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Abstract

The statistical behaviour and distribution of high-resolution (6 min) rainfall intensity
within the wet part of rainy days (total rainfall depth >10 mm) is investigated for
42 stations across Australia. This paper compares nine theoretical distribution func-
tions (TDFs) in representing these data. Two goodness-of-fit statistics are reported: the5

Root Mean Square Error (RMSE) between the fitted and observed within-day distribu-
tion; and the efficiency of prediction of the highest rainfall intensities (average intensity
of the 5 highest intensity intervals). The three-parameter Generalised Pareto distribu-
tion was clearly the best performer. Good results were also obtained from Exponential,
Gamma, and two-parameter Generalized Pareto distributions, each of which are two10

parameter functions, which may be advantageous when predicting parameter values.
Results of different fitting methods are compared for different estimation techniques.
The behaviour of the statistical properties of the within-day intensity distributions was
also investigated and trends with latitude, Köppen climate zone (strongly related to lat-
itude) and daily rainfall amount were identified. The latitudinal trends are likely related15

to a changing mix of rainfall generation mechanisms across the Australian continent.

1 Introduction

Rainfall data at high temporal resolution are required to accurately model the dynamics
of surface runoff processes and, in particular, sediment entrainment (e.g. Dodov and
Foufoula-Georgiou, 2005; Kandel et al., 2005; Mertens et al., 2002). These processes20

respond to rainfall intensity variations over short intervals. However, measurement of
rainfall intensity at sufficient resolution is available only at a limited number of locations
across Australia. On the other hand there is good coverage of rainfall data at a daily
time step, consequently many models used to inform water managers use a daily time
step. The overall goal of this research is to establish a means of estimating the within-25

day statistical distribution of rainfall intensity given the daily rainfall depth and other
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readily available hydrometeorological data (e.g. temperature, pressure). This paper
makes a first step in that by examining the within-day statistical behaviour of rainfall
intensity and its representation by different statistical distributions.

There are several ways of capturing the effects of short timescale rainfall intensity
variability in catchment modelling. The rainfall time series can be explicitly represented5

in a short time step model; however, running short time step distributed models on
large catchments is impractical. Alternatively model parameters can be modified (e.g.
calibrated) in an attempt to capture the effect of the short time scale processes but
with a long (say daily) model time step; however, this effective parameter approach
is not well suited to nonlinear processes. Another approach is to use the distribution10

function (DF) approach in which the cumulative probability density function (cdf) of
short time step (say 6 min) rainfall intensity is input (Van Dijk and Bruijnzeel, 2004;
Kandel et al., 2005). This function is then modified to produce a cdf of runoff rate by
a typically non-linear runoff-intensity relationship that can be updated on a daily basis
depending on the catchment wetness or other states such as surface cover. Point-scale15

work has shown that, from a water quality/erosion perspective, the distribution of rainfall
intensity across a day and the total daily volume are of primary importance, while the
time sequence of intensity is of secondary value (Kandel et al., 2005). Van Dijk and
Bruijnzeel (2004) reached similar conclusions for events. The key meteorological input
requirement of such models is the cdf of rainfall intensity within the day.20

The intention of this paper is to examine how to best represent the cdf of 6 min rainfall
using wet and dry fractions, coupled with an appropriate continuous distribution func-
tion of rainfall intensities during the wet fraction. In the absence of a comprehensive
treatment of the TDF selection problem, this paper aims to fill the gap for within-day
rainfall intensity distributions in Australia. Specifically, the aim of this investigation was25

to quantify how well a range of available TDFs fit the measured within-day rainfall in-
tensity data and, in particular, fit the characteristics of rainfall that are most relevant to
runoff generation and erosion, that is the high intensities. The principal aspects of the
problem that are addressed by this work include:
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– How well does each of the TDFs perform and how do they rank with respect to
each other?

– Which approach to parameter estimation shows the greatest skill: the method of
moments, L-moments, LH-moments, or Least Squares (LS)?

– Does the “best” TDF vary with location around Australia (i.e. with climate zone)5

and how do characteristics of the distribution relate to climatic characteristics?

It also aims to examine variation in the statistical behaviour of the within-day intensity
distributions between locations. To address these aims we analysed high resolution
(6 min) rainfall data recorded at 42 Bureau of Meteorology pluviometer installations
around Australia. It is important to note that the paper is not aiming to develop a new10

rainfall disaggregation method as DF models do not require an explicit time sequence.

2 Data and methods

High resolution rainfall data from pluviograph stations across Australia was obtained
and a detailed analysis conducted to explore the distribution of within-day intensities.
There were three stages to the analysis. First, the raw rainfall intensity records were15

filtered to ensure data quality and to exclude days of small rainfall depth (not of interest
for runoff or erosion). Second, nine different theoretical distributions were fitted to
the measured cumulative density function (CDF) of rainfall intensity. Multiple methods
for estimating the distribution parameter values were employed. Third, two objective
functions were employed to assess the goodness of fit of the different distributions.20

Data processing and analysis was principally achieved via custom routines written in
Fortran-90. Each stage is described in more detail in the following sections.
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2.1 Data

Pluviograph records were obtained from the Australian Bureau of Meteorology (BOM)
from the 42 sites shown in Fig. 1. The Köppen climate zones for Australia (Peel et
al., 2007) are also shown. Where stations are very close to a zone boundary the
classification was checked with site data. Table 1 shows pertinent properties of the5

42 meteorological stations used. This set of sites (identified by Lu and Yu, 2002, for
a separate study) provides a broad spatial coverage across Australia, record lengths
span at least 20 yr and the mean annual rainfall ranges from 196 mm at Oodnadatta
to 2439 mm at Koombooloomba. Site elevations range from sea level to 760 m, nine
of the ten Köppen climate zones present in continental Australia are represented and10

there is a selection of sites from each of winter dominated, summer dominated and
non-seasonal rainfall regimes.

2.2 Quality control and censoring

Rainfall intensity data for each station was supplied at the BOM standard 6-min time
increment with each 24 h period divided into 240 intervals (hereinafter referred to as15

pluviograph data). Prior to the early 1990s the BOM pluviometer network used Dines
Pluviographs which recorded via a paper chart and pen connected to a float and siphon
mechanism. Since that time, tipping bucket rain gauges with a 0.2 mm tip size have
been used and the time of individual tips recorded (Srikanthan et al., 2002). Both
these types of records are provided by the BOM as 6 min data. Srikanthan et al. (2002)20

showed that the short time interval data from these two gauge types are statistically
similar. This is consistent with the conclusions of Fankhouser (1998), who found lit-
tle dependence on measurement characteristics (e.g. bucket size) for tipping bucket
gauges. For this analysis, a day was designated as the period starting and finishing at
09:00 h (as per the Bureau standard). This investigation was concerned only with intra-25

day characteristics; therefore inter-day relationships could be neglected and periods of
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record where data was missing were not used rather than being in-filled. A valid day
for this analysis was defined as one for which the pluviograph record is complete (i.e.
240 values, including zeroes, starting at 09:00 h).

Records of rainfall intensity measured using tipping bucket technology incur errors
at very low rain rates due to resolution problems (see review by Nystuen, 1999). As5

this work was concerned with the upper end of the rainfall intensity spectrum, the
valid day pluviograph records were censored in two ways to eliminate low intensity
data from consideration. First, only days where the total rainfall depth (P ) equalled or
exceeded 10 mm were considered. Second, only those 6-min intervals where intensity
(R) exceeded a threshold minimum (Rmin) of 1 mm h−1 (0.1 mm/6 min) were considered10

in fitting the CDF. Finally, in order to numerically resolve the higher order moments, the
number (n) of 6-min intervals where the intensity exceeded Rmin on any day need to be
at least four.

