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Daily rainfall data for 53 stations in the Australian tropics have been used to inves-
tigate interannual changes in the intensity of the 90th and 95th percentiles and the
frequency of events exceeding a long-term average of the 90th and 95th percentiles.
The analysis considers rainfall in the months between September and April from
1910 to 1989.

Increasing trends in the 90th and 95th percentile rainfall intensity and frequency
occur at most stations, but few are statistically significant. Some stations with
negative trends are located south of the Gulf of Carpentaria. Strong positive cor-
relations exist between total summer half-year rainfall and both the intensity and
frequency of heavy rainfall.

Relationships between the Southern Oscillation Index (SOI) and these heavy rain-
fall parameters were stronger during the period from 1950-1989 relative to 1910-
1949, suggesting a change in large-scale atmospheric circulation patterns. In
eastern tropical Australia, the winter SOI is well correlated with heavy rainfall
parameters in the summer half-year, so there is potential to foreshadow heavy
rainfall events two seasons in advance.

Introduction

Floods and erosion due to heavy rainfall intensity
can cause enormous damage to agriculture, ecol-
ogy and infrastructure, and disruption to human
activities. Trends in the frequency and intensity
of such events could have significant implications
for engineering design standards, the insurance
industry and other fields which assume that cli-
‘matic time series are stationary.

Changes in mean precipitation have been
reported for various regions, but there is no sub-
stantial evidence of global-scale trends (Folland et
al. 1992). A range of regional precipitation trend
studies have been performed. Iwashima and
Yamamoto (1993) analysed daily rainfall data
from 1890 to 1980 at 55 Japanese stations and
found that more stations recorded their highest,
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2nd highest or 3rd highest rainfall event in more
recent times. Schirok-Kriston (1994) found no
change in rainfall intensity in Hungary during the
period from 1901 to 1990. Karl et al. (1995) ana-
lysed trends in the percentage of seasonal and
annual rainfall due to events exceeding 50.8 mm
day~' over USA, the former Soviet Union and
China. They found a significant increasing trend
in the USA, but little change in the former Soviet
Union or China.

A number of analyses have been performed in
Australia. Yu and Neil (1991) found no trend in
events over 40 mm day ™! at 17 stations in south-
east Australia from 1889 to 1985. However, Yu
and Neil (1993) found that while annual average
rainfall in southwest Western Australia decreased
during the period 1911-1990, high intensity rain-
fall increased in summer. Nicholls and Kariko
(1993) analysed rainfall data at five stations in
east Australia from 1910 to 1988 and found an
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increase in rainfall that is mainly due to an
increase in the number of events rather than mean
rainfall intensity. However, Lough (1993) found
that interannual variations in total rainfail were
closely related to both the number and intensity of
events in eastern tropical Australia, but there was
no evidence of a trend to more intense rainfall or a
greater frequency of heavy rain events from 1921
to 1987. Hence, only the study of southwest West-
ern Australian rainfall trends (Yu and Neil 1993)
has found an increase in rainfall intensity.

Most of these studies defined heavy rainfall
. intensity in terms of arbitrary thresholds. Use of
percentiles provides a more appropriate measure
of rainfall intensity in regions where rainfall
shows large spatial and temporal variability. This
study investigates the interannual variability of
90th and 95th percentile rainfall intensity and the
frequency of events exceeding the long-term mean
90th and 95th percentiles in tropical Australia
from 1910 to 1989, during the wet season from
September to April. At this time, extreme rainfall
is often produced by enhanced convective activity

Fig. 1
within circles denote high-quality stations.

from intense monsoon depressions and tropical
cyclones during the active phase of the monsoon.
We also examine the relationships between heavy
rainfall intensity, frequency and the El Nifio-
Southern Oscillation (ENSO) phenomenon.
Data and methods are described in the next sec-
tion. Trends in heavy rainfall intensity and fre-
quency are presented and the statistical signifi-
cance of these trends is discussed. Links between
the Southern Oscillation and heavy rainfall inten-
sity and frequency are quantified, and the effect of
the Southern Oscillation is then removed to deter-
mine the extent to which other influences are
contributing to rainfall trends. A comparison is
made with previous studies of Australian rain-
fall intensity changes and their links with the
Southern Oscillation, and a summary is given.

