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ABSTRACT

Changes in the area of Australia experiencing concurrent temperature and rainfall extremes are in-

vestigated through the use of two combined indices. The indices describe variations between the fraction of

land area experiencing extreme cold and dry or hot and wet conditions. There is a high level of agreement

between the variations and trends of the indices from 1957 to 2008 when computed using (i) a spatially

complete gridded dataset without rigorous quality control checks and (ii) spatially incomplete high-quality

station datasets with rigorous quality control checks. Australian extremes are examined starting from 1911,

which is the first time a broad-scale assessment of Australian temperature extremes has been performed prior

to 1957. Over the whole country, the results show an increase in the extent of hot and wet extremes and

a decrease in the extent of cold and dry extremes annually and during all seasons from 1911 to 2008 at a rate of

between 1% and 2% decade21. These trends mostly stem from changes in tropical regions during summer and

spring. There are relationships between the extent of extreme maximum temperatures, precipitation, and soil

moisture on interannual and decadal time scales that are similar to the relationships exhibited by variations of

the means. However, the trends from 1911 to 2008 and from 1957 to 2008 are not consistent with these

relationships, providing evidence that the processes causing the interannual variations and those causing the

longer-term trends are different.

1. Introduction

The ongoing analysis of climate extremes is a prior-

ity for global and regional climate monitoring efforts,

primarily because of the link between extreme condi-

tions and socioeconomic impacts (Easterling et al. 2000).

Changes in the frequency and severity of some extreme

events during the twentieth and early twenty-first cen-

tury have been recorded globally (Frich et al. 2002;

Alexander et al. 2006) and throughout Europe (Klein

Tank and Können 2003), North America (Karl et al. 1996;

Vincent and Mekis 2006), South America (Vincent et al.

2005; Haylock et al. 2006), Asia (Manton et al. 2001; Zhai

et al. 2005; You et al. 2008), and Oceania (Plummer et al.

1999; Alexander et al. 2007). These changes have in-

cluded increases in the occurrence of hot extremes and

decreases in the occurrence of cold extremes of mini-

mum and maximum temperature during the second-half

of the twentieth century for the majority of global land

area (Frich et al. 2002; Alexander et al. 2006). Reported

changes in extreme precipitation are regionally depen-

dent. However, there has been a global trend toward

increases in extreme daily precipitation during the

second-half of the twentieth century and into the twenty-

first century (Alexander et al. 2006).

Tools for monitoring changes in extremes have been

developed primarily through the use of indices (Frich

et al. 2002). These indicators are useful for comprehen-

sively assessing changes in a range of extremes at single

or multiple locations. However, when trying to form a

simple overview of how extremes are changing in a

broad region, the large amount of information that mul-

tiple indicators provide can make communication with

nonscientists difficult. To combat this problem, Karl

et al. (1996) developed a combined index known as the

Climate Extremes Index (CEI) to act as a communication

tool that provides an initial indication of how combined

extremes are changing over time. The CEI determines

the areal extent of climate extremes for a specified re-

gion during a given year and is achieved by averaging

several components, each identifying the fraction of an

area experiencing a specific type of extreme associated

with temperature or precipitation (Karl et al. 1996;

Gleason et al. 2008). For this study, the CEI has been
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modified to provide additional information on the di-

rection of changes in climate extremes for a region, for

example, toward hotter and wetter extremes. Changes

in daily temperature extremes are also included follow-

ing Burkholder (2007), as Karl et al. (1996) and Gleason

et al. (2008) examined monthly or longer time scales

only. However, it is the daily events that often yield the

greatest socioeconomic impacts (Fouillet et al. 2006).

Here, the modified CEI is calculated for Australia.

This provides a practical example to demonstrate the

usefulness of the CEI in regional applications and also

contributes to the body of work describing regional

changes in climate extremes around the globe. In Aus-

tralia, widespread changes in extreme temperatures and

some regional changes in extreme precipitation have

been detected. Consistent with the global picture, in-

creases in hot daily minimum and maximum tempera-

ture extremes were observed during the second-half of

the twentieth century across most of the country, with

the exception of some isolated pockets on the southeast

coast, in the southwest, and the northwest (Collins et al.

2000; Alexander et al. 2007). An Australia-wide exam-

ination of extreme temperatures prior to the late 1950s

has not previously been possible because of the lack of

digitized, reliable data before this time (Trewin 2001).

The trends in extreme daily and monthly precipitation

in Australia are regionally and seasonally dependent. In-

creases in extreme rainfall from 1910 to the early 2000s

have been detected in northwest Australia during sum-

mer. At the same time, there were decreases in extreme

rainfall during winter in southwest Western Australia

and during autumn in southeast Australia (Alexander

et al. 2007; Gallant et al. 2007). The interannual varia-

tions in mean temperature and rainfall are closely as-

sociated across much of Australia, making the joint

examination of changes in temperature and rainfall ex-

tremes particularly interesting. Utilizing the modified

version of the CEI, and a newly available Australia-wide

temperature and rainfall dataset, variations and trends

in Australian climate extremes are analyzed from 1911

to 2008.

2. The Climate Extremes Index

The CEI components defined by Karl et al. (1996)

calculate the fraction of the area of a region experi-

encing extreme minimum and maximum temperatures,

drought/moisture surplus, daily precipitation, and wet/

dry days calculated on monthly or longer time scales.

The CEI components identify extremes in both tails

of the distribution, that is, hot and cold temperature

extremes and wet and dry extremes. These upper and

lower extremes were added to generate each component.

However, adding the extremes only indicates whether

an extreme is occurring; it does not provide any infor-

mation about the type of extreme being experienced.

Subtraction of the lower extreme from the upper (or vice

versa) provides this directional information (Burkholder

2007) and represents the component as an anomaly,

which is used to examine departures from the normal

occurrence of extremes.

There are potential limitations in subtracting upper

and lower extremes due to a cancellation if extremes

in both tails of a distribution are changing in tandem.