The results of this censorship regime in terms of the number of rainy days on the
record and the percentage of the rainfall depth that fell within the various categories15

is summarised in Table 2. The bottom line describes the data analysed by this inves-
tigation, showing for example that in Darwin 12.3% of valid days had sufficient rain
(P ≥ 10 mm) and that on these days 88.2% of the total rainfall depth was received. In
contrast, almost half of Melbourne’s rainfall depth is delivered on days where the total
accumulation is less than 10 mm. Over all stations, the average rainfall depth retained20

in the data after censorship was 74.7% of the total rainfall depth, which was considered
reasonable given our interest in processes sensitive to large events.

Rainfall was also censored if 6-min intensity was less than 1 mm h−1. On average,
this accounted for 5.5% of the rainfall depth at each station, with this proportion varying
from 1.8% to 9.2%. We undertook sensitivity testing using thresholds of 1 mm h−1 and25

2 mm h−1 and found the results were insensitive to the exact level of the threshold.
The 1 mm h−1 is a reasonable compromise given the discretisation inherent in tipping
bucket rain gauges (which is typically a 2 mm h−1 discretisation), the practical need to
remove the artefact of single tips being spread over many time increments in the data
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and our primary interest in intensities that are significant to surface processes (i.e. high
intensities).

2.3 General approach

With any analysis of information from multiple stations a decision must be made as to
whether a local (analysis by individual site) or a regional (all sites together) approach5

should be taken. There are advantages of both. A local approach has the advantage
of enabling a better understanding of local behaviour and contrasts between those
sites while a regional analysis will provide a more robust relationship over a region
due to the inclusion of more data. Here we chose a local approach because we are
more interested in understanding the site level behaviour and in exploring the variation10

between sites.

2.4 Theoretical distribution functions

Nine different theoretical distribution functions (TDFs) (Table 3) were fitted to the data
for the wet fraction of the day. The wet fraction is calculated as the proportion of 6-min
intervals in the day with rainfall intensity exceeding 1 mm h−1. The selection of TDFs15

was populated with distributions well known in the meteorological and hydrological
literature. The mathematical formulation of each TDF, and the parameter estimation
techniques employed, followed the methods presented in Stedinger et al. (1993) as
identified in the right-most column of Table 3. Table 3b gives the mathematical formulae
for each of the distributions. Other distribution functions with greater flexibility (more20

parameters) have been used to describe rainfall (e.g. the two-component extreme value
distribution, Rossi et al., 1984); however, given that we aim subsequently to predict the
parameter values for distributions from daily meteorological observations, we limited
distributions to those that have three or less parameters.

The final three TDFs in Table 3a and b are Extreme Value Distributions (EVDs).25

These have been derived specifically to represent the distribution of the largest
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observation drawn from a large sample. The validity of including these EVDs is open
to question as the rainfall intensity data to which they are being fitted is not an extreme
value data set, at least using traditional ways of thinking about rainfall. However, a
recent analysis of heavy rainfall by Wilson and Toumi (2005) shows that the distribution
is in fact “heavy tailed” – a characteristic feature of EVDs.5

Parameter values for each of the distributions were computed from the pluviograph
data in three ways: first via the method-of-moments (product moments, denoted PM);
second by the computation of L-moments (Stedinger et al., 1993) (denoted LM); and
third using a least squares estimation (denoted LS) technique. The LS algorithm imple-
mented an automatic pattern search optimisation method (Hooke and Jeeves, 1961;10

Monro, 1971) with the objective to minimise the Root Mean Square Error (RMSE – see
next section) between the measured rainfall intensity CDF and the fitted TDF. Note that
for the first iteration of the LS algorithm the parameter values of the fitted TDF were
initialised using values calculated via the product moment method.

The utility of Wang’s (1997) LH-moment method (LH4 moments in this case) was15

also examined using the GEV distribution as a test case. This fitting method was not
pursued even though it yielded a better fit to the upper tail of the distribution than
the L-moment estimates because the LH4 estimations were (for a large majority of
pluviograph stations) inferior to those produced by product moment and LS methods.
Consequently, the results presented in this paper examine only the relative merit of the20

other three parameter estimation techniques.

2.5 Assessment of fit

Two measures of goodness-of-fit were selected to quantify the fit of the distributions.
First, the Root Mean Square Error (RMSE – defined by Eq. 1) of the fitted TDF com-
pared with the observed rainfall intensity data was computed. RMSE quantifies how25

well the shape of each TDF matches the recorded within-day data considering the
entire range of intensity values above the 1 mm h−1 threshold. Note that this yields
one RMSE value per rain day analysed. A low RMSE value indicates that the fitted
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TDF provides a good approximation to the shape of the rainfall intensity CDF; showing
that a good fit to both the volume and the duration of different rainfall rates has been
achieved.

RMSE =

√√√√√ n∑
j=1

(
Îj − Ij

)2

n
(1)

where: Î and I are the fitted and measured rainfall intensity at the j ’th probability of5

exceedance respectively; and n is the number of 6-min intervals during the wet frac-
tion (wf) of the day (that is: n=240 wf). Note that for the LS fitting method, the objective
function is to minimise the RMSE.

Given the ultimate aim of providing input to erosion models, where the highest inten-
sities are the most important, a second goodness-of-fit statistic was used to quantify10

the fit to the upper tail of the rainfall distribution. A number of alternatives were consid-
ered, including the maximum 6-min intensity; the average of the 2, 3, 5 and 10 highest
intensity 6 min periods; and the 80th and 90th percentile intensities. Of course, many of
these measures were highly cross-correlated (i.e. r2 >0.8). Inspection of fitting results
for Melbourne and Darwin showed that some degree of averaging was useful (to avoid15

over-emphasizing errors in the fit of the highest one or two intensity values) but that
averaging over long periods tended to reduce differences between the fit of different
TDFs. The average of the five highest intensity periods, designated IHI ( mm h−1), was
selected as providing a reasonable balance between these competing factors. It should
be noted that IHI captures 30 min of rainfall in total but not necessarily from consecutive20

intervals.
Formal statistical testing of distribution fits was also considered. Several alterna-

tives exist for testing whether a sample comes from a hypothesised distribution. These
include the Anderson-Darling test (Stephens, 1974), the probability plot correlation co-
efficient (PPCC) test (Filliben, 1975), the Kolmogorov-Smirnov test and Chi-squared25

goodness of fit test. Of these, critical values only exist for a subset of the candidate
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distributions for the Anderson-Darling (Lognormal, Exponential and Weibull) and PPCC
(Gamma, GEV, Weibull and Gumbel) tests (Engineering Statistics Handbook, Chap-
ter 1.3.5.14, Heo et al., 2008) The Kolmogorov-Smirnov requires the distribution to
be fully specified for the critical values to be valid (Engineering Statistics Handbook,
Chapter 1.3.5.16). Because we wanted to test all the distributions consistently and5

needed to estimate the parameter values from the data, these three tests were not
suitable. Thus we used the Chi-squared test and followed the Engineering Statistics
Handbook (2011) recommendations.

