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Abstract: As part of the revision of Australian Rainfall and Runoff, the Bureau of Metecroiogy is
updating Intensity-Frequency-Duration data. One of the motivations for the study is the additional data
that are available through the Water Regulations 2008 and in addition ihe longer records available at
all stations. However if climate change has caused non-stationarity in the recorded rainfalls, then
possibly only a portion of the observed record should be used in deriving IFD information. This paper
assesses the degree of non-stationarity present in the historic record at rainfall stations across
Australia. It is concluded that although some stations show strong lrends in annual maximum time
series, particularly for short durations and more frequent events, the magnitude of these changes is
within the expected accuracy of the fitted IFD refationships. Future changes are however likely to be
farger and will have to be considered for the revision of AR&R.
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1. INTRODUCTION

The Bureau of Meteorology (the Bureau) is currently undertaking a revision of the Intensity-Frequency-
Duration {IFD) design rainfalls for the whole of Australia. The previous IFD estimates were developed
over 20 years ago (Institution of Engineers Australia, 1 987) and the current review is motivated by the
quantity of additional data that is now available due expansions in the Bureau's network, the additional
length of records available, and access, under the terms of the Water Regulations 2008, to daily-read
and continuous rainfall data collected by other crganisations which supplements the Bureau’s network.

The earlier IFD estimates assumed that the period of record at each gauge was representative of long
term conditions for that location. In addition it was assumed that by pooling site data together in the
generalised data analysis, any impacts of this assumption would be minimised {(Institution of
Engineers Australia, 1987). Since then it has become evident that variability in Australia’s climate
which occurs on interannual to interdecadal time scales {e.g. Power et al., 1999, Ummenhofer et al.,
2008), coupled with the impacts of anthropogenic climate change (Solomon et al., 2007) may mean
that existing rainfall data, particularly short records, are not representative of the long term conditions
at a site. In addition, future changes may be targer than previously experienced (Huntington, 2008).
These changes to variability affect both the mean climate state and large rainfalls; the Iatter being of
more importance for the IFD Revision Project.

The purpose of this study is to investigate if there is significant evidence of non-stationarity in
Australian rainfall data. The results are important for answering the question of whether the full historic
record should be used to derive updated IFD estimates. Two approaches, the first a point based
approach and the second an area averaged approach, are used with daily and continuous rainfalf data
to test for trends and evidence of non-stationarity over a range of event durations. Section 2 discusses
the methodology used for the study and available data. Section 3 provides results of the analyses and
conclusions are presented in Section 4.



2. METHODOLOGY

Two broad methodologies have been used to establish if there are trends in rainfall extremes for
Australia. The first is to examine the records at individual stations. Tests include assessing trends in
the time series of annual maximum rainfalls and changes in the probability distributions fitted to the
annual maximums to estimate design rainfall quantiles. The second methodology uses an area
averaged approach to check for regional trends in annual maximum rainfalls. The approach is based
on that carried out by Bonin et al.{n.d.) to assess trends in large rainfall events in the USA as part of
the revisions by the National Oceanic and Atmosphetic Administration (NOAA) to design rainfalls. This
section describes the application of both methodologies to Australian rainfall data.

2.1. Point based assessment of the stationarity of annual maximums

The first part of the study involves analysing if there is significant evidence of changes in the annual
maximum time series at individual stations. This can be tested in several ways. The first analysis
involves dividing the time series into two {equal) periods and determining if there are differences
between these two data samples. Formally this involves a hypothesis test on some statistic of the two
samples to test for significant differences. Two hypothesis tests have been conducted, namely:

* The Wilcoxon rank-sum test (also called the Mann-Whitney rank-sum test) which is a non-
parametric test for difference in location (i.e. median) between two data samples.

* The two-sample Kolmogorov — Smirnov test which tests if two sets of data were drawn from
the same, unspecified, distribution.

In addition to the split sample analysis approach, analysis has been carried out on the full data period
at each station to test for trends. Two trend tests have been used:

* A t-est on the significance of the slope of a linear regression of the annual maximum time
series, and

* The non-parametric Spearman’s rank correlation to test for correlation of the annual maximum
series vs time.

The tests on annual maximum time series have been carried out for both daily and continucus rainfall
stations. Due to the large number of daily rainfall stations in Australia, it was considered that the most
value from the analysis would be in determining if there are spatial patterns to trends or non-
stationarity in the annual maximum rainfall series. As all stations have different starting and ending
dates, a common period of analysis from 1901 to 2000 was adopted and stations with at least 40
years of data within the period {and at least 20 years of data in each half of the nominated period)
were used for the analysis, For the continuous rainfall stations a common 50 year analysis period
(1956-2005) has been used for all stations. This approach allows for field significance tests con the
likelihood of obtaining the observed number of significant trends across Australia. The field
significance tests are undertaken by considering the results from each gauge as samples from a
binomial distribution, where the probability of success for any one trial is p, the significance level (here
set as o = 5%) of each of the individual tests.