In Australia, changes in local extremes have been more

closely associated with shifts in distributions rather than

changes in variance (Alexander et al. 2007), and so the

simultaneous change of upper and lower extremes at a

particular location is unlikely. A cancellation of a com-

ponent may also occur if there are opposing changes in

extremes across a region, that is, a region is simulta-

neously experiencing more hot and cold extremes. Though

the user may wish to know which type of extreme is

dominating the region, examining smaller regions should

reduce such a problem.

Here, the directional aspect was included for each

component using subtraction as it introduces the flexi-

bility to infer variations between broad extreme climate

types from the CEI. For example, the CEI could be used

to describe variations in a climate with more extreme

hot/dry, cold/wet, hot/wet, or cold/dry conditions. This

is particularly useful for Australia, where interannual

variations in temperature and rainfall are often linked.

The components used for this study are described in

Table 1. Each component represents changes in the

fraction of the area of a region experiencing extreme

minimum and maximum temperatures, drought or mois-

ture surplus, heavy daily rainfall, and wet and dry days.

Two versions of the CEI are calculated that, following

modifications by Burkholder (2007), utilize the sub-

traction method. The first is the modified CEI (mCEI),

and the second is the daily, modified CEI (dmCEI). The

difference between the mCEI and dmCEI is that they

calculate temperature extremes on the monthly and

daily time scale, respectively. Specifically, the tempera-

ture components in the mCEI compute fractions of

area where the mean temperature exceeds an extreme

threshold, whereas the dmCEI computes fractions of

area where the proportion of daily temperature ex-

tremes exceed an extreme threshold. Before combina-

tion, component 4 was multiplied by two to make the

variance similar to the other components, which ef-

fectively have doubled variance from the combination

of upper and lower extremes. Taking a simple average

of all components generates the mCEI and dmCEI

time series. The mCEI and dmCEI should be viewed as
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complementary to the CEI of Karl et al. (1996), not as an

alternative to it.

3. Data

A dense and evenly spaced data network with long-

term, reliable data is required for assessing changes in

spatial variations of Australian climate extremes. High-

quality data are necessary as spurious data often take the

form of outliers. These outliers may be accidentally in-

cluded as an extreme and bias the analysis of extreme

events. To ensure the data extent and quality require-

ments were met, two datasets were utilized.

The first is a gridded dataset that has spatial com-

pleteness across the continent and a record extending

from 1911 to 2008. The product was generated by the

Australian Bureau of Meteorology by interpolating

monthly and daily maximum and minimum temperature

and rainfall station data on a 5-km grid (Jones et al.

2007). The interpolated surfaces were generated using

between 2967 and 7278 rainfall stations and between

61 and 757 temperature stations (Fig. 1a). The data

available for interpolation onto the gridded surface rap-

idly increased in the late 1950s and early 1960s, though

at all times the number of available rainfall stations is

an order of magnitude larger than the number of tem-

perature stations. The majority of these stations are lo-

cated in the south and east of the country with some data

gaps in northwest and central Australia. Prior to the

1970s, fewer stations were available for constructing the

gridded data (Fig. 1a), leading to large data gaps in some

areas. When this occurred, the grid points near these

gaps reverted to climatology. Three climatologies were

used based on one of the three periods of 1911–40, 1941–

70, and 1971–2000. The climatology chosen is that which

matches the date when the data gap exists. (W. Wang

2010, personal communication). The grid points contain-

ing climatologies for extended periods (years) have been

identified by the data providers and are masked in sub-

sequent analyses (gray shading in Figs. 1b and 1c). For this

study, the data were subsampled onto a 25-km grid to

increase computational efficiency.

The second is a set of high-quality daily temperature

and rainfall data stations, provided by the Australian

Bureau of Meteorology, that have been subjected to

thorough quality control procedures including exami-

nation of metadata and detection and correction of arti-

ficial inhomogeneities (Lavery et al. 1992; Trewin 2001).

The lengths of each record are station dependent. How-

ever, most temperature stations have reliable data from

TABLE 1. Descriptions of the mCEI, dmCEI, and their components. The indices return variations in the percentage area of a region

experiencing a climate extreme. All percentile thresholds are determined from data over the entire period of the record.

Component No. Component name mCEI dmCEI

1 Max temperature The percentage area where the avg max

temperature is above the 90th percentile,

minus the percentage where the avg max

temperature is below the 10th percentile.

The percentage area where the proportion

of hota days is above the 90th percentile,

minus the percentage area where the

proportion of coldb days is above the

90th percentile

2 Min temperature The percentage area where the avg min

temperature is above the 90th percentile,

minus the percentage where the avg min

temperature is below the 10th percentile.

The percentage area where the proportion

of hota nights is above the 90th percentile,

minus the percentage area where the

proportion of coldb nights is above

the 90th percentile.

3 Drought/moisture surplus The percentage area where the avg soil

moisture content is above the 90th

percentile, minus the percentage area

where the avg soil moisture content is

below the 10th percentile

As in mCEI.

4 Heavy precipitation The percentage area where the proportion

of heavy rain daysc,d is above the 90th

percentile.

As in mCEI.

