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Abstract: Design flood estimates for ungauged catchments are needed in the planning and design of bridges, 
culverts and many other water infrastructure projects. The most commonly used methods of flood estimation 
in practice for the ungauged catchments include the Index Flood Method, quantile regression technique and 
Probabilistic Rational Method (PRM). In Australia, the regional flood frequency estimation (RFFE) methods 
recommended in Australian Rainfall and Runoff (ARR) 1987 include PRM for eastern New South Wales 
(NSW) and Victoria States. In the upcoming ARR 2016, the recommended RFFE method is based on 
regression and region-of-influence approaches for NSW, which is referred to as RFFE Model 2015. In this 
study, a new PRM is developed and tested for NSW.  

A total of 106 catchments are used to develop and test the new PRM. These data are obtained from ARR Project 
5 Regional Flood Methods. The catchment areas for the selected catchments range from 1 to 1010 km2. The 
mean and median catchment areas are 273 km2 and 169 km2, respectively. The streamflow record lengths range 
from 20 to 82 years, with a mean of 38 years and median of 35 years.  

Twelve different forms of PRM are examined, which are formed based on different combinations of observed 
runoff coefficients (C10) and frequency factors (FFY).  The C10 values at a test catchment site are estimated 
using inverse distance weighted method based on different combinations of the at-site C10 values i.e. (i) nearest 
one site; (ii) two nearest sites; (iii) three nearest sites; and (iv) five nearest sites. The FFY values are estimated 
using three different approaches. A leave-one-out (LOO) validation approach is adopted to compare various 
forms of the PRM. At-site flood frequency analysis (based on the log Pearson Type 3- Bayesian method) is 
used as the ‘benchmark’ for this LOO validation.  

It is found that the best PRM case is achieved when C10 value is estimated from the three nearest sites and FFY 
is taken as the median value over all the model catchments. The results of this study reveal that the new PRM 
can be used to accurately predict the peak flow rates for small-to-medium sized catchments in the NSW region. 
For the new PRM, the typical median relative error values based on the leave-one-out validation is 45% to 55% 
for 20% to 1% annual exceedance probabilities. However, for the 50% AEP flood, the median relative error 
value is 77%. These relative error values are comparable to ARR RFFE Model 2015. The main advantage of 
the new PRM against the ARR 1987 is that it does not need a contour map to estimate the runoff coefficient 
and it can be automated in an application tool like the ARR RFFE Model 2015. The new PRM is being extended 
for other states of Australia. 
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1. INTRODUCTION 

Reliable estimation of design floods is needed in the hydrological design of water infrastructures, flood plain 
management tasks and various regulatory and environmental purposes. The design flood can be estimated more 
accurately for catchments where relatively long streamflow data is available; however, for ungauged 
catchments (where recorded streamflow data is unavailable or of limited length (less than 10 years) or of poor 
quality), accurate prediction of design floods remains a challenging task. Moreover, design flood estimates for 
ungauged catchments are generally associated with a large degree of uncertainty (Haque et al., 2014; Haddad 
et al., 2012). Regional flood frequency analysis (RFFA), which is based on the principle of pooling flood data 
within a homogeneous region, is commonly adopted to estimate design floods in the ungauged catchments. 
Various forms of RFFA were recommended in the Australian Rainfall and Runoff (ARR) 1987 for different 
states of Australia (IEAust, 1987). RFFA in essence attempts to transfer flood characteristics from gauged to 
ungauged catchments and hence can be used both for gauged and ungauged catchments; for gauged catchments, 
it enhances the accuracy of design flood estimates, in particular when record length is too short.  

Various RFFA techniques have been adopted in the past such as Rational Method, Probabilistic Rational 
Method (PRM), Index Flood Method, Quantile Regression Technique, parameter regression technique, and 
Artificial intelligence-based methods (Bates et al., 1998; Rahman et al., 1999; Rahman et al., 2011; Aziz et al., 
2014; Aziz et al., 2015). The rational method was first introduced by Mulvaney (1851) to estimate peak 
discharge, which is generally regarded as a deterministic model. However, ARR 1987 recommended a 
probabilistic form of the Rational Method, known as Probabilistic Rational Method (PRM), for Victoria and 
Eastern New South Wales. The PRM in ARR 1987 was based on the studies by Pilgrim (1982), Pilgrim and 
McDermott (1982) and Adams (1984). The application of the PRM in ARR 1987 requires a contour map of 
runoff coefficient. The runoff coefficient is assumed to vary smoothly over geographic space; however, a sharp 
variation in the runoff coefficients has been found even within a close proximity indicating discontinuities at 
catchment boundaries (e.g. Rahman and Hollerback, 2003; Rahman et al., 2008; Pirozzi et al., 2009). 