The Chi-square test requires continuous data to be discretised into bins and it is
recommended that there be at least 5 data points in each bin and at least 5 bins. The10

upper limit of the first bin was set arbitrarily to 1.5 mm h−1 (larger where necessary to
ensure that it contained at least 5 data points). The number of subsequent bins was set
to 2n0.4

r , where nr is the number of remaining data points. For these bins, ranges were
allocated on an equal probability basis using the fitted distribution. If bins existed with
less than five data points, the number of bins was reduced and ranges recalculated15

until all bins had at least five observation points. Only days that met the above criteria
were selected for testing, which were generally days with more than 3 hours of rainfall
(i.e. 30 observation points). This testing indicated that each candidate distribution was
rejected on about half of the days tested. Subsequent analysis showed the lower half of
the distribution contributed more than 50% of the chi-square statistic on 70–75 percent20

of days (except lognormal – 50% of days) and that the statistic was insensitive to the
upper tail. Given our greater interest in the upper tail, this testing was not useful for
distinguishing candidate distributions.

2.5.1 Summary statistics for each station

The results of fitting at a given pluviograph station are reported herein by one RMSE25

value and one IHI value for each rain day in the record (>30 000 following quality con-
trol). In order to quantify the goodness-of-fit over all the rain-days at a given station,
two summary statistics were computed: mCOE and RMSE90.
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– The goodness-of-fit between the fitted IHI (from the fitted TDF) and the observed
data was quantified using the Modified Coefficient of Efficiency (mCOE) (one
value of mCOE per station) as defined by Legates and McCabe (1999). The
mCOE is essentially similar to the well known Coefficient of Efficiency (Nash and
Sutcliffe, 1970), but instead of squaring the error between measured and ob-5

served data (which gives extra weight to outliers), the absolute magnitude of the
error is computed instead (refer to Legates and McCabe, 1999 for a thorough
derivation and discussion).

– The range of RMSE values at a station was summarised by the 90th percentile
RMSE (i.e. 90% of RMSE values are less than or equal to this RMSE value).10

Herein this statistic is denoted as RMSE90.

The meaning of these two statistics will become clearer as some illustrative results
are introduced in the next section. The equation used to compute mCOE was (as per
Legates and McCabe, 1999):

mCOE=1.0−

S∑
k=1

∣∣∣IHIk
− ÎHIk

∣∣∣
S∑

k=1

∣∣∣IHIk
− IHI

∣∣∣ (2)15

where: ÎHI and IHI are the fitted and measured mean intensities of the 5 highest intensity
intervals of the day; IHI is the mean value of the set; and S is the number of rain days
in the pluviometer record for that station.

3 Illustrative results: Melbourne and Darwin

Fits of Exponential, Gamma, and Generalised Pareto 2 and 3 parameter TDFs for Mel-20

bourne and Darwin are shown in Figs. 2 and 3 for nine randomly selected days at each
3199
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station. These distributions were fitted using the LS method (except for the Gamma dis-
tribution which used PM). It is clear that for some days (for example 1 February 1970
at Melbourne) there is little difference between the quality of fit for the various TDFs,
while for others there is a significant difference. This is largely controlled by the skew-
ness of the rainfall intensity distribution on the particular day, with the GPT2 and GPT35

distributions being more flexible in terms of matching the variations in skewness. There
also appears to be a wider range in observed distribution shapes at Melbourne than at
Darwin. These figures give a qualitative idea of the range in fit quality.

More quantitative results of the fitting for Melbourne and Darwin are shown in Figs. 4
and 5. The charts are paired (referred to as “chart-pairs”), showing fitted versus ob-10

served IHI (top) and RMSE (bottom). A number of additional statistics are provided
with these plots as described in detail by each figure heading. The charts in Fig. 4
facilitate comparison of fitting skill using PM for three different TDFs (LGN3, GAMA,
and GEV) at two locations: Melbourne (left) and Darwin (right). The charts in Fig. 5
show results for Darwin. They compare the fitting skill achieved by the three different15

parameter estimation methods (LM, PM and LS) and also show the improvement in fit
when an additional degree of freedom is available: i.e. GPT3 (right) versus GPT2 (left).
In summary, these two figures show that fitting skill varies as a function of: (i) TDF;
(ii) location; (iii) fitting method; and (iv) number of TDF parameters.

3.1 Fit results for various TDFs20

In Fig. 4 the amount of scatter around the line-of-perfect agreement is greater for the
lognormal fit than either the gamma or GEV distributions, and this is the case for both
Melbourne and Darwin. The mCOE statistics support this observation, with the log-
normal statistic more than 10% lower than either other TDF. The variation in RMSE is
of a similar magnitude for Melbourne; that is the 90th percentile RMSE is 2.8±15%,25

with the lognormal TDF at the upper end of this range. In contrast, the RMSE val-
ues associated with the lognormal TDF in Darwin vary over a much wider range, with
the lognormal fit (RMSE90=15.4) clearly inferior compared with the other two TDFs
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(RMSE90=7.6 and 8.3). This suggests that location-related differences in fitting skill
may be important. In fact the source of the difference is most likely due to the fact
that Darwin receives much heavier rainfall than Melbourne; approximately three times
heavier if the median or 90th percentile IHI values are used as the basis of compari-
son (e.g. median IHI is 30.2 mm h−1 in Darwin compared to 9.5 mm h−1 in Melbourne).5

Indeed, the RMSE90 values for the GAMA and GEV distributions are threefold larger
in Darwin than in Melbourne, while the LGN3 value is fivefold higher (suggesting that
LGN3 fits get poorer as rainfall intensity increases in general).

Given that the elevated RMSE values for Darwin are driven by the higher rainfall
intensity of monsoonal events, should the data be normalised (e.g. by IHI) so as to10

facilitate comparison between stations (i.e. RMSE calculated for nondimensional re-
sults)? It is the author’s opinion that this was not necessary as the objective of this
work was to examine TDF fits at each station not between stations. For this task RMSE
based on unscaled rainfall intensity data was suitable, and has the added advantage
of indicating the error magnitude in units ( mm h−1) that are readily comprehended (for15

example: RMSE of 1.0 mm h−1 has more physical meaning than a normalised RMSE
of 0.1). Thus, from the RMSE data in Fig. 4 it can be concluded that: (i) GAMA and
GEV in Darwin and Melbourne have superior performance to LGN3; (ii) RMSE90 val-
ues computed for Darwin are more than double those in Melbourne; and (iii) Darwin
experiences events having far higher intensity than Melbourne (i.e. many events where20

the observed IHI exceeds 20 mm h−1 – putting result (ii) into context).
A final point to note from the fitted versus observed plots in Fig. 4 is that both the

GAMA and GEV TDFs tend to slightly underestimate IHI for higher observed values of
I30. This is indicated by the negative bias and the position of the dashed regression
lines being consistently below the line-of-perfect-agreement. Consequently, runoff and25

erosion predictions using the fitted TDFs would tend to be underestimated compared
with the observed data.
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3.2 Impact of fitting method and number of TDF parameters

Figure 5 illustrates two trends in fitting skill: first, product moments are more successful
than L-moments while LS is the best of the three; and second, the extra degree of free-
dom available to GPT3 noticeably improves the fitting indices. The best fit is shown by
the chart-pair at the bottom right (GPT3LS). It is interesting to note that the middle-right5

(GPT3PM) has a very similar fit to the bottom-left chart-pair (GPT2LS). Given this result,
two conflicting conclusions can be drawn regarding the value of the additional degree
of freedom available to GPT3 over GPT2. The advantage of the third parameter is most
evident in the product moment fits (middle chart-pairs), with the fit statistics for GPT3
far better than those of GPT2 (mCOE=0.891 compared to 0.741, and RMSE90=1.9110

compared with 2.56). However, looking at the bottom chart-pairs (LS fit), the improve-
ment offered by the third parameter is less significant (mCOE=0.928 compared with
0.884, and RMSE90=1.58 compared with 2.03). The optimisation provided by the
LS process narrows the gap between the GPT2 and GPT3 goodness-of-fit to such an
extent that the value of the third parameter must be questioned. To summarise: the15