Data and methods

Rainfall data
Daily rainfall data for 53 stations in tropical Aus-

Locations of stations used in this study. The numbers correspond to those in the first column of Table 1. Dots
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tralia were obtained from the National Climate
Centre of the Australian Bureau of Meteorology
(Fig. 1). The rainy season at these stations typi-
cally lasts from September to April. Many stations
receive over 80 per cent of their mean annual rain-
fall during December to March (Suppiah 1992).
Data homogeneity is important in the study of
long-term trends. Changes in the location of rain-
gauges, observing practices, conversion of rainfall
records to the metric system, and urban influences
can cause discontinuities in rainfall time series. A
listing of Australian stations with high-quality
rainfall data from 1910 to 1990 has been derived
by Lavery et al. (1992). Of the 53 stations used in
this study, only 16 stations are of high quality
(Table 1). Since the high-quality stations are clus-
tered in the east (Lavery et al. (1992), Fig. 3),
lower quality stations were used to improve data
coverage in central and western tropical regions.
It is felt that inclusion of lower quality data does
not significantly affect the integrity of the study
since analyses of interannual rainfall variations
based on high-quality stations (Nicholls and
Lavery 1992) did not differ significantly from the
results of previous studies (Deacon 1953; Pittock
1975; Russell 1981; Srikanthan and Stewart 1991)
which used a mixture of stations. Moreover, the
characteristics of the intraseasonal oscillation in
rainfall at high-quality stations and other stations
did not reveal any differences (Suppiah 1993).

Method of analysis

The annual 90th and 95th percentile rainfall
values during September to April were computed
from daily data at each station from 1910 to 1990.
Once the long-term mean 90th and 95th percen-
tile values were determined, the annual number of
days above these values were computed to show
interannual fluctuations in the frequency of
exceedance of these thresholds. The statistical sig-
nificance of trends in the intensity and frequency
of 90th and 95th percentile rainfall events was
calculated using the Kendall-tau test (Kendall
1948).

Conclusions derived from this study depend
largely on the definition of extreme events and the
statistical analyses used. Different definitions and
statistical approaches could lead to different con-
clusions (Nicholls 1995). An analysis of trends in
extreme events over the whole of Australia using a
consistent methodology has not been performed
to date, but is an intended extension of this
study.

The effect of accumulated rainfall records on
trend calculations

When rain gauges are not read for a number of
days, an accumulated total is the only record pro-
vided. In Australia, there has been an increasing
tendency for accumulated totals over recent dec-
ades, especially on weekends. To create daily data

from accumulated totals, the totals (T) were div-
ided by the number of raindays (R) to give a mean
daily amount (M=T/R) which was then substi-
tued for each rainday. This could potentially
underestimate the frequency and magnitude of
heavy rainfall. The sensitivity of trend calcu-
lations to (a) the number of accumulated totals
and (b) the method of subsitution for accumulated
totals has been explored.

To test the sesitivity to (a), all rainfall stations
were screened for records of accumulated rainfall
totals. Those with a large number of weekend
accumulations had trends recomputed from mid-
week data. If trends in mid-week data are similar
to those computed from all data, including week-
ends, then the effect of weekend accumulations
can be assumed to be small.

To test the sensitivity of trends to (b), we have
replaced each rainday with different proportions
of the mean (M). In addition to the default
method of replacing all missing raindays with M
(e.g. a four-day total of T=100 mm is replaced by
M, M, M, M, where M=25mm) trends have been
recomputed using two other arbitrary substi-
tution methods: (a) 1 day of 0.5M rain, 1 day of
1.5M rain, and other days of M rain (e.g. 0.5M, M,
M, 1.5M), and (b) 1 day of no rain, | day of 2M
rain, and other days of M rain (e.g. 0, M, M, 2M).
If trends derived from different replacement
methods are similar, then the sensitivity to the
replacement method can be assumed to be
small.

Southern Oscillation Index (SOI)

A measure of the ENSO phenomenon is the
monthly mean Southern Oscillation Index (SOI),
which is the mean sea-level pressure (MSLP) at
Tahiti minus MSLP at Darwin normalised by
respective standard deviations (Troup 1965;
Allan et al. 1991). A monthly mean SOI time
series from 1910 to 1989 was obtained from the
National Climate Centre of the Australian Bureau
of Meteorology to investigate relationships
between the ENSO phenomenon and heavy rain-
fall intensity and frequency.

Correlation analysis
Lag and simultaneous correlation coefficients
were computed between the seasonal SOI and
rainfall percentile values, and between the SOI
and the frequency of days above the mean 90th
and 95th percentile values. Correlation coefhi-
cients were calculated after eliminating long-term
fluctuations in the SOI (Zhang and Casey 1992).
In the correlation analysis, the seasonal SOI
values of the previous March to May (MAM),
June to August (JJA), and simultaneous Septem-
ber to November (SON) and December to Feb-
ruary (DJF) seasons were used.