Since 1987, there have been many new developments in the statistical methods to develop RFFA techniques. 
Moreover, there has been the availability of additional flood data of 20-years of length at many gauged sites in 
Australia. To incorporate these new data and new statistical methods in RFFA, in 2006, the National Committee 
on Water Engineering (Engineers Australia) initiated a new RFFA project in Australia. In this regard, as a part 
of ‘Project 5 Regional Flood Methods’, a significant research on RFFA has been conducted (e.g. Rahman et 
al., 2009, 2011, 2015a; Haddad and Rahman, 2012). The aim of this paper is to develop and test a new form of 
PRM, which does not require the use of a paper-based runoff coefficient map as in the ARR 1987 so that its 
application can be automated via software. 

2. STUDY AREA 

This study focuses on NSW state in Australia. Data from 106 gauged catchments are used (Figure 1). These 
catchments have not undergone any major land use change and are not affected by any major regulation during 
the period of streamflow data availability. These catchments are a subset of ARR Project 5 database (Rahman 
et al., 2015b). The annual maximum flood data of these catchments were prepared following a stringent quality 
control as reported in Haddad et al. (2010). The catchment areas range from 1 to 1010 km2, with a mean of 273 
km2 and median of 169 km2. The annual maximum flood record lengths range from 20 to 82 years, with a mean 
of 38 years and median of 35 years. 

3. ADOPTED METHODOLOGY 

To estimate flood quantiles at the selected 106 gauged sites, at-site flood frequency analysis is carried out using 
log Pearson Type 3 (LP3) distribution and Bayesian parameter estimation procedure. This is done using FLIKE 
software (Kuczera, 1999). It should be mentioned that the at-site flood frequency analysis was conducted under 
the assumption of stationarity, i.e. the annual maximum flood series data do not show significant trends. This 
assumption was tested in selecting the stations for this study.   

To make an independent assessment of the PRM, a leave-one-out (LOO) validation approach is adopted 
(Haddad et al., 2013). A gauged catchment (i) is left out (called test catchment) from n gauged catchments 
(here n = 106) and the PRM is developed based on the n-1 gauged catchments; the developed PRM is then 
applied to the test catchment i and the procedure is repeated for n times. This in essence allows considering 
each of the n gauged catchments as ‘ungauged test catchment’.   

The PRM is regarded as a RFFA technique with two independent variables, namely catchment area (ܣ) and 
design rainfall intensity (ܫ௧೎,௒) (Rahman et al., 2011). The dimensionless run-off coefficient (ܥ௒) is the central 
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component of the PRM, which was derived in the ARR 1987 based on gauged catchments in the study area. 
Some of the gauged sites used in ARR 1987 had as low as 10 years of streamflow data, which is likely to result 
in a massive sampling error in the estimated at-site flood quantiles. 

The governing equation in the PRM is given by: 

 ܳ௒ =  (1)																																																																																																																																																										௧೎,௒ܫܣ௒ܥ	0.278
where ܳ௒ is the peak flow rate in m3/s for an AEP of 1 in Y,  ܥ௒ is the dimensionless runoff coefficient for AEP 
of 1 in Y; ܣ is the catchment area in km2; and ܫ௧೎,௒ is the average rainfall intensity (mm/h) for a time of 
concentration of ݐ௖ (hours) and AEP of 1 in Y.  

From Eq. 1, the dimensionless runoff co-efficient for 10% AEP is calculated as: 

ଵ଴ܥ = ܳଵ଴0.278ܫܣ௧೎,ଵ଴ 																																																																																																																																																													(2) 

 

Figure 1. Location of selected 106 gauged catchments in New South Wales, Australia. 

The values of ܳଵ଴ and A are known for each of the study gauged catchments, and ܫ௧೎,ଵ଴ is obtained from 
Australian Bureau of Meteorology website (2013 IFD values) as below: 

௧೎,ଵ଴ܫ 	ቀ ݉݉ℎݎݑ݋ቁ = ௖ݐ :௖ is calculated as below (IE Aust., 1987)ݐ (3)																																																																																																																																															(ݎݑ݋ℎ)	௖ݐ(݉݉)	ଵ଴ܫ =  (4)																																																																																																																																																																					଴.ଷ଼ܣ	0.76
where ݐ௖ is in hours and ܣ is in km2. 

The value of ܥଵ଴ at test catchment i is obtained using four different approaches as noted below. 
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(a) The value of ܥଵ଴ for test catchment i is assumed to be equal to the value of ܥଵ଴ for the gauged site nearest 
to test catchment i. 