GPT3LS combination clearly provides the best fit of the combinations shown in Fig. 5
(and in fact later figures show this to be the case across all the pluviograph stations).
However, the combination of GPT2LS should not be ruled out at this point as the fit is
only marginally poorer but is achieved with one less model parameter. In the present
analysis it is not possible to decide whether fewer model parameters are more desir-20

able than maximising the potential goodness-of-fit, this will indeed be a question for
work that follows this TDF selection study (i.e. attempting to predict TDF parameter
values from daily climate measurements). However, it is an important consideration in
the selection process in that it is important to choose not only the best fitting TDF but
also TDFs with two rather than three parameters.25
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4 Results for all stations

Figures 4 and 5 looked at specific results for two pluviograph stations and illustrate the
meaning of the goodness-of-fit indices (mCOE and RMSE90). Figure 6 summarises
these goodness-of-fit results for all 42 stations using two sets of box plots (mCOE top,
RMSE90 bottom). Three boxes are shown for each of the nine TDFs, one for each5

fitting method (see definitions in the figure legend). The results shown in Fig. 6 were
the primary tool for ranking the fitting methods and TDFs

Note that LS fitting to GAMA and LGN3 caused technical problems and hence re-
sults for these cases do not appear in Fig. 6. The impediments to LS calculation in
these cases are as follows. For GAMA an analytic CDF is unavailable and so instead10

an iterative numerical solution was required. Computation times became excessive
when LS was attempted using the pattern search algorithm coupled with the numerical
solution to the GAMA CDF. In the case of LGN3, estimation of the location parameter
wasn’t robust, with the denominator of the algorithm tending toward zero under some
conditions. This problem could be avoided by imposing a number of constraints on the15

location parameter. However, given the poor fitting performance of LGN3 obtained with
L-moment and product moment estimation, it was felt that the TDF was unlikely to be
selected and hence the effort required to implement an LS solution was not justifiable.

4.1 Ranking the fitting methods

The trends previously observed for individual pluviographs are reinforced by the results20

in Fig. 6. These show that the LS method produces consistently higher mCOE values
(top) and smaller RMSE90 values (bottom) than either of the other fitting methods.
Furthermore, in all cases both the magnitude of the statistic is better and the range of
values is smaller. The reduction in range implies that LS improves the poorest fits by a
greater extent than the better fits, with the fit at all stations an improvement over those25

achieved using other fitting methods.
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The superiority of the LS fitting is founded on the success of the PM fit in that the
PM parameter values were used to initialise the LS optimisation. The PM fits in Fig. 6
show substantially higher mCOE values than the LM fits, and also show lower RMSE90
values. Lower RMSE90 values are to be expected as the objective of the LS algorithm
was to minimise RMSE values. It is noteworthy that mCOE values are also substantially5

improved by the LS process by comparison with the mCOE values achieved using the
PM approach (see especially GEV and GPT2 results – top of Fig. 6).

On the basis of these observations it is clear that the LS method represents the best
fitting method, followed by PM and then the LM method. Thus, the first conclusion that
this study draws is with regard to fitting method:10

Candidate TDFs should be first fit by PM and then optimised by LS to obtain the
highest fitting skill as measured by mCOE and RMSE90.

4.2 Ranking the TDFs

In this section the focus is on ranking the fit provided by the nine TDFs. The objective
was to reduce the number of candidates from nine down to the best three or four TDFs,15

with the ultimate aim to then use these in a subsequent study to predict the parameters
of these TDFs from daily climate variables.

The desire to identify multiple candidate TDFs, as well as the TDF with the best fit,
is that the parameter values of some TDFs may be more amenable to prediction than
others. One reason (highlighted earlier) is that a two-parameter TDF may be more20

identifiable (i.e. able to be predicted) than a three-parameter TDF. A second possibility
is that the parameters of one TDF may be more identifiable than the parameters of
another TDF. For example, it may be that the two parameters of EXP are more readily
predicted than the two parameters of GPT2, due perhaps to different structural rela-
tionships between the TDF parameters and the statistics of the distribution (i.e. mean,25

variance, skewness, and kurtosis).
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4.2.1 Elimination: lognormal TDFs

The first two eliminations are straight forward. The skill shown by the LOGN and LGN3
distributions are clearly poorer than the other TDFs. Hence, LOGN and LGN3 were
eliminated as candidate distributions.

4.2.2 Elimination: extreme value distributions5

The performance of the three EVDs (GEV, GMBL and WEBL) is mixed (consider results
for fitting by LS). The box plots for GEV and WEBL are second only to GPT3, while the
skill of the GMBL is not as good as the other TDFs (median mCOE is less than 0.9
and median RMSE90 is greater than 1.0). The good results for the GEV and WEBL
supports the notion that EVDs are suitable for representing within-day rainfall intensity10

distributions. However, the skill shown cannot be considered exceptional in that the
EVDs’ fit is inferior to GPT3 (at all but one station). Thus, on balance it is not considered
that there is a strong enough case to consider selecting an EVD, given the concern that
within-day rainfall is not a classic extreme value distribution. Hence, the decision was
taken to exclude GEV, GMBL and WEBL distributions from further consideration.15

4.2.3 Variability with location

One factor that cannot be discerned from Fig. 6 is whether fitting skill varies with loca-
tion. To understand how much of an influence location has two questions were asked:

– Which TDF fits best at each pluviograph station?

– Can spatial trends in the goodness-of-fit statistics be discerned?20

The results shown in Fig. 6 suggest that GPT3 provides the best fit to the data. How-
ever because the range of mCOE and RMSE90 values overlaps with the box plots of
other TDFs, it is possible that at particular stations one of the other TDFs yields a better
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fit. Thus, on a station-by-station basis the TDF and fitting method showing the high-
est mCOE and, independently, the lowest RMSE90 were identified. The aggregated
results are summarised in Table 4 and demonstrate that GPT3LS is unequivocally the
best fitting TDF, with GPT2 and WEBL distributions providing a lower RMSE90 result
at only 3 and 1 pluviometer stations respectively.5

The fact that GPT3 consistently provides the best fit, rather than different TDFs being
better at different locations, suggests that GPT3 has sufficient flexibility to accommo-
date a range of within-day rainfall intensity distributions, and perhaps that the shape of
rainfall CDFs does not vary strongly with location. The answer is probably a combina-
tion of both factors, with GPT3LS clearly the first choice distribution for fitting within-day10

rainfall intensity.
While GPT3 provides the best fit across almost all the stations, the next question is

whether the level of fitting skill varies systematically with location. To examine this pos-
sibility, maps showing the spatial variation of mCOE and RMSE-90 such as Fig. 7 were
constructed. Symbol size on these maps indicates the goodness of fit, with larger circle15

diameters indicating a poorer fit (i.e. low mCOE or high RMSE-90). Maps were con-
structed for the four TDFs not yet eliminated (GPT3LS, GPT2LS, EXPLS and GAMAPM)
and from a qualitative, visual inspection the pattern of circle sizes looked similar for
each TDF. One pattern observed by the authors was that larger RMSE-90 values were
concentrated in the North-East and lower values in the South and South-West. This is20

a similar spatial pattern, albeit with a larger proportional difference between the high
and low values, to the pattern of mean wet period rainfall intensities and it reflects the
higher magnitude of rainfall intensity in the North of Australia (as discussed with re-
spect to Melbourne and Darwin earlier). To investigate whether this clustering could be
quantified, spatial statistics were employed.25
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4.2.4 Final ranking

