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ABSTRACT

Daily rainfall was analysed at 91 high quality stations over eastern and southwestern Australia to determine if
extreme rainfall had changed between 1910 and 1998. Three indices of extreme rainfall were examined: the number
of events above an extreme threshold (extreme frequency); the average intensity of rainfall from extreme events
(extreme intensity); and the proportion of total rainfall from extreme events (extreme percent). Several problems are
discussed associated with designing such indices under a climate with significant trends in the number of raindays.
Three different methods are used for calculating the extreme intensity and extreme percent indices to account for such
trends in raindays. A separate analysis was carried out for four separate regions with significant results including a
decrease in the extreme frequency and extreme intensity in southwest Western Australia and an increase in the extreme
percent in eastern Australia. Trends in the extreme intensity and extreme percent are largely dependent on the method
used to calculate the index. Total rainfall is strongly correlated with the extreme frequency and extreme intensity
indices, suggesting that extreme events are more frequent and intense during years with high rainfall. Due to an
increase in the number of raindays during such years, the proportional contribution from extreme events to the total
rainfall depends on the method used to calculate this index. Copyright © 2000 Royal Meteorological Society.
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1. INTRODUCTION

The Second Assessment of the Intergovernmental Panel on Climate Change (Nicholls et al., 1996)
examined whether, globally, the climate was becoming more extreme or variable. At the time, data and
analyses were considered inadequate to answer this question. Karl et al. (1995a) and Nicholls (1995)
discuss some of the reasons for this. Improved studies of climate extreme trends, on high quality and
consistent data, are needed if we are to be able to determine whether climate extremes are varying.

Analyses of trends in rainfall extremes over the Australian region have mainly concentrated on changes
in upper percentiles and changes in frequencies of extreme events using arbitrary thresholds. Hennessy et
al. (1999) analysed daily rainfall from 1910 to 1995 on a regional and seasonal basis. They found some
significant changes in percentiles and frequency of extreme events, but with the magnitude and the sign
of the changes varying with the season and the region. Likewise, Plummer et al. (1999) found trends in
percentiles that depended on the season and the region. Results that are more regionally consistent have
been obtained by Suppiah and Hennessy (1998). They found increasing trends in 90th and 95th percentiles
over most of Australia, for both summer and winter half-years, as well as increasing trends in the
frequency of events above long-term mean percentiles.

Outside Australia, studies of extreme rainfall have included other methods. In a study of 20th century
trends in the USA climate, Karl et al. (1995b) found a steady increase in the percentage of annual
precipitation derived from extreme events exceeding 50.8 mm, contributed mainly by changes in spring
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and summer rainfall. Similarly, Karl and Knight (1998) found increases in both the intensity and the
frequency of extreme events over the USA using thresholds based on long-term mean percentiles.

The present study was carried out in order to analyse several indices of extreme rainfall using reliable
and consistent Australian data. This study differs from previous studies in the data used, the method of
station selection and by considering several previously unpublished indices: the average intensity of
rainfall from extreme events (rather than percentiles in isolation); and the proportion of annual total
rainfall falling in the highest 5% of raindays and highest four events. A third index, the number of events
above the long-term 95th percentile, is calculated from raindays only, rather than the less extreme 90th
and 95th percentiles calculated from all days by Suppiah and Hennessy (1998).

2. DATA

An update to the Australian high-quality rainfall data provided the basis for this study. Lavery et al.
(1992) compiled the original set of 24-h rainfall totals from a comprehensive search of Australian rainfall
records. As well as an exhaustive investigation of station history documentation to remove stations with
bad exposure, instrumentation or observer accuracy, a series of statistical tests was utilized to further
check the station integrity. Specific tests were also performed to check the influence of the change from
imperial to metric units in 1974 as well as to check for bad observer practice.

In this study, recent additions to the station history documentation were examined. From the original
set of 191 stations, ten stations were rejected after recent inspections revealed poor exposure or bad
observer practice. Statistical tests were not used to reject stations during this update. The resulting
updated data set of 181 stations provides reliable daily observations from May 1910 to April 1998,
providing adequate coverage over much of Australia. A lack of stations between 120° and 130°E is an
obvious limitation, as is the sparse coverage north of 25°S due to the rarity of stations with long reliable
records in these areas.

