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Assessment of the Variability of Rates of Rise 
for Hydrographs on the Hawkesbury Nepean River 

1. INTRODUCTION 

To facilitate sound flood evacuation planning in the Penrith and Windsor areas, the State 

Emergency Service (SES) requires information concerning probabilities of potential rates-of-rise 

for the Hawkesbury-Nepean River system. 

Presently a considerable amount of Sydney's development is occurring on the Hawkesbury Nepean 

floodplain at or above the traditional 1 % AEP (1 in 1 00 year) planning level. The reliability of rates 

of rise estimates in the 1% A E P  (1 in 1 00 year) to 0.2% AEP (1 in 500 year) range is therefore 

crucial to emergency management. Events of this size are likely to flood a significant number of 

dwellings whose occupants may have very little knowledge that they are at risk or would need to 

evacuate. It is therefore essential that an envelope of possible rates of rise and their probabilities 

be established to allow planning for timely and effective evacuation. 

Previous studies undertaken on behalf of the S E S  have investigated the rate-of-rise for both 

historical storms and the Probable Maximum Flood (PMF) (Reference 1 and 3). The outcomes of 

these earlier studies have identified the type of information required by the SES  in order to 

effectively incorporate rate-of-rise considerations in operational evacuation plans. These studies 

have also highlighted the potential influence of design rainfall patterns upon the predicted 

rates-of-rise. In view of these factors, both SES  and DNR have agreed that to obtain certainty with 

the rate of rise probabilities, this study would: 

investigate if spatial patterns had a significant influence on the rate-of-rise, 

determine whether the standard design method introduces any significant bias and if so 

to quantify this bias, and 

determine any bias introduced by the design temporal patterns. 

Webb, McKeown & Associates were engaged by the SES  to undertake an analysis of possible 

rates of rise and their probabilities at Penrith and Windsor, particularly for design floods ranging 

from the 1 % A E P  event to the 0.2% A E P  event. This report outlines the analysis undertaken and 

its findings. 

Webb, McKeown & Associates Pty Ltd 
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2. BACKGROUND 

Assessment of the Variability of Rates of Rise 
for Hydrographs on the Hawkesbury Nepean River 

For evacuation planning at Penrith, the S E S  requires information on rates-of-rise vs annual 

exceedance probability (AEP) and an understanding of the sensitivity/ uncertainty associated with 

those estimates. Earlier work carried out by Webb, McKeown & Associates ( Reference 1 and 3) 

examined rates of rise for: 

design events and different P MF durations, 

historical rates-of-rise, and 

temporal pattern sensitivity. 

A summary of the outcomes of these investigations is presented in the following. 

2.1 PMF Rates of Rise 

The earlier Hawkesbury Nepean study carried out for the Sydney Catchment Authority 

( Reference 2) indicated that P MF events of less than 24 hours duration did not results in significant 

flooding throughout the catchment. This is a result of insufficient flood volume to cause large scale 

catchment wide flooding. A review of historical events also indicated that the duration of events 

resulting in catchment wide flooding were typically of the order of 72  hours or more with only one 

event being of the order of 3 6  hours. In view of this the assessment of events less than 24 hours 

becomes redundant in terms of assessing significant flooding and rates of rise associated with 

events resulting in flooding. Hence, the technical investigation for that study concentrated on 

durations longer than 24 hours to determine peak flood levels. The 72  hour PMF was found to be 

critical for flooding in the downstream floodplain, however it became evident that the 2 4  hour PMF 

produced higher dam levels and potentially significantly faster rates of rise. Table 1 below 

presents rates of rise for the 24 hour, 72 hour and 1 % A EP events from Reference 1. This work 

used PMP estimates prepared specifically for the Warragamba catchment by the Bureau of 

Meteorology (Reference 5). 