To rank the remaining four TDFs (EXP, GAMA, GPT2 and GPT3) some additional statis-
tics were calculated which focus on the marginal error associated with selecting one
TDF over another, rather than simply looking at the magnitude of mCOE and RMSE90.
Marginal error is defined as the difference between the best performed TDF and the5

TDF of interest on a station-by-station basis. That is, for the i -th TDF (TDFi ) at a given
pluviograph station:

– marginal error in mCOE for TDFi =mCOE (best fit)−mCOE (TDFi )

– marginal error in RMSE90 for TDFi =RMSE90 (TDFi )−RMSE90 (best fit)

The box plots shown in Fig. 8 depict the range of each marginal error statistic across10

all the pluviometer stations with the TDFs fitted by both product moments and LS. Note
that the error for GPT3LS is zero or close to zero in both the upper and lower charts
because at most stations it gives the best fit. Consider the mCOE results first (top of
Fig. 8). These results reinforce the fact that GPT3LS is the best-fit benchmark, followed
by GPT2LS and EXPLS, which exhibit the next lowest (and very similar) marginal error15

magnitudes. Turning to the lower box plot, the GPT3LS result is followed by GPT2LS,
then GAMAPM and then EXPLS.

Given these results, the authors suggest the following ranking of TDFs based on
their performance as measured by the goodness-of-fit statistics mCOE and RMSE90:

1. GPT3LS – clearly the best fit;20

2. GPT2LS – the next best fit and with only 2 parameters;

3. EXPLS – placed here because of the low marginal mCOE values; and

4. GAMAPM – likely to have been ranked third if LS fitting could have been done, but
placed fourth as it has significantly higher marginal mCOE values.
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Although the GPT3 distribution provided clearly the best fit, the performance penalty for
choosing GPT2, exponential or gamma distributions is only small. Therefore, it would
be incorrect to interpret their ranking below GPT3 as a recommendation against their
utility; in point of fact because they rely on only two parameters they are viewed as
quite attractive options.5

5 Overview of within day intensity behaviour

The TDFs are essentially representing three aspects of the statistical distribution of
within day 6-min rainfall intensity distributions: the mean; standard deviation; and skew-
ness. In addition, the wet fraction parameter represents the duration of rainfall within
the day exceeding the 1 mm h−1 intensity threshold. The data are discussed in terms of10

these standard statistical parameters rather than the GPT3 distribution parameters for
clarity of interpretation. In addition the behaviour of the highest intensities in the day,
as characterised by IHI, are considered. To understand how these parameters vary
between rainfall stations an exploratory analysis was undertaken and the existence of
relationships with Köppen climate zone, annual rainfall depth, annual rain days, mean15

rain day rainfall depth, elevation, and latitude considered. The relationship between the
within-day statistics and daily rainfall amount was also examined.

Figure 9a shows box plots of daily mean wet period intensity. Latitude and sta-
tion numbers are shown on the x-axis. Boxes are organised by latitude from south
to north and are coloured by Köppen climate zone. Similar figures were drawn for20

each of the explanatory variables and each of the statistics. Box order was varied
both according to Köppen class first and then the explanatory variable and also ac-
cording to the explanatory variable (as in Fig. 9). This enabled assessment both of
differences between Köppen classes and also with each of the explanatory variables.
All the examples shown use latitude as the explanatory variable as it consistently25

showed the strongest relationship with the rainfall behaviour. There are, however,
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significant correlations between the explanatory variables, most notably latitude and
Köppen class, so attributing the behaviour to a particular explanatory variable is diffi-
cult.

Figure 9a shows a trend of increasing rainfall intensity towards the equator, particu-
larly for latitudes less than 30◦ S. A similar but noisier pattern was observed with wet5

day mean rainfall depth (annual rainfall/annual rain days). By considering the groups
of colours in Fig. 9a differences between Köppen classes become evident. It is also
clear from the rapid expansion in inter-quartile range compared with the median that
the between-day variability in within-day intensity distributions becomes larger towards
the equator, especially below a latitude of about 30◦ S. Very similar patterns of be-10

haviour were evident for the within-day wet period standard deviation (not shown) of
6-min intensities and also for IHI (Fig. 9c).

The one site that is a consistent and significant exception to the above trends is
Koombooloomba (31083). This site is located on the Great Dividing Range near
Cairns, Queensland. This is an area with extremely high rainfall gradients associated15

with Orographic effects acting on the prevailing easterly winds blowing off the Pacific
Ocean and up the escarpment of the Great Dividing Range. The site is at 760 m, and
the terrain rises from near sea level (∼20 m) over the 15 km east (i.e. upwind) of the
site. No other sites in the data set are subject to orographic effects even approaching
this magnitude.20

Figure 9b shows that the coefficient of variation of within day wet period 6-min inten-
sity grows smoothly with latitude, although the proportional change across the conti-
nent is smaller than for any of the mean, standard deviation or IHI. It can be concluded
from this trend that the standard deviation grows more quickly than the mean towards
the equator. Again, weaker patterns were observed with mean wet-day rainfall and with25

Köppen class. The inter-quartile range in CV remains approximately constant across all
stations. Skewness (not shown) was observed to be very consistent between stations
with an inter-quartile range from about 1.1 to 2.4 and a median of 1.7. The wet fraction
tends to decrease towards the equator but has a slightly higher inter-quartile range in
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the intermediate latitudes considered (Köppen zones BWh, Bsh, Cfa and Cwa). The
opposing trends in intensity and wet period partially offset each other in terms of daily
rainfall accumulation, although there is an increasing trend in daily rainfall accumulation
towards the equator.

Taken together the changes in within-day statistical behaviour of rainfall intensity5

probably reflect a shift in domination from frontal rainfall systems to convective rain-
fall systems towards the equator. The changes in inter-day variability (inter-quartile
range) of the wet fraction possibly reflect a mix of frontal and convective systems in the
intermediate latitudes, with increasing dominance of one frontal systems in southern
Australia and convective systems in northern Australia. In interpreting these data it10

should be remembered that they only reflect days with rainfall accumulations greater
than 10 mm, which accounts for most of the rainfall at these sites.

Figure 10 shows how the within day statistics of rainfall vary with daily rainfall amount
for the various Köppen climate classes. Individual boxes represent all days within a
10 mm range in daily rainfall, beginning with the 10–20 mm range. As daily rainfall15

amount increases there is an increase in mean intensity (Fig. 10a) and also standard
deviation and skewness (not shown) for all climate zones. These combine together
to result in a proportionally greater increase in the highest intensities observed during
the rain day Fig. 10c). The most northerly Köppen zones (Aw and BSh – see Fig. 1)
show the highest mean intensities and also the greatest inter-day variability in mean20

intensity for a given daily rainfall accumulation, while the most southerly zones (BSk,
Csa, Csb, Cfb) show the lowest intensity and inter-day variability. This indicates that the
trends in intensity with latitude are not just due to differing daily rainfall accumulations.
The coefficient of variation shows interesting behaviour with daily accumulation, first
increasing, then reaching a plateau or beginning to decrease. This behaviour results25

from the changes in standard deviation, which increases with daily rainfall accumulation
but tends to asymptote towards constant behaviour at large daily rainfalls. Skewness
shows similar patterns to standard deviation but the changes are less pronounced. The
wet fraction (Fig. 10d) shows an almost linear growth with daily rainfall accumulation,
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as does the inter-day variability (inter-quartile range) in wet fraction. Considering both
the mean intensity and wet fraction together, it is clear that most of the increase in
daily rainfall accumulation is due to growing rainfall duration rather than increases in
intensity.