The daily rainfall records include days where data are either missing or are recorded as an accumulated
value over several days. Previous studies have used different methods for dealing with accumulations and
missing values. Suppiah and Hennessy (1996) and Hennessy et al. (1999) distributed accumulations evenly
over the preceding missing days and rejected stations with a large number of accumulations or missing
days. Karl et al. (1995b) and Karl and Knight (1998) filled missing values by generating artificial rainfall
amounts based on analyses of the distributions. Suppiah and Hennessy (1996) found that, for stations
with many accumulations, there is an impact on trends in percentiles when accumulations are either
distributed or ignored. In the present study the aim was to use an accurate and consistent data set using
a fixed number of stations with minimal artefacts. Therefore, any accumulations were defined as missing
data and stations were selected from the full set of 181 only if they had less than 10 days missing per year
for at least 80 years in the 88-year period. This resulted in 94 stations being selected. The value of 10 days
was chosen using Equation (1), which gives the probability P that at least one value of the top four events
will be missing for a year with n missing days.

P=1−
�365−n

365
�4

. (1)

Setting P to 0.1 gives n=9.5. Therefore a year’s record with 10 days missing is equivalent to there being
more than a 10% chance of having at least one missing value in the top four events. For a selected station,
this will occur in less than 10% of the years. Less-strict selection criteria would only marginally increase
the spatial coverage (mainly in northwest Australia), while significantly reducing confidence in the results.
Likewise, the method of distributing accumulations (e.g. Suppiah and Hennessy, 1998) was not used
because it added uncertainty to the quality of the time series. Finally, three stations were rejected due to
an insufficient number of raindays for this study (see later). The 91 stations selected with these criteria,
shown in Figure 1, provide good coverage of eastern and southwestern Australia.
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The stations were divided into the three broad climatological/geographical regions: north, south, and
west (Figure 1). All the stations in the south received more than 50% of their mean annual rainfall in the
months May to October (i.e. winter-dominated rainfall). The stations in the northern group (except one)
received less than 50% in these months (i.e. summer-dominated rainfall). The stations in the west also
received most of their annual rain from May to October. Four of the stations in the western group form
the southwestern subgroup and are of particular interest because rainfall in this region has decreased
markedly since about 1960 (Allan and Haylock, 1993). The grouping corresponds closely with state
boundaries: all the stations in the west are located in Western Australia; the stations in the south (except
one) are located in Victoria, South Australia and Tasmania; and all the stations in the north are located
in New South Wales and Queensland.

Time series of the number of non-missing days were constructed for each season and region. Despite
the attempt to include only stations with little missing data, eight of the 12 time series show a statistically
significant decline in the number of non-missing days. Therefore, based on the selection criteria stated
earlier, one would expect a higher than 10% chance of having one of the highest four events missing in
any year in the latter part of the record. Suppiah and Hennessy (1996) note that the decrease in
observations was largely caused by the cessation of observations on weekends, related to changing work
practices.

3. METHODS

Three indices of extreme rainfall were calculated for each year in the period: the number of events above
the long-term 95th percentile, referred to as the extreme frequency; the average intensity of rain falling in
the highest events, referred to as the extreme intensity; and the proportion of total rainfall falling in the
highest events, referred to as the extreme percent.

The extreme frequency index examines changes in the number of extreme events. In calculating this
index, the authors elected to use the mean 95th percentile (which varies for each station), rather than
following the method of Karl et al. (1995b) involving a fixed threshold for all stations. A fixed threshold
is impractical for a country like Australia with a high spatial variation in rainfall intensity (the mean 95th
percentile for the 91 stations varied from 14 to 48 mm/day). The index is calculated by counting the
number of events in the year with intensities above this threshold. This approach is similar to that used
by Karl and Knight (1998) who considered changes in frequencies of events above specified long-term
percentiles.

Figure 1. Station locations for 91 high quality stations and their division into three regions and one subregion. Locations of the two
stations Goomalling and Collarenebri are also shown
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The extreme intensity describes changes in the upper percentiles and, unlike an analysis of a single
percentile threshold (e.g. Hennessy et al., 1999), incorporates changes in all events above this percentile.
This index was calculated using three different methods: averaging the highest four events for each year;
averaging the highest 5% of daily rainfall totals above 1 mm; and averaging all events above the long-term
95th percentile. The relative merits of each approach are discussed below.