(b) The value of ܥଵ଴ for test catchment i is assumed to be the weighted average of ܥଵ଴ values at the two nearest 
gauged sites.  

(c) The value of ܥଵ଴ for test catchment i is assumed to be the weighted average of ܥଵ଴ values at the three nearest 
gauged sites.    

(d) The value of ܥଵ଴ for test catchment i is assumed to be the weighted average of ܥଵ଴ values at the five nearest 
gauged sites. 

The inverse distance weighted average method is adopted in cases (b) to (d), which assigns higher weights to 
the gauged site located closer to the test catchment of interest relative to the distant sites.  

Once ܥଵ଴ for test catchment i is known, the ܳଵ଴ values are predicted using the following equation: ܳଵ଴(݀݁ݐܿ݅݀݁ݎ݌) =  (5)																																																																																																							௧೎,ଵ଴ܫܣ(݀݁ݐܿ݅݀݁ݎ݌)ଵ଴ܥ	0.278
Based on the above procedure, there are four different estimates of ܳଵ଴ for test catchment i. 

The peak flow rates for AEPs other than 10% are calculated using the following equation: ܳ௒	(݀݁ݐܿ݅݀݁ݎ݌) =  (6)																																																																																																																		(݀݁ݐܿ݅݀݁ݎ݌)ܳଵ଴	x	௒ܨܨ	
where,	ܳଵ଴(݀݁ݐܿ݅݀݁ݎ݌) is obtained from Eq. 5; and, ܨܨ௒	 is the frequency factor obtained as below: 	ܨܨ௒ = ܳ௒(݀݁ݒݎ݁ݏܾ݋)ܳଵ଴(݀݁ݒݎ݁ݏܾ݋)																																																																																																																																																				(7) 
Using Eq. 7, ܨܨ௒ values for each of the 106 gauged catchments are obtained. The design FFY is taken as the 
mean, median, and weighted average of 	ܨܨ௒ values, referred to ܨܨ௒	(݉݁ܽ݊), ܨܨ௒	(݉݁݀݅ܽ݊), and 	ܨܨ௒	(݃݅݁ݓℎ݀݁ݐ	݁݃ܽݎ݁ݒܽ), respectively.  

Three different design FFY and four different C10 values give twelve different forms of PRM (see Table 1, 
column 1). Three performance statistics are adopted to evaluate the PRM: root means squared error (RMS 
error), percentage relative error (RE) and estimation ratio (ratio of the predicted (by each of the PRM 
techniques) and observed flood quantiles (obtained from at-site flood frequency analysis using FLIKE). In this 
comparison, it is assumed that at-site flood frequency analysis estimates are free of error, which is not the case 
since at-site flood frequency estimates are subject to various forms of sampling and modelling errors (Micevski 
et al., 2015).  

 

4. RESULTS 

Graphical comparison between the observed (at-site FFA estimates) and predicted flood quantiles by the 12 
different forms of PRM is presented in Figure 2 for 10% AEP. Graphs for other AEPs are not presented here 
as they have produced similar results. It has been observed that the predicted and observed flood quantiles for 
most of the catchments for all the 12 PRM cases and for the all the six AEPs lie close to the ideal line; however, 
there are some discrepancies for few larger catchments where the predicted flood quantiles are either notably 
overestimated or underestimated. This implies that the PRM cases are more accurate for smaller catchments 
compared with larger ones.  

It has also been observed that the predicted flood quantiles are relatively more independent of the way design 
FFY is calculated, but are more influenced by the way design C10 is calculated (i.e. based on nearest site, nearest 
two sites, nearest three sites, and nearest five sites). For example, the PRM cases 1, 5, and 9 are similar (in 
Figure 2) since these three cases correspond to different FFY values but similar C10 (based on the nearest site). 

Table 1 presents the median percentage relative error values (ignoring the sign of the individual site’s relative 
error) corresponding to each of the twelve different PRM cases. It can be seen that Case 7 has the lowest median 
relative error value for all the AEPs except for 20% AEP. However, the relative error for 20% AEP for Case 7 
(53.44%) is not much different to the lowest vale for case 11 (52.7%). It can also be seen that the median 
relative error is much higher for 50% and 1% AEPs irrespective of the PRM cases. Relative errors are the 
smallest for 10% AEPs, followed by 5% AEPs for Case 7. 
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Figure 2. Observed (at-site FFA) versus predicted Q10 by the PRM for the twelve cases. 

 

Table 1.  Median percentage relative error for twelve PRM cases (Bold marked values represent the lowest 
median relative error value for a given AEP). 