5 Wet/dry days The percentage area where the No. of

rain daysc is above the 90th percentile,

minus the percentage area where the

No. of dry daysc is above the 90th

percentile

As in mCEI.

a Hot days (nights) are defined as days (nights) where the daily max (min) temperature exceeds the 90th percentile.
b Cold days (nights) are defined as days (nights) where the daily max (min) temperature falls below the 10th percentile.
c A rain day (dry day) is defined as a day with rainfall greater (less) than 1.0 mm.
d A heavy rain day is defined as a day where the rainfall tot exceeds the 90th percentile.
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1957, and so the high-quality records were analyzed from

1957 to 2008 only. The high-quality temperature dataset,

developed by Trewin (2001), contains 103 stations across

Australia (Fig. 1b). However, one station, Butler’s Gorge

in Tasmania, was removed because of incorrect data re-

cording from 2006. Trewin (2001) first assessed station

data for outliers using simple statistical techniques. Any

questionable data were cross validated against meta-

data for possible artificial causes. Following this, artificial

inhomogeneities in the station time series were identi-

fied and corrected on the daily time scale at the per-

centile level. The high-quality daily rainfall dataset was

developed by Lavery et al. (1992). Daily rainfall data

from approximately 6600 rainfall stations were tested

for spurious trends and inhomogeneities using exami-

nation of metadata and statistical tests. Stations were

only included in the high-quality dataset if none of these

were identified. This resulted in a final high-quality sub-

set of 191 stations, which has since been reduced to 152

stations by the Australian Bureau of Meteorology fol-

lowing several station closures (Fig. 1c).

All CEI components were calculated from gridded

surfaces and high-quality station data except for com-

ponent 3 (Table 1), which used gridded data only. High-

quality soil moisture observations are not available in

Australia. Therefore, component 3 utilized soil moisture

reanalysis data from the Australian Water Availability

Project (Raupach et al. 2009) to examine extreme dry

and wet conditions.

4. Methods

The mCEI, dmCEI, and their components were com-

puted for Australia from 1911 to 2008 using gridded data

and from 1957 to 2008 using both gridded and high-

quality datasets. Though the sign of the trends in the

frequency of local temperature extremes has been rea-

sonably consistent across the country (Alexander et al.

2007), there have been regional trends of opposite sign in

extreme precipitation and drought conditions (Alexander

et al. 2007; Gallant et al. 2007). Therefore, the CEI and

its components were also computed for four subregions:

northeast, southeast, southwest, and northwest (Figs. 1b

and 1c). The mCEI and dmCEI are calculated for Aus-

tralia and the four subregions annually and for the tra-

ditional austral seasons of summer [December–February

(DJF)], autumn [March–May (MAM)], winter (June–

July (JJA)], and spring [September–November (SON)].

For all components, the upper extremes were repre-

sented as events above the 90th percentile and the lower

extremes as below the 10th percentile. This equates to

the hottest/coldest or wettest/driest 10% of years. The

percentile thresholds were calculated relative to the

entire record as this reduces the potential for the com-

ponents to saturate (i.e., reach their maximum or mini-

mum bounds), which is a possibility when using indices

that are expressed as a percentage. Components 1 and 2

(Table 1) were calculated using monthly and daily min-

imum and maximum temperature anomalies for the

mCEI and dmCEI, respectively. The monthly anomalies

were computed by removing the climatological monthly

mean. Daily anomalies were generated by removing

FIG. 1. (a) The average number of stations used each year to

generate the 0.058 3 0.058 daily and monthly temperature and

rainfall surfaces from 1911 to 2008, (b) the high-quality daily

minimum and maximum temperature records, and (c) the high-

quality daily rainfall records are shown. The gray areas show

masked portions of the gridded dataset where data were unreliable.

The solid lines delineate the four subregions.
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a climatological 31-day mean, which was calculated us-

ing data 15 days on either side of the day in question.

The anomalies were calculated relative to 1911–2008

and 1957–2008 for the gridded surfaces and relative to

1957–2008 only for the high-quality stations. The heavy

rain days component was determined from rain days

only, where rain days were defined as days with at least

1.0 mm of rain. The same definition was applied to de-

fine a wet day for component 5. For consistency with

other components, component 4 was redefined as an

anomaly after its calculation (i.e., the long-term mean was

removed) so it varied about a long-term value of zero.

Each point on the gridded data surface represents a

0.258 3 0.258 box, from which the surface area was cal-

culated from the valid grid points only (i.e., the shaded

grid boxes in Figs. 1b,c were not included). For the high-

quality stations, the area represented by each station

was determined using Thiessen polygons, where the

nodes of the polygons are points that are equidistant

between proximate stations (Thiessen 1911). In some

cases, the weighting given to individual stations is high.

For example, only eight stations are available in north-

west Australia for daily rainfall (Fig. 1c). These eight

stations represent a considerable area compared to sta-

tions in the southeast where data are plentiful. As such,

the results in data-sparse regions should be judged rela-

tive to the amount of data that was available.

Linear trends were calculated from the time series of

the mCEI, dmCEI, and their components for Australia

and the four subregions using least squares linear re-

gression. The trends were computed from 1957 to 2008

for both datasets and from 1911 to 2008 using the grid-

ded data only. The Mann–Kendall test was used to de-

termine the statistical significance of tendencies in the

time series using a significance level of 5%. The simi-

larities between the gridded and high-quality datasets

and between components are calculated using correla-

tions and root-mean-square error (RMSE). The sta-

tistical significance for all correlations was determined

using a two-sided Student’s t test with a significance level

set at 5%.

5. Results

a. Australian mCEI and dmCEI components

The interannual and 5-yr variations of the annual

Australian mCEI and dmCEI components are shown

in Figs. 2 and 3. Smoothing the data over 5 yr illus-

trates lower-frequency variations while keeping data

loss at the endpoints of the time series to a minimum.

For the temperature-based components (Fig. 2), a posi-

tive value indicates a larger fraction of area experiencing

hot extremes and a negative value a larger extent of cold

extremes. For the soil moisture– and rainfall-based com-

ponents (Fig. 3), a positive value indicates a greater frac-

tion of area experiencing extreme wet conditions and a

negative value a greater extent of extreme dry conditions.