Table 1 :  Design Events - Average Rates of Rise (Reference 1) 

* 

** 

Between 
Levels 

(mAHD) 

6-10 

10-14 

14-18 

18-22 

22-26 

26-30 

2 2 -24 mAHD 

14-17 mAHD 

24h 
PMF 

n/a 

n/a 

n/a 

1.2 

0.6 

0.4 

Penrith 
(m/h) 

72h 1% 
PMF AEP 

n/a n/a 

n/a n/a 

n/a nla 

0.6 0.4 

0.4 0.2 

0.3 n/a 

Webb, McKeown & Associates Pty Ltd 
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24h 
PMF 

0.8 

0.7 

0.7 

0.5 

0.2* 

n/a 

Windsor 
(m/h) 

72h 1% 
PMF AEP 

0.6 0.4 

0.5 0.5 

0.5 0.2** 

0.5 n/a 

0.3 n/a 

n/a n/a 
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2.2 Historical Rates of Rise 

Assessment of the Variability of Rates of Rise 
for Hydrographs on the Hawkesbury Nepean River 

For the Flood Study component of the Warragamba Dam Auxiliary Spillway EIS an extensive data 

collection study was carried out (Reference 2). Stage hydrograph information was available for a 

significant number of flood events that had occurred since the construction of Warragamba dam 

in 196 0. These events were analysed and the rates of rise were determined (Reference 1 ). 

Table 2 below presents the rate of rise between various trigger levels for the six largest events. 

These events range in exceedance probability from 20% A E P  ( 1  in 5 year) to nearly 2% AEP ( 1  in 

50 year). This study showed that historical events can produce higher rates of rise than 

corresponding design events of similar magnitude. The results also show the variation in flood 

response between Penrith and Windsor. The river channel at Penrith has the capacity to convey 

nearly a 1 % A EP event making flooding at Penrith very responsive to the shape of the hydrograph 

(temporal pattern). This is evident in the steeper rate of rise displayed for the upper ranges to the 

peak. As a result a slight change in temporal patterns causes a significant change in flood level 

and subsequently rate of rise. On the other hand the river channel at Windosr begins to spill into 

the floodplain at a level as low as 10 m A HD meaning flooding is responsive to the overall volume 

of the hydrograph and therefore a slight change in temporal pattern does not result in a significant 

change in flood level or rate of rise. This is shown is Table 2 by the slowing of the rate of rise for 

the upper ranges of the hydrograph at Windsor. 

In addition, the outcomes indicated that the slope of the rising limb of historical hydrographs tended 

to be more variable compared to those estimated for design events. 

Table 2: Historical Events - Average Rate of Rise (Reference 1) 

Nov Jun Mar Aug Apr Apr Aug 

1961 1964 1978 1986 1988 1989 1990 

Penrith: 

Peak Level (mAHD) 24.1 23.1 23.4 20.0 22.6 18.5 23.4 

Rate of Rise 18 mAHD-22 mAHO 0.2 0.3 0.3 0.1 0.3 0.0 0.3 

(m/h) 
Rate of Rise 22 mAHD-26 mAHD 0.3 1 0.4 1 0.2 1 n/a 0.1 1 n/a 0. 1 1 

(m/h) 

Windsor: 

Peak Level (mAHD) 14.9 n/a 14.5 11.4 12.8 n/a n/a 

Rate of Rise 6 mAHD-10 mAHD (m/h) n/a 2 n/a 0.3 0.4 0.2 n/a n/a 

Rate of Rise 10 mAHO-14 mAHD 0.2 n/a 0.2 <0.1 1 0.1 1 n/a n/a 

(m/h) 
Rate of Rise 14 mAHD-18 mAHD 0.1 1 n/a 0.1 1 n/a n/a n/a nla 

(m/h) 

Notes: 1. Rate of Rise measured to peak value and not upper trigger level therefore can give false rate 
of rise for entire upper range, value to peak included for comparison purposes only. 