6 Summary and conclusions5

This study was conducted as a precursor to a detailed investigation into the question
of whether within-day rainfall characteristics and intensity distributions can be inferred
from daily measurements of climatic variables. Given this context the study focussed
primarily on identifying the most appropriate theoretical distribution function(s) with
which to represent within-day rainfall intensities. In respect of this aim, the analysis10

demonstrated that the three-parameter Generalised Pareto Distribution provides the
best fit, followed by the two-parameter Generalised Pareto, Exponential and Gamma
distributions. The ranking was made on the basis of performance with respect to two
objective functions: the root mean square error of the fitted theoretical distribution com-
pared to the measured within-day pluviograph data; and the fitted versus the mean of15

the measured 5 highest 6-min rainfall intensities across the day, IHI, where the intervals
did not have to be consecutive

In addition to these specific conclusions, the study provides a range of other more
general insights into the nature of within-day rainfall intensity data and information on
fitting distribution functions to it.20

– Parameter estimation methods: the utility of fitting theoretical distribution functions
using L-moment methods was found to be consistently inferior to the standard
product moment method. The best fit was achieved by first estimating parameter
values by product moments, then improving the fit performance using a optimisa-
tion to minimise root mean square error (Eq. 1).25
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– Variability of fit performance with location: the importance of location in fitting
a theoretical distribution function was found to be small with the same distribu-
tion (GPT3) being consistently identified as best performing between sites. How-
ever, the root mean square error statistic was noted to increase as rainfall intensity
increased.5

– Implications of distribution function ranking: the relatively poor fit of the lognormal
(2 and 3 parameter) distribution function suggest that it should not be used as the
basis for modelling within-day rainfall patterns.

– Extreme value distributions: the skill of the GEV and Weibull distributions (and to a
lesser degree the Gumbel distribution) provided fits to the within-day rainfall data10

of a quality that approaches but does not exceed that of the GPT3 distribution.
Given that the extreme value distributions provide no clear performance advan-
tage, coupled with the doubt over the validity of using them to describe within-day
rainfall data, it is recommended that extreme value distributions not be used for
this purpose.15

It is important to note that in absolute terms the quality of the calibrated TDF fits to
the measured rainfall intensity data is very high. This suggests that the TDFs are an
excellent means to summarise the distribution of within-day data (240 points) by only
2 or 3 TDF parameter values plus the wet fraction statistic (giving a 3 or 4 parameter
model).20

The analysis has also provided insight into the within-day statistical behaviour of rain-
fall and the inter-day variation in this behaviour. Clear trends with latitude (increasing
across the continent towards the equator) were identified for key within-day statistical
properties including the mean, standard deviation and coefficient of variation of wet pe-
riod 6-min intensity variation and maximum intensities (IHI). Mean intensity, standard25

deviation and maximum intensities also became more variable between days for loca-
tions closer to the equator. Skewness remained approximately constant. The duration
of rainfall during rain days tended to decrease towards the equator. Trends with daily
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rainfall accumulation demonstrated increases in mean, standard deviation and maxi-
mum intensities, more complex behaviour for the coefficient of variation and skewness
and strongly increasing rainfall duration. Most of the difference in daily accumulation is
due to duration rather than intensity changes. The spatial trends in within-day rainfall
behaviour are believed to be linked to a shift in dominance of frontal and convective5

rainfall mechanisms across the continent.
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Table 1. Properties of the 42 study sites.

Station Station Lati- Longi- Period Elev Koppen Annual Max Max Min Min Annual
Code Name tude tude (m) Climate Rainfall Monthly Month Monthly Month Rain

Class Rainfall Rainfall Days

2012 Halls Creek Airport −18.2 127.7 1955–2005 422 BSh 546 152.6 Jan 2.2 Aug 47
3003 Broome Airport −17.9 122.2 1948–2005 7 BSh 593 177 Jan 1.5 Sep 35
4032 Port Hedland Airport −20.4 118.6 1953–2005 6 BWh 313 98.5 Feb 0.9 Sep 20
6011 Carnarvon Airport −24.9 113.7 1956–2005 4 BWh 234 49.1 Jun 2.1 Dec 25
7045 Meekatharra Airport −26.6 118.5 1953–2005 517 BWh 235 34.6 Jun 4.9 Sep 29
8051 Geraldton Airport −28.8 114.7 1953–2005 33 Csa 467 107 Jun 5.7 Dec 60
9021 Perth Airport −31.9 116.0 1961–2005 15 Csa 795 172.6 Jun 9.2 Jan 87
9741 Albany Airport −34.9 117.8 1965–2005 68 Csb 804 123.2 Jul 23.4 Feb 82
9789 Esperance −33.8 121.9 1969–2005 25 Csb 625 98.5 Jul 17.4 Dec 91
12038 Kalgoorlie-Boulder Airport −30.8 121.5 1939–2005 365 BSh 271 31.4 Jun 14.4 Sep 40
13017 Giles Meteorological Office −25.0 128.3 1956–2005 598 BWh 273 48.8 Feb 10.1 Aug 32
14015 Darwin Airport −12.4 130.9 1953–2005 30 Aw 1715 428.5 Jan 1 Jul 94
14508 Gove Airport −12.3 136.8 1966–2005 52 Aw 1430 284.8 Feb 4.2 Sep 56
15135 Tennant Creek Airport −19.6 134.2 1969–2005 376 BSh 435 119.6 Feb 1.6 Aug 37
15590 Alice Springs Airport −23.8 133.9 1951–2005 546 BWh 282 44.4 Feb 9 Sep 30
16 001 Woomera Aerodrome −31.2 136.8 1955–2005 167 BWh 192 20.8 May 11.9 Apr 28
17043 Oodnadatta Airport −27.6 135.4 1961–2004 117 BWh 176 28.9 Feb 9 Aug 22
18012 Ceduna AMO −32.1 133.7 1954–2005 15 BSk 304 41.1 Jul 11.9 Jan 57
23034 Adelaide Airport −35.0 138.5 1967–2005 6 Csb 455 63 Jul 18.2 Jan 79
26021 Mount Gambier AERO −37.7 140.8 1942–2005 63 Csb 707 99.3 Jul 25.6 Feb 119
27006 Coen Airport −13.8 143.1 1967–2002 161 Aw 1192 308.5 Jan 0.9 Sep 75
27022 Thursday Island MO −10.6 142.2 1961–1993 58 Aw 1746 418.6 Jan 3.5 Sep 84
29041 Normanton Post Office −17.7 141.1 1964–1999 8 Aw 919 259.5 Jan 1.7 Aug 44
29127 Mount Isa AERO −20.7 139.5 1967–2005 340 BSh 443 102.9 Jan 3.8 Jun 37
31083 Koombooloomba Dam −17.8 145.6 1960–2005 760 Cfa 2739 481.7 Mar 85.6 Oct 138
32040 Townsville AERO −19.2 146.8 1953–2005 8 Aw 1144 292.7 Feb 10.7 Sep 65
33119 Mackay MO −21.1 149.2 1959–2005 30 Cwa 1606 316.9 Feb 16.4 Sep 97
36031 Longreach AERO −23.4 144.3 1964–2005 192 BSh 455 81.1 Feb 9.6 Sep 33
39083 Rockhampton AERO −23.4 150.5 1939–2005 10 Cfa 819 141.2 Feb 23.5 Sep 62
40223 Brisbane AERO −27.4 153.1 1949–2000 4 Cfa 1185 171.7 Feb 34.9 Sep 91
44021 Charleville AERO −26.4 146.3 1953–2005 303 BSh 493 72.2 Jan 20.3 Aug 44
48027 Cobar MO −31.5 145.8 1962–2005 260 BSh 415 49.9 Jan 24 Jun 46
55024 Gunnedah SCS −31.0 150.3 1946–2005 307 Cfa 643 90.9 Jan 36.4 Aug 60
59040 Coffs Harbour MO −30.3 153.1 1960–2005 5 Cfa 1704 242.4 Mar 63.6 Sep 87
66037 Sydney Airport AMO −33.9 151.2 1962–2005 6 Cfa 1106 124.3 Jun 62.7 Sep 96
70014 Canberra Airport −35.3 149.2 1937–2005 578 Cfb 630 65.8 Oct 39.9 Jun 72
72150 Wagga Wagga AMO −35.2 147.5 1945-2005 212 Cfa 583 60.5 Oct 37.1 Feb 73
76031 Mildura Airport −34.2 142.1 1953–2005 50 BSk 294 31.5 Oct 18.8 Mar 45
85072 East Sale Airport −38.1 147.1 1953–2005 5 Cfb 617 62.6 Nov 40.5 Feb 91
86071 Melbourne Regional Office −37.8 145.0 1873–2005 35 Cfb 657 67.3 Oct 47.5 Feb 100
91104 Launceston Airport −41.5 147.2 1938–2005 170 Cfb 684 77.8 Aug 38.5 Mar 93
94008 Hobart Airport −42.8 147.5 1960–2005 4 Cfb 510 56.7 Dec 29.3 Jun 85
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Table 2. Summary of data divided into categories based on daily total rainfall depth (P ) and
the number of 6 min periods (n) where rainfall intensity exceeded the threshold (1 mm h−1). The
number of days and daily rainfall depth (mm) are listed for the stations in Melbourne and Darwin
individually, and for all stations combined.