If the two tails of a variable show concurrent large

anomalies then the subtraction method would cause

a cancellation, which underestimates the magnitude of

the spatial changes in extremes. However, Figs. 2 and 3

show that there were very few instances when there was

FIG. 2. The time series show interannual (solid line) and 5-yr

(thick solid line) variations in the annual mCEI and dmCEI

temperature-based components for Australia. The time series de-

scribe variations in the percentage area of the Australian landmass

experiencing the following: (a) extreme annual maximum tem-

peratures, (b) extreme proportions of daily maximum tempera-

tures, (c) extreme annual minimum temperatures, and (d) extreme

proportions of daily minimum temperatures. Positive values indicate

extreme hot conditions and negative values extreme cold condi-

tions. The shaded light-gray areas represent the upper and lower

extremes comprising each component. The time series generated

from the gridded dataset from 1911 to 2008 are shown in dark gray,

and those generated from the high-quality dataset from 1957 to

2008 are shown in black.
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a cancellation of terms in the mCEI and dmCEI com-

ponents for the Australian region (e.g., from approxi-

mately 1940 to 1945 in Fig. 2a). Deviations in a

component of more than approximately 10% were very

rarely accompanied by a similar or larger anomaly of

the opposite sign, indicating that extremes at the oppo-

site ends of the spectrum do not tend to occur concur-

rently across the country. Therefore, the subtraction

method was applied to all mCEI and dmCEI compo-

nents, which meant information on the type of extreme

(e.g., hot, cold, wet, or dry) was included.

The standard deviations of each component were com-

puted to describe the average magnitudes of the varia-

tions in the extent of extreme conditions. All time series

were detrended, as a strong trend in a time series will

artificially inflate its standard deviation. The largest

interannual variations were in the temperature compo-

nents, which had standard deviations of approximately

20%. The fraction of the country experiencing heavy

daily rainfall had the smallest standard deviation of 6%.

The larger variance in the other components is because

they combine two elements (an upper and lower ex-

treme), which effectively doubles the variance. To make

the variance of all components comparable, the heavy

daily rainfall component was doubled before it was in-

cluded in the mCEI and dmCEI. However, even after

a doubling of the standard deviation, the variations of

the heavy daily rainfall component were less than those

of other components. The drought/moisture surplus com-

ponent and wet/dry days component had similar stan-

dard deviations, with average anomalies of 18% and

17%, respectively.

Prior to approximately 1980, the country experienced

a greater extent of colder minimum and maximum tem-

perature extremes compared to hotter extremes. Af-

ter 1980, the hot extremes dominated the land area

FIG. 3. The time series show interannual (solid line) and 5-yr

(thick solid line) variations in the annual mCEI and dmCEI soil

moisture– and precipitation-based components for Australia. The

time series describe variations in the percentage area of the Aus-

tralian landmass experiencing the following: (a) extreme drought

or moisture surplus conditions, (b) extreme proportions of annual

rainfall from heavy rain days, and (c) an extreme number of wet or

dry days. Positive values indicate extreme wet conditions and neg-

ative values extreme dry conditions. The shaded light-gray areas

represent the upper and lower extremes comprising each compo-

nent. The time series generated from the gridded dataset from

1911 to 2008 are shown in dark gray, and those generated from the

high-quality dataset from 1957 to 2008 are shown in black.

FIG. 4. The time series show interannual (solid line) and 5-yr

(thick solid line) variations in the annual Australian (a) mCEI and

(b) dmCEI. Positive values indicate extreme hot and wet condi-

tions and negative values extreme cold and dry conditions. The

time series generated from the gridded dataset from 1911 to 2008

are shown in dark gray, and those generated from the high-quality

dataset from 1957 to 2008 are shown in black.
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(Figs. 2a–2d). The shift was most evident in extreme

annual minimum temperatures, where prior to 1980

there was a larger extent of cold extremes compared to

hot extremes during 70% of years (Fig. 2c). However,

post-1980 only 7% of years had such anomalies. Large

anomalies of hot annual and daily maximum temper-

ature extremes have dominated the post-2000 record

(Fig. 4). During 2002 and 2005, over 80% and 65%

of the continent experienced extreme hot annual and

daily maximum temperatures, respectively. Though these

anomalies can be partially attributed to the occurrence

of El Niños during these years, the fraction of Australia

that experienced such conditions was at least 30%

larger than the anomalies during all previous El Niño

events, including strong events such as 1982/83 and

1997/98.

The changes in temperature extremes reflect long-

term trends toward more of the country experiencing

hotter minimum and maximum temperature extremes

from 1911 to 2008, which are consistent with increases in

mean temperature across the country (Della-Marta et al.

2004). There were strong correlations between annual

mean maximum (minimum) temperatures and the an-

nual mCEI maximum (minimum) temperature compo-

nent of 0.96 (0.97). The association between the mean

maximum temperature and the extent of the daily ex-

tremes of maximum temperature is similar (0.92) but

weaker for daily minimum temperatures (0.78). Extreme

daily minimum temperatures are more likely to be driven

FIG. 5. The time series show interannual (solid line) and 5-yr

(thick solid line) variations in the MAM precipitation- and soil

moisture–based components for the southeast. The time series

describe variations in the percentage area of the southeast expe-

riencing the following: (a) extreme drought or moisture surplus

conditions, (b) extreme proportions of annual rainfall from heavy

rain days, and (c) an extreme number of wet or dry days. Positive

values indicate extreme wet conditions and negative values ex-

treme dry conditions. The shaded light-gray areas represent the

upper and lower extremes comprising each component. The time

series generated from the gridded dataset from 1911 to 2008 are

shown in dark gray, and those generated from the high-quality

dataset from 1957 to 2008 are shown in black.

FIG. 6. The time series show interannual (solid line) and 5-yr

(thick solid line) variations in the JJA precipitation- and soil

moisture–based components for the southwest. The time series

describe variations in the percentage area of the southwest expe-

riencing the following: (a) extreme drought or moisture surplus

conditions, (b) extreme proportions of annual rainfall from heavy

rain days, and (c) an extreme number of wet or dry days. Positive

values indicate extreme wet conditions and negative values ex-

treme dry conditions. The shaded light gray areas represent the

upper and lower extremes comprising each component. The time

series generated from the gridded dataset from 1911 to 2008 are

shown in dark gray, and those generated from the high-quality

dataset from 1957 to 2008 are shown in black.
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by local effects (e.g., localized radiative cooling) com-

pared to annual extreme temperature and daily extreme

maximum temperatures. The greater influence of local

effects leads to reduced spatial coherence, which may

explain the weaker correlation. A strong level of agree-

ment between the variations of mean and extreme tem-

perature in Australia was also found by Alexander et al.

