England 1995). Changes in simulated
interannual temperature variability have generally been
mixed following doubled CO,.

This study is principally concerned with obtaining the
best estimate of recent (post-1961) changes in tempera-
ture extremes and variability (on intraseasonal and inter-
annual time-scales) over Australia. Some of these results
will be discussed in the light of associated observed
changes in other climatic variables and broadscale
atmospheric circulation. This work was driven by the
requirements of the Intergovernmental Panel on Climate
Change (IPCC) Second Scientific Assessment and was
part of a comparative study (Karl et al. 1995) involving
data from other areas of the globe. Since the impacts of
changes in temperature variability and extremes are like-
ly to be at least as important as changes in mean temper-
ature itself, and given that mean temperatures have risen
markedly over the past few decades over Australia and
much of theglobe, it is worthwhile exploring changes in
extremes and variability. Related to this work, Plummer
(1996) 1nvest1gated simulated temperature variability
and extremes (for both present and doubled CO, condi-
tions) from the Bureau of Meteorology Research Centre
(BMRC) atmospheric Global Climate Model (GCM)
coupled to a mixed-layer ocean. A paper (Plummer and
Colman) is in preparation.

The term ‘temperature’ will often be used instead of
‘surface air temperature’ throughout this report. A more
suitable description is used where this generahty may

.cause confusion or is. incomplete.

Data and analysis

Observational data

Analysis of changes in climatic variability and extremes
requires long-period datasets of the highest quality. The
data from many stations suffer from non-climatic influ-
ences such as: changes in station location and instru-
mentation; the effects of nearby construction of build-
ings and growth of vegetation; and the urban heat island
effect.
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Daily maximum (MxT) and minimum (MnT) tem-
perature datasets were obtained from the National
Climate Centre of the Bureau of Meteorology (BoM).
Temperatures used for the present study were selected
from a network of stations with data considered to be
free from inhomogeneities over the period 1961 to 1992
and with no more than five missing annual averages
(MXT or MnT) over the 1961 to 1990 standard normal
period. Most stations were from the BoM Reference
Climate Station (RCS) network which were selected,
where possible, according to WMO (1986). Plumimer et
al. (1995) describe the techniques used for identification
of inhomogeneities (and subsequent adjustment where
necessary) of seasonal mean MxT and MnT. To obtain
a network with greater spatial density, stations with data
considered free from inhomogeneities as identified
using statistically rigorous techniques developed by
Torok (personal communication, 1994) were added. A
total of 40 Australian stations have been used in this
study (Fig. 1 and Table 1). The continent was divided
into six climatic regions: tropical west (TrW), tropical
east (TrE), subtropical west (SbW), subtropical east
(SbE), temperate west (MpW), and temperate east
(MpE). These regions were a simplified version of the
Australian climatic zones as identified by BoM (Fig. 5,
Bureau of Meteorology 1989). A larger station network
would give greater confidence in the regional assess-
ment of changes in temperature variability and
extremes.

Fig.1  Network of stations selected for analysis of their
recent (1961-93) changes in temperature variabil-
ity and extremes, Also shown are the boundaries
of the six climatologically homogeneous regions
(number of stations follow abbreviations): tropi-
cal west (TrW, 2), tropical east (TrE, 8), subtrop-
ical west (SbW, 7), subtropical east (SbE, 10),
temperate west (MpW, 4) and temperate east
(MpE, 9).
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Method of analysis

For the purposes of calculating seasonal values repre-
senting the variability and extremes of daily tempera-
tures, it was necessary to convert each daily value (both
MxT and MnT) into an anomaly from a longer-term
mean for all locations. This removed the seasonal cycle
of temperature variation. The long-term (1961-90) daily
mean MxT and MnT time series were obtained for each

Table 1. Details of stations selected for analysis of their
recent (1961-93) changes in temperature variabil-
ity and extremes. Table includes BoM station
identification number and name, latitude and
longitude and the region in which the station
belongs (refer Fig. 1). Abbreviations are: L’house
—  Lighthouse; (AYMO - (Aviation)
Meteorological Office; PO — Post Office.

Stn id Lat Lon Region
(BoM)  Stn name (°S) (°E)

02012  Halls Creek AMO 18.23  127.67 W
03003  Broome AMO 1795 122.23 TrW
04032 Port Hedland AMO 2037 11862  SbW
04035  Roebourne PO 20.78 117.14  SbW
05026  Wittenoom PO 2225 11833 SbwW
07045  Meekatharra AMO 26.62 11855 Sbw
08039  Dalwallinu PO 30.28 11667 MpW
08051 Geraldton AMO 28.80 11470 MpW
10035  Cunderdin PO 3165 11723 MpW
10648  Wandering Shire 32.68 11667 MpW
11004  Forrest AMO 30.83 128.12  SbW
12038  Kalgoorlie AMO 30.78 12147  SbW
13017  Giles MO : 25.03 12830  SbW
16001  Woomera AMO 31.15 136.82 SbE