The extreme percent reflects changes in the upper portion of the daily rainfall distribution. The
percentage of the total rainfall from the higher events is an indictor of changes in the shape of the rainfall
distribution. This index is calculated for each year by dividing the extreme intensity by the year’s total
rainfall. Therefore, the extreme percent is calculated using the three methods used for calculating the
extreme intensity, to examine if the methods lead to different trends.

Raindays are defined as days with at least 1 mm of rain. Thresholds lower than 1 mm can introduce
trends in the number of raindays, associated with changes from imperial to metric units in 1974 (Hennessy
et al., 1999). In addition, the under-reporting of small rainfall amounts has been a problem at many
rainfall stations. A study by Trewin (1999, personal communication) estimated that more than 40% of
rainfall events less than 2 mm in district 17 (northeastern South Australia) were not reported. One of the
principal criteria for selection of a station in the high-quality rainfall data set was that the frequency
distribution of daily rainfalls at the station was reasonably smooth and peaked at low totals (Lavery et
al., 1992). Therefore, this should not present a major difficulty for this study. Nevertheless, it is prudent
to adopt 1 mm as the lower threshold for a rainday, in order to minimize any artificial suppression of
rainday frequency by the undetected under-reporting of small rainfall amounts at any station.

The problem of a changing number of raindays at many stations introduces difficulties into the
formulation of rainfall indices. At a station with a trend in the number of raindays, the meaning of the
extreme intensity and extreme percent indices will change depending on the method used to calculate the
indices.

Changes in the number of raindays over the past century are common. Figure 1 shows the location of
two such stations: Goomalling and Collarenebri. The highly significant reduction in the number of
raindays at Goomalling of over 23 days per 100 years (pB0.001), is shown in Figure 2. This trend is
typical of many stations in southwestern Australia (Suppiah and Hennessy, 1998) and is more pronounced
in the latter part of the record since about 1960. Similarly, the strong increase in the number of raindays
at Collarenebri of over 8 days per 100 years (pB0.06), (not shown), is typical of many stations in eastern
Australia.

The extreme intensity can be sensitive to changes in the number of raindays, depending on the method
used in its calculation. Figure 3 shows this index calculated at Goomalling using two methods: the solid
line is the average of the four highest events; the dashed line is the average of the highest 5% of raindays.

Figure 2. Number of days with rainfall \1 mm for Goomalling with linear trend. Data are missing in 1910 and 1992
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Figure 3. Average intensity of the four highest events (solid) and highest 5% of events \1mm (dashed) for Goomalling with linear
trends

The difference in the two approaches is apparent in the linear trends of the two series. The index
calculated using the highest 5% of raindays has a stronger positive trend.

The reason for the discrepancy can be explained by considering a rainfall distribution whose shape
remains constant over time but whose population (raindays) decreases. As the population decreases, the
4th highest event would be expected to decrease. This is shown in Figure 4 where the shape of the
distribution has remained the same but the population has halved. The shaded area represents the top
four events in both curves. The lower limit of the two shadings on the x-axis indicates the changing value
of the 4th highest event in the two distributions. Therefore, at a station like Goomalling where the
number of raindays has decreased, if the rainfall distribution has not changed shape then the average of
the four highest events will have a more negative trend than the average of the highest 5% of raindays.

Figure 4. Relative frequency of daily rainfall at an idealized station showing effects of halving all frequencies. Shaded area
represents four highest events
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One important consequence of calculating the extreme intensity using only raindays is that a reduction
(increase) in the number of days with low rainfall will lead to an increase (decrease) in this index. This is
because the number of raindays will change which will affect the threshold used in the calculation of the
index. This is as would be expected if interpreted in terms of the change in the rainfall distribution. With
a reduction in the population but no change in the frequency of the higher events, the upper percentiles
would be expected to rise. This is not the case if the extreme intensity is calculated using all days.

One further problem introduced with the calculation of extreme percentiles using raindays is that a
sufficient number of raindays must be present to accurately determine the value of the percentiles. A
cut-off of 15 days was used as the minimum number of raindays for which the 95th percentile could be
calculated. Three of the 94 stations contained less than 15 raindays for more than 10% of the years and
were therefore rejected. For the remaining stations, if a year contained less than 15 raindays, then the
value for the extreme index was not used in the calculation of the regional average of the extreme index
for that year. This constraint on the minimum number of raindays also meant that only annual results
could be considered. Although it would be desirable to include results for the summer and winter periods,
many stations did not meet this constraint on the minimum number of raindays when seasons were
considered (particularly during the dry season).