(2007).

Table 2 shows the trends in the mCEI and dmCEI and

their components from 1911 to 2008 and from 1957 to

2008. For the temperature-based components, increases

(positive trends) represent tendencies toward more wide-

spread hot extremes and decreases (negative trends) to-

ward cold extremes. The increase in the extreme annual

maximum temperature component of 2.57% decade21

(Table 2) stems from significant trends during autumn

and winter that are greater than 1.97% decade21 (not

shown). There was a significant increase in the annual

minimum temperature component of 3.94% decade21,

which is due to significant trends during summer, autumn,

and spring of at least 3.10% decade21.

From 1911 to 2008, there were increases in the extent

of extreme moisture surplus conditions. Such conditions

were most apparent during the mid-1950s, early 1970s,

and late 1990s (Fig. 3a), which coincide with periods of

high annual-average Australian rainfall (Hennessy et al.

1999). These conditions were reflected in the extreme

wet/dry days component (Fig. 3c) and the heavy rain day

component (Fig. 3b) except during the mid-1950s, indi-

cating that the greater expanse of extreme wet condi-

tions during this time was not due to widespread heavy

rain days. The annual variations in Australian mean

rainfall and the drought/moisture surplus and wet/dry

days components track closely, with correlations of 0.92

and 0.83, respectively. However, the extent of heavy rain

days is less dependent on mean rainfall and the two have

a correlation of 0.42, suggesting that Australian mean

rainfall and the extent of heavy daily rainfall are not

closely related.

The extent of annual positive (wetter) and negative

(drier) extremes changed around 1973 (Fig. 3a). Prior to

this time, a larger area of Australia had an anomalous

extent of extreme dry conditions during 68% of years,

whereas post-1973 this was true for only 31% of years.

The trends from 1911 to 2008 confirmed this, with a sig-

nificant increase in the annual extent of Australian ex-

treme moisture surplus conditions of 2.20% decade21

(Table 2). The annual increase in extreme moisture

surplus conditions was a culmination of similar trends

during all seasons, all of which were significant except

during winter. This increase was accompanied by sig-

nificant increases in the heavy rain days component of

0.42% decade21 and the wet/dry days component of

1.09% decade21. Such trends indicate that, although

there have been recent prolonged dry conditions in

some parts of Australia (Hope et al. 2006; Murphy and

Timbal 2008), the regions in which these signals have

been detected are small and have not significantly ex-

panded between 1911 and 2008. The increases toward

more widespread heavy rain days and the extreme num-

ber of wet days mostly stemmed from significant in-

creases during summer.

b. Comparisons with high-quality datasets

The mCEI and dmCEI components were recalculated

from gridded observations from 1957 to 2008, and their

interannual and 5-yr variations were compared to the

high-quality station records over the same period. The

probability that a missing data point is also an extreme

value increases with more missing data. Therefore, a

station was not used for a particular year if it contained

more than 10% missing data. As such, during some years

as few as 70 temperature stations and 80 rainfall stations

were used to generate the Australian high-quality mCEI

and dmCEI component time series.

The annual and seasonal correlations between the

gridded and high-quality time series were greater than

0.90 for the majority of mCEI and dmCEI tempera-

ture components (Table 3). The associations were sim-

ilar on 5-yr time scales. A weaker correlation of 0.81

for Australian daily minimum temperature extremes on

5-yr scales (Table 3) was due to inconsistencies between

1959 and 1970 (Fig. 2d). Similar, but smaller, inconsis-

tencies were also apparent for daily maximum temper-

atures. To investigate further, monthly mean minimum

and maximum temperatures were calculated from the

daily temperature grids and compared to the monthly

TABLE 2. The linear trends in the annual mCEI and dmCEI and

their components for the Australian region as calculated from the

gridded and high-quality datasets. The gridded trends have been

computed using data from 1911 to 2008 and from 1957 to 2008. The

high-quality trends have been computed using data from 1957 to

2008 only. All trends are expressed as a percentage change in the

component per decade. The trends highlighted in bold are signifi-

cant at the 5% level according to the Mann–Kendall test.

Component

Gridded

(1911–2008)

Gridded

(1957–2008)

High quality

(1957–2008)

1 2.57 5.56 6.14
1 (daily) 1.42 3.64 6.10

2 3.94 5.97 5.27

2 (daily) 0.35 0.27 5.58

3 2.20 2.20 N/A

4 0.42 0.71 20.14

5 1.09 21.06 0.98

mCEI 2.04 2.68 2.86
dmCEI 1.10 1.15 2.91
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grids and to the high-quality station data. This revealed

that the gridded daily temperatures showed ‘‘warmer’’

values prior to 1970, leading to similarly warmer dmCEI

components 1 and 2 (Fig. 2). Though this has little to no

effect on the interannual variations, there are implica-

tions for the trends of the dmCEI temperature-based

components.

In all regions, the associations between the time series

were weakest during summer and for the extreme daily

minimum temperature component, where they were of-

ten less than 0.90. The RMSE was mostly less than 10%

and the reduced variance in the 5-yr smoothed time series

decreased the RMSE further (Table 3). The RMSEs were

the equivalent of approximately one-half a standard de-

viation for the temperature-based components. Given

the spatial distribution of the high-quality temperature

records (Fig. 1b), the close agreement between the two

time series (Figs. 2 and 3) suggests that extreme tem-

peratures have long spatial scales (on the order of hun-

dreds of kilometers). However, the somewhat weaker

correlations for the extreme daily minimum temperature

component, combined with the smaller variations com-

pared to extreme annual and seasonal temperatures, in-

dicate that these events are more localized.