2.2. Point based assessment of the stationarity of probability distributions
and estimated rainfall quantiles

Using the daily and continuocus rainfall data for each station and partitioning the record into two
separate periods, it is possible to test if the data in the two periods belong to the same or different
probability distributions. As for annual maximum trends discussed above, common analysis periods
were used for all stations to allow for spatial comparison of the results.

To test for difference in the distributions, a GEV distribution is fit to one of the data samples using the
method of L-moments (Hosking and Wallis, 1997) and then a one sample Kolmogorov — Smirnov test
is used to test if the data from the second sample is consistent with this distribution. Using the fitted
GEV distributions for both periods, estimates of rainfalls quantiles with Annual Exceedarce



Probabilittes (AEPs) of 1 in 1.25 to 1 in 100 have been calculated. Confidence limits on the quantiles
were estimated by creating 100 bootstrap samples of the data in each period. The difference in the
quantile estimates for each bootstrap was calculated and confidence limits on the differences
estimated. If the confidence interval on the difference does not cover zero, then the two guantile
estimates are considered to be significantly difierent.

2.3. Regional assessment of the stationarity of annual maximums

Benin et al. (n.d.) describe a methodology used by NOAA to determine if there are regional trends in
the number of exceedances of design rainfall thresholds in the historical record. Two large regions of
United States were considered using the most recent analysis in NOAA Atlas 14 (Bonin et al., 20086) of
frequency, depth and duration estimates of design rainfall. Atlas 14 covers the semi-arid southwest US
and the Ohio River Basin and surrounding areas.

For the NOAA analysis the historic record at each station in a region is treated as a partial duration
series and for each duration a count is made of the number of times that the recorded rainfall
exceeded the relevant design rainfall at that station, for different AEPs. The average number of
exceedances across all stations in the region is then calculated {the sum of all exceedances divided
by the number of stations Operating in that year). A time series is then constructed of the average
number of exceedances per year and tested for non stationarity using a number of non-parametric and
parametric tests — namely the Wilcoxon rank sum test, Spearman's rank correlation test and
paramedtric t-test,

The NOAA methodology has been applied for both the continuous and daily rainfall stations in
Australia. The analysis requires regional averaging of the exceedance time series; a way of grouping
stations together is therefore required. For the daily stations, there is sufficient station density such
that the analysis could be carried out Australia wide. Rainfall districts were used to group the stations
with each district containing multiple gauges. The average exceedance time series has only been
calculated for years when at least five gauges in a region have records. For the continuous rainfall
stations, there are far fewer stations available for analysis, so an Australian wide analysis of trends is
not possible. The analysis has instead been carried out for Districts 31, 40, 39 & 40 and 85 & 86,
which each contain between 3 and 7 stations with long term records. The locations of the districts are
shown in Figure 1b.

2.4. Data sources

Data are available for 17247 Bureau operated daily read rainfall stations across Australia. The data
from each station have been quality controlled with infilling of missing data from nearby stations and
disaggregation of any aggregated multi-day rainfall {otals. For the non-stationarity assessment, annual
maximum time series are required at each station. Annual maxima were calculated for each year that
had at least 10 months of data with at least 75% of data values available. Annual maxima were aiso
checked for independence over consecutive years. For the analysis period of 1901-2000 it was found
that 4191 stations had sufficient quality controlled data for the analyses,

Data have been analysed for 58 Bureau operated continuous rainfall stations. Stations were chosen to
ensure that they have at least 40 years of data (with each year having at least 10 months with at least
75% of data values available). To determine the common period to be used for the field significance
tests and distribution fitting, the starting and finishing dates for each station were compared and a 50
year period chosen that maximised the number of stations with records in the period. A common
period of analysis of 1956 to 2005 was chosen. Twelve event durations were examined ranging from 6
minutes to 24 hours. The distribution of the daily and continuous rainfall stations is shown in Figure 1.



Figure 1 Distribution of (a) daily rainfall stations and (b) continuous rainfall stations used for
the analyses. Districts used for regional assessment of sub daily durations are also shown.