The 95th percentile calculated from only raindays provides a reasonable cut-off for extreme rainfall.
This percentile was chosen to enable a comparison with the indices calculated with the top four events for
each year. The 95th percentile generally represented the top three to five events, which contributed around
20–25% of the total rainfall. A similar study could be carried out using the 90th percentile. This would
be focusing on the top five to ten annual events, which contributed around 30–40% of the total rainfall.
The 95th percentile represents rainfall that is considerably more extreme than the 90th percentile.

Regional averages have been calculated as a linear average of the stations in that region and therefore
are biased towards areas where the station density is highest. While this does not represent a true areal
average, it removes the possibility that an isolated station will dominate the calculation, as can happen
when using Thiessen polygons to weight stations in the areal-averaging process. A linear average also
removes the need to define an area for each region, which is necessary for areal-averaging methods (e.g.
Hennessy et al., 1999).

All trends have been calculated using a least-squares linear regression with statistical significance
determined using the Kendall-tau test (Press et al., 1986). Where a trend is indicated as ‘significant’, it has
at least 95% significance using this test.

4. RESULTS AND DISCUSSION

Time series of the total rainfall, the number of raindays with at least 1 mm rainfall, and the extreme
indices have been calculated for each of the four regions for the period May 1910 to April 1998. These
were calculated for each year for the months May to April of the following year, rather than January to
December so as not to split the season of high summer rainfall in northern Australia. Starting in May also
ensures that the season of high winter rainfall in southern Australia is not split. A summary of the trends
in total rainfall and number of raindays is shown in Table I. The trends in the extreme indices are
summarized in Table II.

Table I shows an increase in the total rainfall and number of raindays in the northern and southern
regions and a decrease in the western and southwestern regions. Both the total rainfall and number of
raindays have decreased significantly in the southwest while only the number of raindays has increased
significantly in the north. These changes, as noted in previous studies (e.g. Hennessy et al., 1999), imply
a significant change in the number of heavy events in the southwest while a significant change in only the
number of lighter events in the north.

This is confirmed in Table II, which shows the trends for the extreme indices. The number of extreme
events (extreme frequency) in the southwest has strongly decreased. In the north the increase in the
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Table I. Trends in total rainfall and the number of raindays for the four regions

Region Total rainfall Raindays
(days/100 years)(mm/100 years)

North 9.1887.33
South 6.3950.17

−6.55−67.79West
−185.07Southwest −12.73

Trends in bold are significant at the 95% level.

Table II. Trends in extreme intensity, extreme percent and extreme frequency calculated using three different methods
for the four regions

Annual top 5% raindaysAnnual top four events \Long-term 95th percentileRegion

Extreme ExtremeExtreme Extreme ExtremeExtreme Extreme
percent intensity frequencyintensity percentpercent intensity

(%/100(mm/100 (mm/100(%/100 (%/100(mm/100 (days/100
years)years)years) years)years)years)years)

3.80 0.581.482.71North 1.352.28−2.60
South 0.65 −2.62 −0.30 −0.89 0.62 −1.41 0.20
West 0.55 −0.41−1.17 1.94 −0.47 0.41 −1.17
Southwest −4.66 1.05 −3.21 −0.54 −4.46 −4.03 −1.69

Trends in bold are significant at the 95% level.

number of heavy events is not significant. Therefore, the significant trend in raindays in the northern
region is largely reflecting changes in the number of lighter events.

In most cases, the sign of the trend in the extreme intensity index matches the trend in raindays and
total rainfall. The only significant change is in the southwest but strong changes have also occurred in the
north. The effect of the changing number of raindays is evident in a comparison of the extreme intensity
index calculated using the three different methods. In most cases, the trends are most similar between the
index calculated from the four highest events and the events exceeding the long-term 95th percentile. The
trend is generally strongest when the index is calculated using the four highest events. In the northern and
southwestern regions where there has been significant changes in the number of raindays, the intensity is
changing in the top four events as well as the events above an extreme threshold and in the highest 5%
of raindays.