The similarities between the interannual and 5-yr

variations in the gridded and high-quality temperature

component time series meant the linear trends over the

1957–2008 period were also similar. However, the trends

from the high-quality daily temperature components were

stronger and more significant than from their gridded

counterparts (Table 2). The weaker trends in daily tem-

perature components calculated from the gridded data

reflect the warmer-temperature bias previously discussed.

The existence of this bias prior to approximately 1970 has

lead to an underestimation of the trend in daily tempera-

ture extremes when calculated from the gridded dataset

(Table 2).

Area-weighting reduces biases toward regions with

higher station density. This suggests that the gridded

data are underestimating the increase in the extent of

hot temperature extremes, rather than the differences

between the trends stemming from biases due to the lo-

cations of the high-quality station data, which are more

heavily concentrated in the south and east. However,

the differences in the trends were generally small and

the similarities between the trends and variations of

both time series confirm that the gridded data are ac-

curate enough to faithfully represent the spatial extent

of extreme temperatures from 1957 to 2008. For this

reason there is confidence in the representation of the

temperature-based components by the gridded data from

1911, as there were strong similarities between the time

series even when as few as 70 stations were used for the

high-quality components in the Australian region. This

is a similar number of stations used to generate the grid-

ded temperature surfaces at the beginning of the record

(Fig. 1a). The uncertainty in the pre-1957 period is

larger for daily minimum temperature extremes, which

are more localized and harder to represent with sparse

station data.

The representations of the heavy rain days component

were usually quite different between the gridded and

high-quality datasets, owing to the often spatially in-

consistent nature of extreme daily rainfall events. The

correlations between the Australian time series ranged

between 0.14 (during summer) and 0.75 (during winter).

The RMSEs were mostly less than 10%, which repre-

sented between approximately one and two standard

deviations. The trends calculated from both datasets

were usually different in magnitude and often opposite

in sign (Table 2) because of the large differences in the

interannual variations between the time series. There

was a marked improvement in the agreement between

the time series with increased station density. Examin-

ing a subregion with higher station density illustrates

the improved agreement between the datasets resulting

from a denser network of high-quality stations. In the

southeast, 85 stations generated the high-quality heavy

rain days component time series (Fig. 5b). Here, the

annual and seasonal interannual correlations were con-

sistently greater than 0.63, and 5-yr correlations were as

strong as 0.82. The RMSEs were less than the equivalent

of one standard deviation (approximately 5%). How-

ever, the linear trends produced by each dataset con-

tinued to be different despite the improved agreement

between variations of each time series, as they can be

sensitive to highly variable data (Gallant et al. 2007).

The stronger agreement between the variations of the

two time series with higher station density indicates that

the majority of the differences between the datasets has

stemmed from a sparse high-quality data network for

this region. However, it is also possible that errors exist

TABLE 3. The correlations and RMSE between the time series

generated from the gridded and high-quality time series. The

agreement on annual and 5-yr time scales is shown for the annual

Australian mCEI, dmCEI, and their components.

Component rannual r5-yr RMSEannual (%) RMSE5-yr (%)

1 0.98 0.98 4.59 2.64

1 (daily) 0.93 0.90 8.00 5.02

2 0.98 0.98 4.95 2.27

2 (daily) 0.81 0.56 11.31 9.34

4 0.34 0.42 5.84 2.80

5 0.78 0.96 13.89 3.07

mCEI 0.94 0.98 4.58 1.38

dmCEI 0.90 0.89 5.53 2.79
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in the gridded data due to the varying numbers of sta-

tions contributing to each grid box over time (Fig. 1a)

and smoothing of extremes due to the contribution of

multiple stations to each grid box. This might be par-

ticularly important in regions where convective events

are responsible for the largest proportion of extreme

daily rainfall, such as the tropics. Though a higher-density

network of 85 stations in the southeast leads to better

agreement with the gridded data, it is not necessarily

applicable to all regions, particularly those where me-

soscale rainfall activity significantly contributes to ex-

treme daily rainfall (e.g., the northwest and northeast

regions during summer). Given that 85 stations only can

represent spatial variations in heavy rain days in the

southeast, it is likely that the national grid, generated

from between 2967 and 7278 stations, will be represen-

tative of spatial variations in Australian heavy rain days,

assuming that the data are accurate. However, this can-

not be confirmed without comparison with a spatially

dense high-quality daily rainfall dataset.

The interannual and 5-yr variations of the gridded

and high-quality time series of the wet/dry days com-

ponent followed closely in all regions, demonstrating

that the component has strong spatial coherence (Fig. 3c).

All Australian and subregional interannual correlations

were larger than 0.71, except during spring in the north-

west and Australian regions where the correlations were

0.42 and 0.63, respectively. The relationships improved

substantially for the 5-yr variations and the correlations

often exceeded 0.90 (Table 3), implying that the gridded

data represents the lower-frequency variations of the

component well; the greater the density of the high-

quality stations, the stronger the relationship between

the datasets. The RMSE generally remained below 15%

(mostly less than one standard deviation of the com-

ponent variations), and like the correlations, the RMSE

was substantially reduced for lower-frequency varia-

tions (Table 3). The linear trends of both datasets were

mostly consistent in magnitude and significance. How-

ever, in some cases, a single, large outlier caused a trend

that was opposite in sign (Fig. 3c and Table 2). The

strong similarities between the datasets suggest that

the gridded data accurately represents spatial varia-

tions in this component.

c. The Australian mCEI and dmCEI

The mCEI and dmCEI components were combined

to show variations in the anomalous spatial extent of

Australian climate extremes from 1911 to 2008. Figure 4

shows the annual Australian time series with negative

values indicating the fraction of the country experienc-

ing extreme cold and dry conditions and positive values

indicating extreme hot and wet conditions. Measured

from 1911 to 2008, the annual Australian mCEI and

dmCEI time series had average deviations from zero of

10% and 9%, respectively. Figure 4a shows that the 5-yr

anomalies of the Australian annual mCEI predomi-

nantly changed in sign during 1971 and during 1985 for

the dmCEI. Prior to these times, large proportions of

the Australian landmass experienced extreme cold and

dry conditions during 78% and 62% of years for the

mCEI and dmCEI, respectively. However, after these

times, 18% and 25% of years only had such conditions.