2 Data not available below 10 mAHD. 

Webb, McKeown & Associates Pty Ltd 
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2.3 Temporal Pattern Influence 

Assessment of the Variability of Rates of Rise 
for Hydrographs on the Hawkesbury Nepean River 

Assessment of historical rates of rise indicated that the rainfall temporal pattern was a significant 

factor in the differences between historical events and their corresponding design event. To test 

this hypothesis, the historical data used to derive the design temporal patterns used in Reference 1 

and 2 was reviewed. This data set provides the most comprehensive source of information for rare 

storm events over large catchments, it does however incorporate storm events of a greater 

frequency than those analysed in this study. The investigation showed that there was a significant 

variation between the 4 2  historical temporal patterns used to produce the 24 hour design pattern 

(Reference 3). From a plot of cumulative mass curves of the 4 2  patterns, six storms were selected 

as being representative of the extremes of the data range, containing a mixture of geographically 

near and far storms. These particular temporal patterns were then analysed to determine their 

corresponding influence on rate of rise. Table 3 shows average rate of rise results at Penrith for 

the six temporal patterns with 1 in 500 year A R I  design rainfall. This current study tested any 

potential bias resulting from the inclusion of storms from remote locations. The results of this 

assessment are included in Section 6.3. 

Table 3: Average Rates of Rise for Historical and Design Temporal Patterns Applied at 

Penrith (Reference 3) 

Event Average Rates of Rise (m/h) 
from 18 to 22 mAHD from 22 to 26 mAHD 

HISTORICAL: 
Avoca VIC 01/12/1933 0.9 0.5 
Raymond Terrace NSW 16/06/1949 1.3 0.4 
Railton TAS 27/03/1977 0.5 0.5 
Sydney NSW 06/08/1986 1.1 0.4 
Tweed Heads NSW 24/01/1947 1.6 0.4 
WollongonQ NSW 20/05/1943 0.7 0.3 
DESIGN: 
0.2% (1 in 500y) AEP 24h Design 1.1 0.4 
0.2% (1 in 500y) AEP 72h Design 0.3 0.4 

The findings indicate that there is less variation in rates of rise between the different historical 

events at the higher trigger levels (ie between 22  m A H D  and 2 6  mAHD). However, for lower 

trigger levels (and for more frequent events) the results suggest that the temporal pattern does 

have a significant influence on the rate of rise behaviour. Particularly at Penrith where flood levels 

are quite responsive to changes in temporal pattern, and Windsor prior to the activation of the 

floodplain storages at higher flood levels. As a result of this, it was considered that the standard 

Australian Rainfall & Runoff (A R R  - Reference 4) approach used to produce design peak levels 

may have potentially underestimated the rates of rise reported in Reference 2 as critical rate of rise, 

particularly for more frequent events does not always occur during the event which produces peak 

flood levels. This is reinforced in the variation between the design 24  and 72 hour events, for lower 

trigger levels. The 72 hour storm produces peak flood levels however during the 24  hour storm the 

critical rate of rise is over three times faster. 

Webb, McKeown & Associates Ply Ltd 
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3. SCOPE OF THE PRESENT STUDY 

3.1 Overview 

Assessment of the Variability of Rates of Rise 
for Hydrographs on the Hawkesbury Nepean River 

C urrently the SES uses a standard rate of rise of 0.5 m/h for flood planning purposes. This figure 

was determined based on the 72  hour duration PMF. Confirmation of this value or s uggestion of 

a better estimate was sought as an outcome for this study. 

Although the outcomes of previous studies provided an envelope of possible rates of rise at Penrith, 

the corresponding probability of any particular rate of rise occurring could not be calculated. In 

addition, the work undertaken to date highlighted a need to better understand the influence of 

spatial and temporal rainfall patterns on rates of rise. In t urn, this would then allow any potential 

underestimation of rates of rise arising from the standard design method to be evaluated. 

The scope of the present study was defined to address the above issues and to specifically 

investigate the relative significance of rainfall patterns and the standard design method on predicted 

rates of rise. 

To provide the SES with this information two approaches were s uggested: 

i) Stochastic rainfall assessment 

ii) Joint probability analysis 

For the purposes of the c urrent study, a stochastic based assessment offers a more rigorous 

theoretical approach in comparison to joint-probability methods. However, a literature review 

revealed that academic research into stochastic rainfalls is not yet sufficiently advanced to use this 

approach for the present study. To date, stochastic methods are generally applied to catchments 

much smaller than the Hawkesbury Nepean and do not reliably reproduce temporal and spatial 

patterns over large catchments. A joint probability ( JP) approach was therefore adopted for use 

in the present study. 