22801  Cape Borda (L’house) 3575  136.60 MpE
23321  Nuriootpa Viticultural 34.48  139.00 MpE
27022  Thursday Island MO  10.59 14221 TrE

28004  Palmerville 16.00 144.07 TrE
29041  Normanton PO 17.67 141.17 TrE
32040 Townsville AMO 19.25 146.77 TE
33119  Mackay MO 21.12  149.22 TrE
34002  Charters Towers PO 20.09. 146.26 TrE
35070  Taroom PO 25.60 149.80 SbE
36007  Barcaldine PO 23.56 14529 TrE

39083  Rockhampton AMO 2337 15047 TrE
40043  Cape Moreton L'house ~ 27.03  153.47 SbE

42023  Miles PO 26.67 150.18 SbE
44021  Charleville AMO 2642 146.27 SbE
46037  Tibooburra PO 29.43 142.02 SbE
46042  White Cliffs PO 30.85 143.09 SbE
52026  Walgett PO 3002  148.12 SbE

55054  Tamworth Airport 31.09 150.85 SbE
68034  Jervis Bay

(Pt Perp.L’house) 3513 150.77 SbE
72091 Cabramurra (SMA) 3593 148.38 MpE
78031  Nhill Composite 3633 141.64 MpE
80023  Kerang P.O. 3574 14392 MpE
85072  Sale East AMO 38.10 147.15 MpE

90014  Cape Nelson L'house  38.43  141.55 MpE
90015  Cape Otway L’house  38.87  143.52 MpE
94069  Grove Research 4298 147.08 MpE
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location by performing a Fourier analysis (e.g. Panofsky
and Brier 1958) of their monthly mean MxT and MnT
and interpolating from their respective 1961-90 average
annual cycles. Anomaly values for every day (if not
missing) from January 1961 to February 1994
were derived by subtracting the 1961-90 daily mean val-
ues from their respective actual daily values in the full
series.

There are many ways of defining the variability and
extremes of a climatic variable. The methods used here
follow those recommended by Nicholls and Karl (per-
sonal communication, 1994) in an attempt to provide a
comparison of changes in temperature variability and
extremes throughout various regions of the globe. The
variability analyses were mostly consistent with Karl et
al. (1995) and four temperature variables were examined
in this analysis: MxT, MnT, average temperature (AvT),
and DTR. The daily AvT was calculated from the arith-
metic average of the daily MxT and MnT. The daily
DTR was computed by subtracting the daily MnT from
the daily MxT. Each of these temperature variables
were converted to time series of daily anomalies in the
manner previously described. Annual values corre-
spond to the March to February period for each year in
this study. For example, the annual average temperature
for 1993 was calculated by averaging the corresponding
1993 seasonal values of autumn, winter and spring, and
summer 1993-94.

Variability is defined here as the absolute value of the
difference in temperature between two adjacent periods
of time. Such a definition is less prone to confounding
effects of high and low frequency variability as is the
case with the standard deviation (Karl et al. 1995). In
addition, the standard deviation is insensitive to the tem-
poral position of large positive or negative deviations
from the mean. As Karl et al. illustrate, while the time
series 0,0,0,0,0,1,1,1,1,1 and 0,1,0,1,0,1,0,1,0,1 have
identical standard deviations there are clear differences
in the nature of their variability. The former series could
inadvertently reflect the effects of a change in the mean.
Both intraseasonal (within season) and interannual

(between years) temperature (MxT, MnT, AvT and

DTR) variability were examined.

The intraseasonal variability was calculated on a
number of different time-scales: one day, two day, five
day, ten day, and 30 day. The one-day time-scale sim-
ply represents day-to-day variability and so, for a par-
ticular season, the absolute differences between consec-
utive daily anomaly temperatures were averaged. The
intraseasonal differences relative to the two-day to 30-
day time intervals were calculated for each season by
using overlapping running differences. For example, for
the ten-day time-scale, averages of the daily temperature
anomalies were calculated for days one to ten, days two
to eleven, days three to twelve, etc. Then the absolute
differences between these consecutive average values

were computed. The average of these absolute differ-
ences gave the quantitative measure of variability for the
season. The averages of the four seasonal values were
used to find an annual average. More formally:

Define for each season of the record:

t; = daily temperature (MxT, MnT, AvT, DTR) anomaly
for day i in that season

T,; = average of d consecutive daily temperature anom-

I
alies within that season, starting at day i

St fori=1, Nypgeon + 1) - d

i

1
Ty= 7
where N, is the number of days in the season.
Let N, be the number of T;; values for the season
then V,, variability at the d day time-scale for the sea-
son, is defined as

1 ¥
Vd=1r‘_7 ZIT i+ 1a~ Tid|

(the calculation of average seasonal values required a
minimum number (N ) of T, values).

Figure 2 shows daily temperature time series illus-
trating the differences between V| (indicative of
intraseasonal variability on short time-scales, or at high
frequency) and V|, (...long time-scales/low frequency).