This procedure was repeated for each of the 53
stations. Since the spatial distribution of stations
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Table 1. Trends in 90th and 95th percentile rainfall intensity and the frequency of events exceeding the long-term mean
90th and 95th percentiles. Significance levels are based on Kendall-tau values. The magnitude of intensity
trends are given in mm year ', High-quality stations (Lavery et al. 1992) are shown by bold letters and the
Bureau of Meteorology (BOM) station numbers are given in the second column.

BOM Intensity trend Frequency trend
number Name 90th 95th 90th 95th
1 01005 Wyndham +0.0218 +0.0173 + -
2 02001 Argyle Downs +0.0178 +0.0051 + -
3 03003 Broome —0.0160 —0.0227 - -
4 04032 Port Headland +0.0044* +0.0115 + +
5 04035 Roebourne +0.0026 —0.0060 + +
6 14001 Bathurst Is. +0.0558 +0.0574 + -
7 14015 Darwin +0.0549* +0.0557 +* +
8 14042 Oenpelli +0.0023 +0.0398 + +
9 14815 Waterloo +0.0478* +0.0313 +* +
10 14825 Victoria R. Downs +0.0389 +0.0325 + +
11 14902 Katherine © +0.0273 +0.0031 + +
12 15005 Avon Downs +0.0166 +0.0061 - -
13 15019 Lake Nash +0.0033 +0.0140 + -
14 15085 Brunette Downs +0.0207* +0.0112 +* +
15 15086 Newcastle Waters +0.0383* +0.0636 +* +
16 15087 Tennant Creek +0.0124° +0.0248 - +
17 15525 Barrow Creek +0.0105 +0.0217 + +
18 15557 Tempe Downs +0.0337* +0.0564 + +
19 15590 Alice Springs +0.0113 +0.0041 + -
20 27003 Booby Island +0.0510 +0.0247 + +
21 27005 Coen +0.0360 +0.0225 + +
22 27022 Thursday Island +0.0267 +0.0230 + +
23 27042 Weipa +0.0798* +0.1364* +* +*
24 29004 Palmerville —=0.0112 —0.0195 — -
25 29001 Augustus Downs +0.0471* +0.0576 + +
26 29004 Burketown +0.0660 +0.0680 + -
27 29008 Cloncurry +0.0261 —0.0190 + -~
28 29012 Croydon —0.0051 +0.0020 - -
29 29025 Julia Creek +0.0393* +0.0420 +* +
30 29041 Normanton —0.0449* —0.1006* —* —*
31 30018 Georgetown +0.0309 +0.0614 + +
32 30024 Hughenden —0.0049 —0.0097 - -
33 30045 Richmond ‘ +0.0121 —0.0137 + -
34 32004 Cardwell +0.0544 —0.0043 + +
35 32040 Townsville —0.0040 —0.0057 - -
36 33007 Bowen +0.0071 +0.0192 + -
37 33035 Ayr +0.0339 +0.0453 T+ +
38 33065 St Lawrence +0.0231 +0.0147 + +
39 34002 Charters Towers +0.0279 +0.0475 + +
40 35069 Tambo +0.0091 —0.0145 + -
41 35256 Jericho +0.0044 —0.0089 + -
42 36007 Barcaldine +0.0078 —0.0072 + -
43 36031 Longreach +0.0047 —0.0091 + -
44 36047 Twin Hills +0.0010 —0.0215 + +
45 36143 Blackall +0.0021 +0.0060 + —
46 37010 Camooweal +0.0169 +0.0132 + -
47 37043 Urandangie +0.0152* +0.0356 + +
48 37051 Winton +0.0002 —0.0119 - —
49 38002 Birdsville +0.0018 +0.0009* +* +
50 38003 Boulia +0.0036 +0.0007 + -
51 38024 Windorah +0.0044 —0.0006 - -
52 39037 Fairymead +0.0051 —0.0291 + -
53 39083 Rockhampton —0.0150 —0.0418 - -

+* Significant increase at 95% confidence level.
+ Insignificant increase (below 95% level).
— Insignificant decrease (below 95% level).
—* Significant decrease at 95% confidence level.
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is uneven, results of correlations analyses were
interpolated onto a 2.5 km grid by using the
US National Center for Atmospheric Research
(NCAR) bilinear interpolation procedure (Akima
1978).