Station: Melbourne Darwin All Stations

Criteria Days (%) Depth (%) Days (%) Depth (%) Days (%) Depth (%)

P <0.2 mm 10 269 (68.3) 11 664 (75.5) 473 196 (80.9)
0.2≤ P <10 4056 (27) 12 118 (47) 1886 (12.2) 8069 (11.6) 81 416 (13.9) 274 371 (25.2)
P ≥10,n<4 2 (0.01) 42 (0.16) 7 (0.05) 85 (0.1) 59 (0.01) 841 (0.08)
P ≥10,n≥4 700 (4.7) 13 626 (52.8) 1894 (12.3) 61 156 (88.2) 30 418 (5.2) 813 781 (74.7)
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Table 3. Theoretical Distribution Functions tested for skill in fitting the CDF of within-day rainfall
intensity. This table also indicates the short name assigned to each TDF, lists the parameters
of the distribution and their function (scale, shape, or location), and indicates the source for
relationships used in the fitting process (pages from Stedinger et al., 1993).

TDF Short Parameters Page Reference(s)
Name Name Stedinger et al. (1993)1

Lognormal LOGN µ location parameter (mean) 18.14–15
σ scale parameter (std. dev.)

LGN3 µ location parameter (mean) 18.15–16
σ scale parameter (std. dev.)
ξ location parameter

Exponential EXP β inverse scale parameter 18.19–21
ξ location parameter

Gamma GAMA α shape parameter 18.19–21
β inverse scale parameter

Generalized GPT2 α scale parameter 18.22
Pareto κ shape parameter

GPT3 α scale parameter 18.22
κ shape parameter
ξ location parameter

Extreme value distributions

Generalized GEV α scale parameter 18.17–19
Extreme Value κ shape parameter

ξ location parameter

Weibull WEBL α scale parameter 18.19
κ shape parameter

Gumbel GMBL α scale parameter 18.16–17
ξ location parameter

1 Details for all TDFs can also be found in: Table 18.1.2 and Table 18.2.1 (Stedinger et al., 1993).
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Table 3b. PDF[f (x)] and/or CDF[F (x)] and parameter validity conditions for nine distributions
(Stedinger et al., 1993).

Distribution PDF and/or CDF and parameter validity conditions

Lognormal
(2-par)

f (x) = 1√
2π(x)σy

exp
{
− 1

2

[
ln(x)−µy

σy

]2
}

where y = ln(x) x >0

Lognormal
(3-par)

f (x) = 1√
2π(x−ξ)σy

exp
{
− 1

2

[
ln(x−ξ)−µy

σy

]2
}

where y = ln(x) x >0

Exponential F (x) = 1−exp{−β(x−ξ)} x >ξ for β0

Gamma f (x) = |β|(βx)α−1 exp(−βx)
Γ(α) α >0; for β >0 :x >0; for β <0 :x <0

Γ(.): gamma function

Generalised Pareto
(2-par)

F (x) = 1−
[
1−κ x

α

]1/κ
for κ <0,0≤x <∞; for κ >0,0≤x≤α/κ

Generalised Pareto
(3-par)

F (x) = 1−
[
1−κ (x−ξ)

α

]1/κ
for κ <0,ξ≤x <∞; for κ >0,ξ≤x≤ ξ+α/κ

Generalised
Extreme Value

F (x) = exp
{
−
[
1− κ(x−ξ)

α

]1/κ
}

when κ >0,x <
(
ξ+ α

κ

)
when κ <0,x >

(
ξ+ α

κ

)
Weibull F (x) = 1−exp

[
−
( x
α

)
κ
]

x >0;α >0 and κ >0

Gumbel F (x) = exp
[
−exp

(
− (x−ξ)

α

)]
−∞<x < ∞
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Table 4. Combination of TDF and fitting method with the highest fitting skill for mCOE and
RMSE90 statistics, indicating the percentage of stations for which each combination is the
best.

Fit statistic TDF Fit method % Stations

mCOE GPT3 LS 100%

RMSE90 GPT3 LS 90.5%
GPT2 LS 7.0%
WEBL LS 2.5%
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Fig. 1. Map showing the location of the selected 42 pluviograph stations together with the
Köppen climate zones (Peel et al., 2007) for Australia.
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Fig. 2. Fitted cumulative density functions (CDFs) of EXP, GPT2, GPT3 and GAMA for nine
events representative of varying daily rainfall depths for Melbourne. TDFs were fitted using the
LS technique.
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Fig. 3. Fitted cumulative density functions (CDFs) of EXP, GPT2, GPT3 and GAMA for nine
events representative of varying daily rainfall depths for Darwin. TDFs were fitted using the LS
technique.
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Fig. 4. Caption on next page.
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Fig. 4. Six paired scatter plots are shown to illustrate the skill of three selected TDF’s: three
parameter Lognormal (top); Gamma (middle); and the Generalized Extreme Value (lower). The
data is for two pluviograph stations: Melbourne on the left and Darwin on the right. The plots are
in pairs showing the fitted I30 and the RMSE for each event (both plotted versus the measured
I30). Values for mCOE, bias and the square of Pearson’s correlation coefficient (r2), as well
as the line-of-perfect-agreement (solid) and the linear regression line (dashed) are printed on
the I30 charts. The RMSE plots indicate the 50th (solid line) and 90th (dashed line) percentile
RMSE and measured I30 values, and also indicate the percentage of RMSE values greater than
16 mm h−1 and are hence outside the vertical scale of the plot.