Of the 14 years from 1995 to 2008, only 1 (2) year pro-

duced negative anomalies in the mCEI (dmCEI). The

prevalence of the recent positive anomalies is strongest

in the mCEI, where the median anomaly in the annual

values since 1995 has been larger than one standard

deviation above normal (approximately 12%).

The tendencies described above were reflected in the

linear trends in the Australian mCEI that were signifi-

cant at the 1% level during all seasons, and trends in the

Australian dmCEI that were significant at the 3% level

during all seasons except winter. The weaker trends in

the gridded dmCEI reflect the warm bias in the gridded

daily temperature data prior to 1970. The annual trends

in the mCEI and dmCEI from 1911 to 2008 were 2.04%

and 1.10% decade21 respectively. The trends from 1957

to 2008 were of a similar magnitude when calculated

using the gridded dataset. However, the trends calculated

from the high-quality stations were larger, particularly

for the dmCEI, where the 1957–2008 trend was more

than twice the size of that calculated from 1911 to 2008

(Table 2). The weaker trend in the dmCEI calculated

from the gridded data is further evidence of the warm bias

in the daily gridded temperature data prior to 1970.

Seasonally, the trends were strongest during summer

and weakest during winter. The tendencies in the

mCEI and dmCEI represent an increasing proportion

of Australia experiencing hot and wet extremes between

1911 and 2008 that were primarily due to changes during

summer and spring.

d. Regional changes in the mCEI, dmCEI,
and their components

Significant trends in regional Australian climate ex-

tremes have been identified (Alexander et al. 2007;

Gallant et al. 2007). During the twentieth and early

twenty-first centuries, decreasing trends in heavy rain

days have been observed in areas within the southeast

and southwest regions defined here (Gallant et al. 2007)

and increases have been observed in the northwest

(Alexander et al. 2007). Extreme high temperatures

have increased across most of the continent from the

middle of the twentieth century with the exception of

some small areas in northwest Australia and some coastal
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sections of southwest Australia (Alexander et al. 2007).

The regional differences prompt an examination of re-

gional changes in the mCEI, dmCEI, and their compo-

nents for the four subregions shown in Fig. 1.

All regional trends in the annual minimum tempera-

ture component of the mCEI were significant, with the

largest trends of 5.52% and 5.32% decade21 occurring

in northeast and southwest Australia, respectively. Ex-

treme maximum temperature trends were weaker, but

still significant in all regions, ranging between 2.13%

and 2.83% decade21. There was a significant negative

trend in the extent of extreme daily minimum temper-

atures in the northwest region during winter, implying

increases in the extent of cold daily minimum tem-

perature extremes by 1.22% decade21 in the region.

Alexander et al. (2007) also detected increases in the

cold extremes of minimum temperatures in this region

between 1957 and 2005. The regional trends in the ex-

tent of extreme temperatures are consistent with pre-

vious studies that have demonstrated increases in the

occurrence and severity of extreme minimum and maxi-

mum temperature events across most of Australia since

the middle of the twentieth century (Collins et al. 2000;

Alexander et al. 2007). The results here show that such

trends have existed since 1911.

The increase in the area of Australia experiencing ex-

treme wet and moisture surplus conditions has mostly

stemmed from the expansion of these conditions in the

northwest, where there were significant trends in all an-

nual moisture-based components. The increases in an-

nual soil moisture and wet/dry days components were

3.90% and 3.25% decade21, respectively, and there was

an increase of 0.61% decade21 in the extent of heavy

rain days. These trends were due to significant increases

of a similar magnitude during summer. There was little

evidence of increasing widespread extreme dry condi-

tions except in the southeast during all seasons and during

winter only in the southwest. However, these are two of

the most densely populated regions in Australia where

the socioeconomic impacts have the potential to be the

greatest. Therefore, the trends in these regions are dis-

cussed in further detail.

In the southeast, the annual and seasonal long-term

trends indicated more widespread extreme dry days in

the region from 1911 to 2008 of between 0.16% (during

summer) and 1.15% decade21 (during winter), though

none of these trends were significant. The areal extent

of heavy rain days has decreased in the southeast during

autumn since the early 1990s (Fig. 5b), which was not

reflected in the long-term trend of this component. This

persistent anomaly is consistent with reported reduc-

tions in mean and extreme daily rainfall during autumn

at locations across the southeast since the end of the

twentieth century (Alexander et al. 2007; Gallant et al.

2007). The increase in the extent of extreme dry days in

the southeast since the mid-1990s (Fig. 5c) is more ap-

parent than changes to drought and heavy rain day con-

ditions (Fig. 5). Since 1993, 14 of 16 years have experienced

abnormally large areas with an extreme proportion of

dry days. However, only 8 and 10 years (of 16) experi-

enced contracted areas of heavy rain days and more

widespread drought conditions respectively. The mag-

nitude of the median anomaly of drought extent (11%)

was almost 4 times larger than median extreme moisture

surplus anomalies (3%) between 1993 and 2008. From

this evidence, it appears that the extreme dry conditions

post-1993 during autumn in the southeast stem from a

greater expanse of extreme dry days combined with

a larger extent of drought and a smaller extent of ex-

treme moisture surplus conditions when such conditions

occur.