Rainfall intensity after removing ENSO
contribution
Since the ENSO phenomenon has a strong influ-
ence on the Australian climate, we attempted to
remove the signal in rainfall intensity and fre-
quency due to SOI variations. Since correlation
coefficients are strongest between rainfall par-
ameters and the spring (Sept-Nov) SOI (see sec-
tion on Links with the Southern Oscillation), we
computed simple linear regressions between
heavy rainfall intensity and the spring SOI, and
then between heavy rainfall frequency and the
spring SOI. Using these regressions to predict
rainfall intensities and frequencies from the SOI,
the differences between observed and predicted
values based on the SOI were computed. These
residuals (observed-predicted values) represent
rainfall time series with the influence of the ENSO
phenomenon removed, which were then exam-
ined for trends. A similar procedure has been used
to remove the SOI influence on global tempera-
ture (Jones 1989, 1994) and tropical cyclone num-
bers in the Australian region (Nicholls 1992).
Analysis of relationships between heavy rainfall
parameters and the SOI were considered during
three periods: 1910 to 1989, 1910 to 1949 and
1950 to 1989. The two shorter periods were exam-
ined separately because global pressure telecon-
nection patterns are distinctly different in these
two epochs. For example, the correlation in mean
sea-level pressure between Darwin and Tahiti
shows a marked June-November persistence in
the latter half of this century, which is not evident
in the earlier half (Allan 1993).

Rainfall trend results

Trends in heavy rainfall intensity

Over the 53 stations, the mean 90th percentile
rainfall ranges from 1 to 23 mm day~! and the
95th percentile ranges from 3 to 45 mm™! since
tropical Australia includes climatic regimes that
range from monsoon to desert. Trends in rainfall
intensity at each station are shown in Table |, and
a summary of results in four trend categories (sig-
nificant increase, insignificant increase, insignifi-
cant decrease and significant decrease) is shown
in Table 2. From 1910 to 1989, increasing trends
in 90th percentile rainfall intensity occur at 46
stations, of which 10 are statistically significant at
the 95 per cent confidence level. Decreasing
trends occur at seven stations, of which only one
(Normanton) is statistically significant. The per-
centage of high-quality stations with significant
increasing trends in the 90th percentile
(2 out of 16 = 12.5%) is almost half that for the
lower quality stations (8 out of 37 = 22%).

Relative to the 90th percentile results, fewer
stations have significant increasing trends in the
95th percentile, and more stations show insignifi-
cant trends. Of the 33 stations with increasing
95th percentile trends, only two are significant.
Insignificant decreasing trends occur at 19
stations, and Normanton has a significant
decreasing trend. At a relatively wet station like
Weipa (mean 95th percentile = 38.07 mm
day™'), a significant trend in the 95th percentile
exceeds 0.13mm year™!. At a relatively dry
station like Birdsville (mean 95th percentile =
2 mm day™"), a significant 95th percentile trend is
less than 0.001 mm year™').

Sample heavy rainfall intensity time series for
significant increases and decreases are shown in
Fig. 2. Annual values have been superimposed
with an 11-year running mean and the linear trend

Table 2. The number of stations showing changes in the intensity and frequency of 90th and 95th percentile rainfall
values including the ENSO influence, and for the 90th percentile value excluding the ENSO influence. Trends
and significance levels are based on Kendall-tau values. Values in parentheses indicate the number of high-

quality stations.

Including ENSO

Number of stations

Excluding ENSO

Intensity Frequency Intensity Frequency
Trend 90th 95th 90th 95th 90th 90th
Significant increase* 10(2) 2(1) (1) 1(0) 9(2) 8(1)
Insignificant increase 36(13) -31(10) 35(12) 25(9) 36(12) 33(12)
Insignificant decrease 6(1) 19(5) 10(3) 26(7) 7(2) 11(3)
Significant decrease* 1(0) 1(0) 1(0) 1(0) 1(0) 1(0)
Total 53(16) 53(16) 53(16) 53(16) 53(16) 53(16)

* above 95% confidence level
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Fig.2 Interannual variability (..) and eleven-year
running mean (—) of Sept—-Apr 90th percentile
rainfall intensity at Darwin and Normanton
for the period 1910-1989, showing significant
increasing and decreasing trends. Note the differ-
ent vertical scale in each plot.
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line. Rainfall intensity changes from 1910-1989

show both long-term trends and decadal-scale’

fluctuations. In general, the decades starting
around 1910, 1940 and 1970 show an increase in
heavy rainfall intensity, while the decades starting
around 1920, 1930, 1950 and 1980 show reduced
intensity. Decadal-scale fluctuations for the 95th
percentile at each station are similar to those for
the 90th percentile.