3224

http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/8/3189/2011/hessd-8-3189-2011-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/8/3189/2011/hessd-8-3189-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/


HESSD
8, 3189–3231, 2011

The within-day
behaviour of 6 minute

rainfall intensity in
Australia

A. W. Western et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

L-Moment Fit

Product Moment Fit

Least Squares Fit

Measured IHI [mm/hr]

Least Squares Fit

Fitted IHI 
[mm/hr]

L-Moment Fit

TDF: Generalized Pareto (2 parameter)
STATION: Darwin Aiport

TDF: Generalized Pareto (3 parameter)

Measured IHI [mm/hr]

RMSE 
[mm/hr]

Fitted IHI 
[mm/hr]

RMSE 
[mm/hr]

Fitted IHI 
[mm/hr]

RMSE 
[mm/hr]

Measured IHI [mm/hr]

Measured IHI [mm/hr]

Measured IHI [mm/hr]

Measured IHI [mm/hr]

0

20

40

60

80

100

120

140

0

20

40

60

80

100

120

140

Product Moment Fit

0

20

40

60

80

100

120

140

0

20

40

60

80

100

120

140

0

20

40

60

80

100

120

140

0

20

40

60

80

100

120

140
mCOE = 0.884

r2 = 0.992
bias = -1.03 mm/hr

mCOE = 0.929

r2 = 0.996
bias = -0.46 mm/hr

mCOE = 0.741

r2 = 0.976
bias = -3.77 mm/hr

mCOE = 0.891

r2 = 0.994
bias = -1.18 mm/hr

mCOE = 0.713

r2 = 0.961
bias = -3.80 mm/hr

mCOE = 0.760

r2 = 0.963
bias = -2.98 mm/hr

0 20 40 60 80 100 120
0

5

10

15
3.59% > 16 mm/hr

  50th3.6

  90th10.8

 50th  90th

0 20 40 60 80 100 120
0

5

10

15
1.48% > 16 mm/hr

  50th3.3

  90th9.2

 50th  90th

0 20 40 60 80 100 120
0

5

10

15
0.58% > 16 mm/hr

  50th2.7

  90th7.6

 50th

30.2

 90th

62.0

0 20 40 60 80 100 120
0

5

10

15
1.63% > 16 mm/hr

  50th3.3

  90th9.3

 50th  90th

0 20 40 60 80 100 120
0

5

10

15
0.42% > 16 mm/hr

  50th2.9

  90th7.2

 50th  90th

0 20 40 60 80 100 120
0

5

10

15
0.15% > 16 mm/hr

  50th2.4
  90th5.8

 50th

30.2

 90th

62.0

Fig. 5. Caption on next page.
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Fig. 5. Six paired scatter plots based on data from Darwin Airport are shown to illustrate first
the relative skill of TDF’s having two (GPT2 – left side) or three parameters (GPT3 – right
side) and second the success of three different fitting schemes: L-moments (top); Product
Moments (middle); and Least Squares Estimation (lower). The plots are in pairs showing the
fitted I30 and the RMSE for each event (both plotted versus the measured I30). Values for
mCOE, bias and the square of Pearson’s correlation coefficient (r2), as well as the line-of-
perfect-agreement (solid) and the linear regression line (dashed) are printed on the I30 charts.
The RMSE plots indicate the 50th (solid line) and 90th (dashed line) percentile RMSE and
measured I30 values, and also show the percentage of RMSE values greater than 16 mm h−1

and are hence outside the vertical scale of the plot.

3226

http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/8/3189/2011/hessd-8-3189-2011-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/8/3189/2011/hessd-8-3189-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/


HESSD
8, 3189–3231, 2011

The within-day
behaviour of 6 minute

rainfall intensity in
Australia

A. W. Western et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

EXP GAMA GEV GMBL GPT2 GPT3 LOGN LGN3 WEBL
0.4

0.5

0.6

0.7

0.8

0.9

1

m
od

ifi
ed

 C
oe

ffi
ci

en
t o

f E
ffi

ci
en

cy

LS
 n

ot
 a

va
ila

bl
e

LS
 n

ot
 a

va
ila

bl
e

LS
 n

ot
 a

va
ila

bl
e

LS
 n

ot
 a

va
ila

bl
e

EXP

Legend:

Fit by:
L-Moments

Fit by:
Product Moments

Fit by:
Least Squares

GAMA GEV GMBL GPT2 GPT3 LOGN LGN3 WEBL

R
oo

t M
ea

n 
S

qu
ar

e 
E

rr
or

(9
0t

h 
P

er
ce

nt
ile

)

- 75th percentile
- median
- 25th percentile

- whisker < 1.5 x interquartile range
- outlier > 1.5 x interquartile range

0

5

10

15

20

25

Fig. 6. Box plots showing the spread of mCOE (upper chart) and RMSE90 (lower chart) values
across the 42 pluviograph stations. The results indicate the spread of values associated with
each of the nine TDFs and the three fitting methods (note that the least squares estimation
technique was not able to be employed for the GAMA and LGN3 distributions). High fitting
skill is indicated by mCOE values close to 1.0 and by RMSE90 values close to zero. Note that
while outliers are identified above, this does not imply data was removed from any subsequent
analysis.

3227

http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/8/3189/2011/hessd-8-3189-2011-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/8/3189/2011/hessd-8-3189-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/


HESSD
8, 3189–3231, 2011

The within-day
behaviour of 6 minute

rainfall intensity in
Australia

A. W. Western et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Fig. 7. Maps indicating the spatial variation of mCOE (left) and 90th percentile RMSE (right)
for GPT3 fitted using least squares estimation. Note that smaller circle sizes indicate a better
fit (i.e. maximum mCOE and minimum RMSE).
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Fig. 8. Box plots showing the marginal error associated with choosing an alternate TDF and
fitting method than the best available combination at each pluviograph. Error is very low for the
GPT3/MLE combination as at most locations this combination exhibits the highest fitting skill
(therefore zero error). The upper box plot indicates the spread of error for mCOE and the lower
plots error in RMSE90. The most attractive TDF and fitting method combinations are those
displaying low values in both the upper and lower plots. Note that while outliers are identified
above, this does not imply data was removed from any subsequent analysis.
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Fig. 9. Box plots showing variation in daily mean wet period intensity, daily wet period intensity
coefficient of variation, extreme intensity IHI, and wet fraction. Boxes are arranged from highest
(most southerly) to lowest latitude and are labelled with station number and latitude. Colours
show Köppen climate classification of the stations (see Fig. 1). All intensity statistics use 6-min
data. Boxes show the inter-quartile range, whiskers extend 1.5 times the inter-quartile range
and notches show confidence limits on the median.
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Fig. 10. Box plots showing variation in daily mean wet period intensity, daily wet period intensity,
coefficient of variation, extreme intensity IHI, and wet fraction with daily rainfall accumulation for
various Köppen climate zones. Daily rainfall has been categorised into 10 mm bins with a lower
limit of 10 mm i.e. bin 1 includes daily rainfalls of 10–20 mm. Only some bins are labelled to
maintain clarity and labels represent the middle of the bin range. Note, boxes are only drawn
where at least 10 days fall in the observation bins, bins are missing for the second highest
accumulation amount in some cases and some observations exist above the maximum plotted
box due to this.
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