There was an increase in the area of the southwest

experiencing extreme dry days during winter only. While

the increasing trend is consistent with reported declines

in mean and extreme winter rainfall in the far southwest

of the southwest region since the mid-1970s (Alexander

et al. 2007; Gallant et al. 2007), a persistent negative

anomaly in the areal extent of dry conditions did not

appear in the southwest during winter until the late

1990s (Fig. 6). This indicates that the extreme dry con-

ditions from the 1970s were confined to a small area,

which has only recently begun to expand since the late

1990s.

To examine the trends in concurrent drying and warm-

ing of the southwest and southeast, the mCEI and dmCEI

were recombined to show variations in the areal extent

between cold and wet or hot and dry extremes. The

rainfall- and soil moisture–based components (3–5)

were regenerated by subtracting the wet from the dry

tails (Table 1 describes the subtraction of dry from wet

tails for components 3–5), and the mCEI and dmCEI

were recalculated using these results. For the mCEI,

there were significant positive trends in the southeast

and southwest regions from 1911 to 2008 of 1.08% and

1.36% decade21 respectively, during winter, indicating

a move to a greater extent of extreme hot and dry con-

ditions. From 1957 to 2008, these trends were stronger and

more significant and were 2.31% and 2.82% decade21 for

the southeast and southwest, respectively. During autumn

in the southeast, the mCEI shows a larger extent of ex-

treme hot and dry conditions, with a significant in-

crease of 1.29% decade21 from 1911 to 2008 and 2.96%

decade21 from 1957 to 2008. The trends in the dmCEI for

both regions during winter and during autumn in the

southeast ranged from 0.33% to 1.50% decade21. How-

ever, none were significant.
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6. Discussion

There are strong and significant relationships between

interannual variations of Australian temperature and

rainfall (Fig. 7). Establishing the associations between the

temperature and rainfall/soil moisture–based components

of the mCEI and dmCEI identifies any similar relationships

between the spatial extents of extremes of these variables.

Any interdependence between the extreme temperature

and rainfall components is further justification for exam-

ining them simultaneously via the mCEI and dmCEI and

provides an impetus for future work that examines the

physical processes behind such relationships.

Detrended rainfall- and soil moisture–based components

were compared to the temperature-based components. The

strongest interannual and 5-yr associations were between

the maximum temperature components and the drought/

moisture surplus and wet/dry days components. For the

Australian region, the annual correlations ranged between

20.57 and 20.70, which is comparable to the correlation

between Australia-averaged annual mean maximum tem-

perature and rainfall from 1911 to 2008 of 20.68. The asso-

ciations between these components were strongest during

spring, suggestinganassociationwith theEl Niño–Southern

Oscillation, which influences mean Australian rainfall and

maximum temperatures at this time (Allan et al. 1996).

The correlations between the heavy rain days and ex-

treme maximum temperature components were weak

and rarely significant, demonstrating that the variations

in the areal extent of heavy rain days do not accompany

similar variations in extreme maximum temperatures.

In northern Australia, the sign of the relationships

between the extent of extreme minimum temperatures

and rainfall-/soil moisture–based components were the

opposite to those of the mean variations (Fig. 7b). How-

ever, most of the correlations were less than 0.35 and

were often insignificant. When significant correlations

did exist, they implied that when there was an expansion

of extreme hot minimum temperatures, there was also

an expansion of wetter extremes. Conversely, an expan-

sion of extreme cold minimum temperatures was asso-

ciated with expanded dry extremes. The only negative

association (i.e., coupled colder and wetter extremes)

was in the southwest during spring. The strongest corre-

lations were in the southeast during autumn and winter,

where the correlations were larger than 0.5. Physically, the

positive association can be explained through the process

of increased radiative cooling at night, with dry conditions

due to a lack of clouds and moisture in the atmosphere.

The strongest associations between the Australian

and subregional mCEI and dmCEI temperature and

rainfall/soil moisture components described a positive

relationship between the extent of extreme hot maxi-

mum temperatures and dry conditions, and vice versa,

on interannual and 5-yr time scales. However, such a

relationship conflicts with the longer-term (1911–2008

and 1957–2008) tendencies for each of these compo-

nents, where there have mostly been significant trends

toward a greater extent of combined hotter and wetter

extremes. As such, the physical processes that govern

the interannual and 5-yr associations are unlikely to be

responsible for the long-term changes. Though the di-

rection of the long-term tendencies and interannual and

5-yr associations between extreme minimum temperatures

and precipitation/soil moisture conditions are consistent,

it is difficult to argue that any causal factor is the same, as

FIG. 7. The interannual correlations between detrended, annual (a) maximum temperature and rainfall anomalies

and (b) minimum temperature and rainfall anomalies. Dashed contour lines indicate negative correlations and solid

contour lines positive correlations.
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the associations on interannual and 5-yr time scales were

mostly weak and statistically insignificant.

7. Conclusions

The mCEI and dmCEI provide a simple way of ex-

amining concurrent changes in the spatial extent of

Australian temperature, rainfall, and soil moisture ex-

tremes. Variations and trends in daily temperature ex-

tremes prior to 1957 were presented for the first time, and

there is confidence in the accuracy of the changes de-

scribed from 1911 to 2008. The unified climate extremes

indices have provided a broad-scale picture of changes in

a range of Australian extremes throughout the twentieth

and early twenty-first century that are useful for commu-

nication with nonscientists. Around the mid–late 1970s,

the broad-scale Australian environment changed from

a period where colder and drier extremes dominated to

one where hotter and wetter extremes were more preva-

lent. Such changes manifested in annual, seasonal, and

daily extremes. There was some evidence of increases in

the prevalence of hot and dry extremes in southern and

eastern parts of Australia during winter, particularly since

the mid-1990s. There were significant relationships be-

tween the extent of maximum temperature and rainfall

extremes on interannual and 5-yr time scales. However,

the direction of the long-term trends was the opposite to

that expected given such relationships, indicating that the

processes governing each may be quite different.
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