3. RESULTS

3.1. Point based assessment of stationarity

Trend analysis for both the continuous and daily rainfall stations shows that there are more increasing
trends (2733 stations) than decreasing trends (1458). However the majority of these trends are not
significant at the 5% level. Figure 2 shows the directions of the trends in the daily annual maximum
time series and their significance based on a t-test. There is reasonably good consistency between the
three tests (i.e. Kolmogorov-Smirnov, Wilcoxon Rank Sum test and itest) on the direction and
significance of the trends. Approximately 6-9% of stations show significant increasing trends while
approximately 4% of stations have significant decreasing trends. There are no clear spatial patterns in
the increasing/decreasing trends or in the significance of those trends.

(a) 1901-1950 vs 1951-2000 {b) Red - increasing, Blue - decreasing
T Test on Regression Slope Trend Direction

Figure 2 (a) Locations of significant trends (in red} and (b) direction of all trends, increasing
trends in red and decreasing trends in blue.

With fewer continuous rainfall stations available for analysis, it is possible to examine the results at
individual locations. Figure 3 shows the trends found at each station for each of the 12 durations



analysed for the period 1956 to 2005. Approximately 65% of the calculated trends are positive (i.e,
increasing annual maximum rainfall), although only 12% are significant at the 95% level. Very few of
the negative trends at individual stations or for particular durations were found to be significant {only
1% of the total number of trends overall). Stn040004 stands out having 7 durations with sighificant
negative trends.
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Figure 3 Trend analysis of continuous rainfall stations - sites with decreasing trends are shown

in red, sites with increasing trends are shown in blue. Sites with significant trends are shown
as filled triangles.

Generally significant trends are found for durations less than 1 hour, with very few stations reporting
significant trends in the longer duration annual maximum series. There do not appear to be any clear
spatial patterns in the locations of the positive or negative trends (both significant and not significant).
Results from the Wilcoxon rank sum test and the Kolmogorov — Smirnov test are similar to those from
the t-test on the trend.

The second test that was carried out on the point data was to examine the stationarity of the fitted
probability distributions. The GEV distribution has been fit using L moments; fitting the distribution
parameters separately to each half of the period. The Kolmogorov-Smirnov test was then used to test
if the data from one half period was consistent with the distribution fit to the other half period as the
null hypothesis. It was found that 819 stations had data in the period 1951-2000 that were inconsistent
with the probability distribution fitted for the period 1801-1950, whilst 758 stations had data from the
first period inconsistent with the GEV distribution fitted to the fater period. Thus the percentage of
stations where the assumption of stationarity is questionable is higher than the results from the trends
in the annual maximum series, and is around 20%.

The final test on the stationarity that was carried out involved testing the quantile estimates from the
fitted GEV distributions are consistent. Confidence limits on the quantile estimates were estimated by
bootstrapping the annual maximum series 100 times and re-fitting the GEV distribution on each
bootstrap sample and calculating the quantile estimates for AEPs of 1 in 1.25, 2, 5, 10, 20, 50 and
100. The difference in the quantile estimates from the two periods was then calculated for each
bootstrap sample and the 2.5% and 97.5% quantiles on these differences estimated to construct the
95% confidence interval on the differences. if this 95% confidence interval does not cover zero, then
we can conclude that the quantile estimates are significantly different from each other. Approximately
10% of daily rainfall stations have significant differences in the rainfall quantile estimates. Figure 4
shows the spatial pattern of these significant differences,
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Figure 4 Maps showing locations (in red) where data rainfall quantile estimates do not overlap
for a range of AEP events for 1901-1950 vs 1951-2000.

For the continuous rainfall stations, there are many more durations to consider than for the daily
stations. The results of the probability distribution stationarity tests are summarized in Table 1. The
first two columns summarise the results of the Kolmogorov-Smirnov test. The percentage of stations
showing differences in the probability distributions decreases for longer durations, Up to 50% of
stations have different probability distributions for the first and second 25 year periods. The final four
columns of the table show how these differences translate into rainfall quantile estimates. It is clear
that although the probability distributions may be different, the rainfall quantile estimates are generally
similar. This is due to the wide confidence limits resulting from only using 25 vears of data to fit the

probability distribution.