Fig. 2 Sample intraseasonal variability values for ide-
alised daily temperature time series (first 20 days
of season). Bold solid line is the long-term mean
and the other series represent daily temperatures
observed in four different years for the same sea-
son. V; and Vg are representative of intrasea-
sonal variability at high and low frequencies,
respectively.
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The bold solid line represents an idealised long-term
mean daily temperature time series The other four lines
represent idealised daily values for four different years
but for the same season. The series which exhibits the
greatest day-to-day variability is that which fluctuates a
degree or so about the mean (year 1) but shows a simi-
lar trend over the period. The series which has the least
day-to-day variability is that for which the temperature
remains constant throughout the full period (year 2).
Note that V| is greater than zero for year 2 since the
daily temperature anomalies are calculated relative to a
long-term mean which shows a steady decrease.
However, the series possessing the least intraseasonal
variability on longer time-scales (as given by V) is the
rapidly fluctuating year 1 series since over longer time
periods it varies little from the mean. The largest value
of V,, was associated with the daily temperatures in
year 4. Instead of slowly decreasing in the first 20 days
of the season, as in the long-term mean, temperatures
increased rapidly in year 4. The series in year 3 has the
same magnitude of trend as year 4 but its slope is in the
same direction as the long-term mean.

Interannual variability (VIA) was simply calculated
by taking the absolute value of the difference of the sea-
sonal mean temperature anomaly from one year to the
next. For example, the interannual variability attributed
to spring 1992, for a particular temperature variable and
location, would be the absolute difference between the
average anomalies for spring 1993 and spring 1992. A
minimum of 72 daily observations were required to cal-
culate a single average seasonal temperature anomaly
and the annual value was an average of the four season-
al averages providing none were missing. Karl et al.
(1995) calculated the annual value for interannual vari-
ability by finding the absolute differences between con-
secutive annual averages. Different conclusions can be
reached depending on which method of calculation is
adopted. For example, consider consecutive years (year
2 follows year 1) where autumn and winter were
very much warmer in year 1 (compared to year 2) but
spring and summer were very much warmer in year 2
(compared to year 1). Interannual variability computed
by Karl et al. between these years would give a small
annual value whereas this present study would find large
interannual variability. This will be further discussed in
the Results section. e

The seasonal extremes were defined to be the 5th
(P5) and the 95th (P95) percentiles of the daily temper-
ature anomalies within a season. ‘Again, these were cal-
culated for each of MxT, MnT, AvT and the DTR. PS5 is
that value below which 5% of the data falls and above
which 95% lies and P95 is that value below which 95%
of the data falls and above which 5% lies. Note that
since these extreme values are calculated from the daily
anomalies, their day of occurrence is not necessarily

biased towards the warm or cool parts of a season; these
values are therefore ‘relative extremes’ as opposed to
‘absolute extremes’. The annual extremes were calcu-
lated using the same percentiles on all daily anomalies
during the year (March to February). The median (P50),
and the difference between the extremes (PDIFF = P95-
P5) were also calculated for each season and annually.
This latter term gave an additional measure of intrasea-
sonal variability. A temporal decrease (increase) in
PDIFF would occur as a result of a convergence (diver-
gence) of these extremes and may be suggestive of a
decrease (increase) in variability. For calculation of the
seasonal (annual) percentiles, no more than 25 (70)
missing daily anomalies were allowed.

Individual ‘station time series were combined into six
regional averages (refer Fig. 1). Each seasonal and
annual value for a region was an unweighted average of
the corresponding values from each of the stations in the
region. The linear trends, over the period 1961 to 1993,
for each of the six regional time series (comprising all of
the variability and extreme parameters (10), for all four
temperatures, for all seasons and annually) were calcu-
lated using linear regression.

The statistical significance of the linear trends was
assessed using the Kendall-tau non-parametric test
(Kendall and Gibbons 1990). While non-parametric
tests make no specific distributional assumptions of the
data, they do have some disadvantages. Primarily, they
do not utilise all of the information provided by the sam-
ple, and thus will be less efficient than a parametric test
when both methods are applicable. However, since it is
possible that some of the regional extreme temperature
distributions will depart from a normal distribution, the
Kendall-tau non-parametric test has been employed
here. o

Autocorrelation in the time series must also be con-
sidered vy_hgih determining the significance of trends.
Often in statistical work we consider that the amount of
information in a random sample as being proportional to
the size of the sample. This idea often needs modifica-
tion in the analysis of meteorological time series since
successive values are often not independent. In a com-
parative study (to the present), Karl et al. (1995) used
two tests to account for autocorrelation in an assessment
of st_atistichl significance. Firstly, the observed data
were modelled using a first-order autoregressive model
(AR(1)) and Monte Carlo techniques were used to
examine the significance of the observed changes.
Secondly, an autoregressive moving-average (ARMA)
model up to order four (Box and Jenkins 1976) was fit-
ted to the observed data with the most appropriate model
selected on the basis of the Bayesian Information
Criterion (Katz 1982).

Correlograms of the de-trended yearly time series of
seasonally (and annually) averaged MxT and MnT were