The extreme percent shows changes of less than 5% per 100 years over most of the country. The fact
that there have been significant decreases in this index calculated from the highest four events in the
northern and southern regions is more an indication of the low interannual variability of this index in
these regions. The sign of the trends in this index are generally opposite to that of the total rainfall. One
interesting result in this index is in the southwest where a significant decrease in the extreme intensity
divided by a significant decrease in the total rainfall results in weak and non-significant trends of mixed
sign in the extreme percent, depending on the method used to calculate the index. Since the extreme
percent is the extreme intensity/total rainfall, this implies that the proportional change in the intensity of
the extreme events is similar to that of total rainfall. On the other hand, in the northern region where both
total rainfall and extreme intensity are increasing, the significant decline in the extreme percent calculated
from the highest four events suggests that the total rainfall is increasing at a proportionally greater rate.

The problems associated with determining statistical significance of trends of series that are averages of
other series have been addressed using an alternative test of significance. When averaging several series
there is a possibility that series with a higher mean or variance will dominate the calculations. Therefore,
each component series was normalized by replacing each value in the series with its rank, then applying
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Table III. Correlations with total rainfall

Region Raindays Annual top four events Annual top 5% \Long-term 95th percentile
raindays

Extreme ExtremeExtreme ExtremeExtreme ExtremeExtreme
intensityintensity percentpercentpercentintensity frequency

North 0.93 0.88 −0.68 0.76 0.22 0.65 0.74 0.95
South 0.94 0.73 −0.65 0.53 0.01 0.45 0.47 0.88
West 0.92 0.69 −0.47 0.42 0.08 0.32 0.47 0.87
Southwest 0.89 0.70 −0.33 0.62 0.27 0.30 0.58 0.81

Numbers in bold indicate 95% significance.

the Kendall-tau test to the average of the ranked series. All trends in Tables I and II which were found
to be significant using the Kendall-tau test on the average of the raw series are also significant using this
‘rank’ test.

Correlations with total rainfall for the number of raindays and the three extreme indices are shown in
Table III. Highly significant correlations for raindays and the extreme frequency and extreme intensity
suggest that years with high rainfall receive rain on more days, with a higher average intensity in the
highest events and a larger number of events above an extreme threshold. Correlations between total
rainfall and the extreme percent index are significant for two of the three calculation methods, with
non-significant correlations between total rainfall and the extreme percent calculated using the highest 5%
of raindays. One point of interest is the significant negative correlations between the total rainfall and the
extreme percent calculated from the highest four events while the correlations with the extreme percent
calculated from events exceeding the long-term 95th percentile are significantly positive. This suggests that
years with higher rainfall receive a larger proportion of their rainfall from events above the long-term 95th
percentile and less from the top four events. This is probably more from there being a larger number of
events above the 95th percentile during wet years as shown by the high correlations between the total
rainfall and the extreme frequency index.

One question that arises is which is the best index of extreme rainfall intensity and how should it be
calculated? The best guide of index design must be the final purpose of the index. If the aim is to use the
index for climate change detection, then a complex index can be considered. On the other hand, an index
for use by the public should be as clear and simple as possible. Explaining to a farmer that the proportion
of annual rainfall from the highest 5% of events has increased but the actual number of events has
decreased may be confusing. An index such as the amount of rain from the top four events is much
clearer. However, if the desire is to find an index that reflects changes in the shape of a frequency
distribution, then an index such as the average intensity of the highest 5% of events may be better. For
analysis of shapes of distributions, parametric approaches might also be considered (e.g. Groisman et al.,
1999).

5. CONCLUSION

As governments and other decision-makers begin to consider climate change when formulating policy,
there is a strong need for clear and concise indices for monitoring of the environment. With analyses from
global circulation models suggesting an increase in heavy rainfall and a decrease in light rainfall (e.g.
Gordon et al., 1992), the challenge has been for scientists to determine if such a change exists in the
historical record. Decoding such a signal from a record that not only contains high interannual variation
but also includes possible trends in total rainfall and in the number of raindays poses many problems. The
varying quality of daily rainfall data also poses problems for analyses of extreme rainfall. The three
indices proposed in this study, which examine changes in both the intensity and frequency of extreme
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events, as well as their contribution to the total rainfall, have been formulated to overcome these problems
and calculated using a consistent set of high-quality stations with little missing data. These indices could
be applied to other regions with such data.
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