Case FFY C10 50% 
AEP 

20% 
AEP 

10% 
AEP 

5% 
AEP 

2% 
AEP 

1% 
AEP 

1 Wt.Avg Nearest site 103.86 68.63 56.10 53.58 61.46 76.82 

2 Wt.Avg 2 nearest sites 88.53 57.76 49.48 49.68 59.53 77.32 

3 Wt.Avg 3 nearest sites 81.64 52.78 45.48 46.60 56.93 75.15 

4 Wt.Avg 5 nearest sites 82.39 53.91 47.82 49.64 61.91 81.52 

5 Median Nearest site 98.46 69.42 56.10 51.94 53.56 57.35 

6 Median 2 nearest sites 83.59 58.49 49.48 48.06 51.92 56.58 

7 Median 3 nearest sites 76.95 53.44 45.48 45.18 49.94 54.69 

8 Median 5 nearest sites 77.47 54.80 47.82 47.85 53.09 58.36 

9 Mean Nearest site 103.85 68.53 56.10 53.82 62.51 79.25 

10 Mean 2 nearest sites 88.52 57.67 49.48 49.93 60.56 80.03 

11 Mean 3 nearest sites 81.63 52.70 45.48 46.81 57.97 77.80 

12 Mean 5 nearest sites 82.38 53.80 47.82 49.91 63.07 84.36 

 

The calculated RMSE ratios (RMSE/observed flood quantile by at-site FFA) for the twelve PRM cases are 
presented in Table 2. It can be seen that Case 7 has the lowest RMSE ratio values compared with the other 
PRM cases.  Moreover, Cases 3, 6, and 11 perform consistently well in predicting the flood quantiles. It can 
be seen that that Case 7 consistently performs better than any other case. Thus, Case 7 where C10 is calculated 
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based on three nearest sites and FFY is estimated by taking the median of the FFY over all the gauged sites 
present the best form of the PRM in NSW.  

 

Table 2.  RMSE ratios for twelve PRM cases (bold marked values represent the lowest RMSE ratio for a 
given AEP). 

Case FFY C10 50% 
AEP 

20% 
AEP 

10% 
AEP 

5% 
AEP 

2% 
AEP 

1% 
AEP 

1 Wt.Avg Nearest site 6.21 4.15 3.73 3.63 3.95 4.84
2 Wt.Avg 2 nearest sites 5.43 3.62 3.30 3.26 3.67 4.69
3 Wt.Avg 3 nearest sites 5.13 3.31 3.02 3.03 3.52 4.62
4 Wt.Avg 5 nearest sites 5.48 3.70 3.50 3.62 4.28 5.54
5 Median Nearest site 6.05 4.18 3.73 3.55 3.59 4.06
6 Median 2 nearest sites 5.32 3.65 3.30 3.20 3.37 4.03
7 Median 3 nearest sites 5.04 3.33 3.02 2.97 3.23 3.97
8 Median 5 nearest sites 5.26 3.75 3.50 3.50 3.79 4.47
9 Mean Nearest site 6.21 4.15 3.73 3.64 4.00 4.96

10 Mean 2 nearest sites 5.43 3.62 3.30 3.27 3.72 4.80
11 Mean 3 nearest sites 5.13 3.31 3.02 3.04 3.57 4.72
12 Mean 5 nearest sites 5.48 3.69 3.50 3.63 4.35 5.69

 

5. CONCLUSION 

This study develops a new Probabilistic Rational Method (PRM) for NSW State in Australia to predict design 
floods for ungauged catchments. A total of 106 gauged catchments from NSW are used to develop the new 
PRM.  It has been found that the new PRM more accurately predicts the flood quantiles for smaller to medium 
sized catchments compared with larger ones. It has also been found that the predicted flood quantiles by the 
new PRM are relatively independent of the way frequency factors (FFY) are calculated, while the predicted 
flood quantiles are more influenced by the way C10 are calculated. It has been found that among the 12 different 
forms of the PRM examined in this study, the median percentage relative error values are the smallest for the 
PRM Case 7 (i.e. when C10 is calculated based on three nearest sites, and FFY is taken as the median values of 
FFY over all the gauged sites). The results of the RMSE ratio values also reveal that case 7 PRM is the best 
performing case. For the new PRM, the typical median relative error values based on the leave-one-out 
validation is 45% to 55% for 20% to 1% AEPs. However, for the 50% AEP flood, the median relative error 
value is 77%. These relative error values are comparable to those of ARR RFFE Model 2015. The main 
advantage of the new PRM against the ARR 1987 PRM is that it does not need a contour map to estimate the 
runoff coefficient and hence it can be automated in an application tool like the ARR RFFE Model 2015. The 
new PRM is being extended for other states of Australia. 
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