Percentage changes in heavy rainfall intensity
have been computed from the linear trend lines
fitted to the data from 1910 to 1989. Largest per-
centage increases occur at stations which are
rather arid (mean 90th percentile less than about
10 mm day™"), and hence have little hydrological

importance. Where the mean 90th percentile
exceeds 10 mm day ™' and the mean 95th percen-
tile exceeds 25 mm day ™', percentage changes in
heavy rainfall intensity are more meaningful.
Eleven stations, located near the wetter north and
northeast coasts, meet these criteria (station num-
bers 6,7, 8, 11, 20, 21, 22, 23, 24, 34 and 35) and
four stations are high quality. The eleven stations
show changes in the intensity of 90th percentile
rainfall ranging from — 8 to +46%, with a mean of
+20%. One station has an insignificant decreas-
ing trend, eight have insignificant increasing
trends and two have significant increasing trends.
Changes in 95th percentile intensity range from
—6t0 +42%, with a mean of + 12%. Forexample,
at Weipa, the 95th percentile increased by 42%
from 31.5 mm day~! to 44.6 mm day~'.

The effect of accumulated rainfall records

The sensitivity of trend calculations to the num-
ber of accumulated rainfall records has been
tested. Most stations have no accumulated rain-
fall records during September to April prior to
1960, and fewer than five days of accumulated
rainfall each year after 1960. Therefore, most
stations are not strongly influenced by weekend
accumulations.

However, at four ‘high quality’ sites (Katherine,
Burketown, Ayr and St Lawrence), many years
after 1975 have 10-70 days of accumulated week-
end rain. Since accumulated weekend rainfall is
read on Mondays, removal of weekend accumu-
lations is achieved by re-analysing daily rainfall
for mid-week days (Tuesday to Friday). This
removes up to 90 per cent of accumulated rainfall
records in each year at each site. For example, at
Katherine, there were 67 days of accumulated
Saturday-Monday rainfall in 1989 from Septem-
ber to April, but only six days of accumulated rain
in all Tuesday-Friday data. If the effect of
accumulated weekend rainfall is small at each
station, the trend computed from mid-week rain-
fall should be similar to that computed from
whole-week rainfall.

Figure 3 shows trends in 90th percentile rainfall
intensity for both whole-week data and mid-week
data at the four sites with many weekend accumu-
lations. The mid-week results still indicate
increasing trends, but they are less significant
than the whole-week results. At Burketown and St
Lawrence the trends are stronger, while trends at
Ayr and Katherine are weaker. Similar tendencies
are found for 95th percentile trends, but the
trend at Katherine for mid-week data becomes
negative.

We cannot conclude that the differences
between whole-week and mid-week trends are due
entirely to removal of accumulated weekend rain-
fall. This is because even at stations with no
accumulated values, removal of Saturday-Mon-
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day data results in trends which are significantly
weaker than trends computed from whole-week
data. For example, the 43 per cent reduction in
sample size due to removal of Saturday-Monday
data halves the trends at many stations, and turns
a weak increasing trend into a weak decreasing
trend at Winton and Blackall.

In addition, since more-extreme events have
been observed in recent years, exclusion of these
events on Saturday-Monday may explain the

reduction in the strength and significance of the
mid-week trends to whole-week trends at all
stations. The 95 per cent confidence level is the
same for both data samples since the number of
degrees of freedom is large.

Trends in rainfall intensity were found to be
insensitive to the method of replacement of
accumulated values with various proportions of
the daily mean (M) during the accumulation
period. Three arbitrary methods gave trends to

Fig.3 Interannual variability (...) and eleven-year running mean (—) of Sept-Apr 90th percentile rainfall intensity
derived from whole-week (Mon-Sun) data and mid-week (Tue-Fri) data at Katherine, St Lawrence, Ayr and

Burketown.
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Fig. 3 Continued.
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within 0.001 mm yr~! at each station. The default
method of replacing missing values with the mean
was therefore considered appropriate.

In summary, these results show that only four of
the 53 stations in this analysis have a large
increase in the number of rainfall accumulations
in recent decades. At two of the four stations, the
substitution of accumulated weekend rainfall
with mean daily rainfall over the accumulation
period produces a trend which is slightly weaker
than that derived from mid-week data. However,
the fact that weaker trends in whole-week data

were also found at stations with no accumulated
rainfall suggests that the difference in trends
between whole-week and mid-week data is mainly
due to the difference in sample sizes. So, we can-
not conclude that there is a bias in trends at these
four stations due to accumulated rainfall records.
The four stations with high weekend accumu-
lations should be considered less reliable than the
other 12 ‘high quality’ stations, but more reliable
than those that failed the five ‘high quality’ cri-
teria of Lavery et al. (1992).