Table 1 Summary of the percentage of stations with differences in GEV distributions and non
overlapping rainfall quantile estimates

Duration | 1st period data 2nd period data Confidence [ 1in1 |1in 1in
different from 2nd different from 1st limits do AEP 10 100
period GEV dist period GEV dist not overlap AEP | AEP

£ mins 48.3 39.7 29.3 1.7 15.5 10.3

i2mins | 34.5 31.0 25.9 3.4 1556 |62

18 mins | 36.2 25.9 22.4 3.4 13.8 | 3.4

30 mins | 19.0 19.0 17.2 1.7 5.2 8.6

80 mins | 17.2 10.3 6.9 0.0 5.2 1.7

2hours | 12.1 10.3 3.4 0.0 1.7 0.0

3hours {207 17.2 3.4 0.0 0.0 3.4

6hours | 13.8 16.5 34 0.0 1.7 0.0

12 hours | 8.6 15.5 1.7 0.0 0.0 1.7

24 hours | 10.3 15.5 3.4 0.0 0.0 3.4

48 hours | 12.1 13.8 5.2 0.0 3.4 1.7

72hours 1 6.9 19.0 6.9 1.7 34 3.4




3.2. Regional assessment of the stationarity of annual maximums

Figure 5 shows the direction and whether the trend is significant at the 5% level of the trends in each
district for the period 1909 to 2008 for the 1 in 1.25 AEP event and the 1 in 100 AEP events. Results
are similar for other AEP events. Generally increasing trends (i.e. more exceedances of the AEP
threshold over time) are found in the western and northern parts of Australia with decreasing trends
generally limited to south-eastern Australia. However, in most cases the trends were found not to be
significant. Trends in the rarer AEP evenis are also likely to be less significant, which is not
unexpected as the time series will be noisier due the infrequent number of threshold exceedances.
Results using Spearman's rank correlation to test for the significance of the trends and results for the
other periods of record are broadly similar. The analysis was also repeated using different periods of
analysis and the results (not shown here) indicate that the trend of average number of exceedances
per district is very sensitive to the period of analysis. Generally larger trends (both increasing and
decreasing) are found in the shorter periods. It is therefore possible that multi-decadal processes may
be affecting the occurrence of large rainfall events.

1in 1.25 AEP 1in 100 AEP

M Sig Negative Trend
[ Negative Trend
B Positive Trend
B Sig Positive Trend

Sig Hegalive Trend
Negative Trerd
Positive Trend

Sig Positive Trend

Figure 5 Trends in the average number of exceedance of the design rainfall threshold for the 1
in 1.25 AEP and 1 in 100 AEP event in each district, showing trend direction and if a t-test
indicates that the trend is significant at the 5% level

As for the analysis of the annual maximum time series, it was found that the distributions fitted to
shorter duration rainfall events are more likely to be different for the two periods than for the longer
durations. However even when data from one period are inconsistent with the distribution fit to the
other period, the estimated rainfall quantiles are often not significantly different for the two periods,
due to the width of the confidence limits on the estimates. The confidence limits on the rainfall

guantiles are relatively wide due to the short record lengths used to fit the GEV distributions (at best
25 years of data).

Table 2 Summary of trend significance (p values for t-test on regression line slope)

. I _ Districts 39 Pistricts 85
AEP (1in x) | District 31 District 40 and 40 and 86

6 minutes

1 0.25 0 0 0.31

2 0.03 0 ] 0

5 0.76 0.06 0.4 0

10 0.5 0.95 0.41 0.02

20 0.44 0.57 0.23 0.04

50 0.58 0.19 0.44 0.3

100 0.85 0.13 0.43 0.15




. . L Districts 39 Districts 85
AEP {1in x) | District 31 District 40 and 40 and 86
60 minutes
1 0.44 0.43 0.61 0.37
2 0.84 0.09 0.38 0.08
5 0.28 0.33 0.11 0.05
10 0.64 0.59 0.48 0.85
20 0.6 0.48 0.29 0.67
50 0.71 0.46 0.05 0.16
100 0.34 0.17 0.03 0.9

4. DISCUSSION AND CONCLUSIONS

The stationarity analysis has found that although records at some stations show significant changes
over time in both annual maximum time series and fitted GEV distribution and estimated design rainfall
quantiles, there are no clear patterns to the changes spatially, with decreasing and increasing trends
occurring in similar areas. Significant changes were found at between 2% and 30% of stations
analysed depending on the period and method of analysis. Considering the resuits from both the
continuous and daily read rainfall stations, it would seem that significant trends are more likely to
occur for shorter duration events (sub-hourly). In general trends are also smaller than the uncertainty
associated with the fitted probability distributions.

This study has also applied the NOAA methodology to continuous and daily read rainfall gauges in
Australia, grouped by rainfall district. Trends in average exceedances of design rainfall thresholds over
lime are generally not significant particularly for the daily duration events. Trends at the district level
are strongly influenced by the period of analysis, indicating that multi-decadal climate variability may
affect extreme rainfalls. Conclusions are difficult to draw for the sub-daily rainfall events due to the
sparse spatial distribution of continuous rainfall stations with long records. Overall it is concluded that
the full historical record should be used in deriving IFD estimates.
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