Webb, McKeown & Associates Pty Ltd 
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4. DATA 

Assessment of the Variability of Rates of Rise 
for Hydrographs on the Hawkesbury Nepean River 

This analysis made best use of all the available data sets relevant to the study. Data was obtained 

from a number of different sources including the SES and the Bureau of Meteorology (SOM). The 

majority of the data had already been collated during earlier studies. 

4.1 Emergency Planning Levels 

During numerous discussions with the SES a set of suitable trigger levels was defined. These 

'trigger' levels represent flood heights at which specific emergency management resources or 

operational constraints come into consideration. The analysis of events rarer than those listed 

below were considered to be beyond the range of interest for the SES. 

Penrith 
• 24.9 mAHD (2% AEP) 

26.1 mAHD (1% AEP) 

26.9 mAHD (0.5% AEP) 
• 27.5 mAHD (0.2% AEP) 

Windsor 
• 6 mAHD (<1 00% AEP) 
• 1 0  mAHD (Approx. 25% AEP) 
• 14 mAHD (Approx. 5% AEP) 

15.5 mAHD (Approx. 2% AEP) 
• 18.5 mAHD (Approx. 0.5% AEP) 
• 21 mAHD (Approx. 0.13% AEP) 

Each of the 'trigger' levels above formed the basis for result extraction from model outputs for rate 

of rise calculations. 

4.2 Hydrologic Data 

4.2.1 Overview 

All available rainfall depths, temporal and spatial patterns analysed in this study were obtained from 

the Bureau of Meteorology. These types of data were obtained for both design (Unsmoothed) and 

historical storm events. The data sets used for analysis are considered to be representative of 

storms that could occur within the Hawkesbury - Nepean catchment. 

Webb, McKeown & Associates Pty Ltd 
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Assessment of the Variability of Rates of Rise 
for Hydrographs on the Hawkesbury Nepean River 

As the recorded information available on the Hawkesbury-Nepean is mai nly for floods smaller than 

the 2% AEP ( 1 in 5 0  year) event, this study drew upon the BOM's database for extreme flood 

events recorded i n  South Eastern Australia. The SOM database is a catalogue of sig nifica nt rainfall 

events that occurred b etween 1889 and 1998 for durations ranging from 1 to 5 days. This particular 

database was used to derive design temporal patterns used in ARR8 7. Aspects of the storm 

database are r eported i n  SOM hydrology report series r eports 3 and 5 (References 7 and 8). 

The observed storms cover a range of catchment sizes from 100 km 2 to 60,000 km 2. T o  develop 

design patterns the Bureau extracted temporal patter n hyetographs for the 24, 4 8  and 72 hour 

storms for a 10,000 km2 catch ment. 

4.2.2 Temporal Patterns 

A review of the SOM temporal patter ns was undertaken during the i nitial phases of the present 

study. Following this, a small number of the SOM temporal pattern distributions were discarded 

as they were not considered sufficient to produce the specified trigger levels or they exhibited 

patterns that were more representative of shorter duratio n storm bursts than those considered i n  

the current analysis. Table 4 details the available temporal patterns and the number analysed for 

this study. It should b e  noted that the database is large and only data containi ng anomalies (i.e. 

only 3 storms) were discarded. This is unlikely to have a significant effect on the results. 

Table 4: Available Distributions of Temporal Patterns 

Storm Duration (hr) Temporal Patterns Number Used in 

Analysis 

24 42 39 

48 31 30 

72 17 17 

4.2.3 Spatial Patterns 

T here are records available describing spatial rainfall patter ns for twenty storms that have occurred 

on  the Hawkesbury-Nepean s ince 1895. Of these, seven events occur red following the completion 

of the dam in 1 9 6 0  a nd w ere selected because they w er e  readily available. This was co nsidered 

a fair sample as previous studies have shown spatial patter ns for past events to b e  r easo nably 

consistent (Reference 2 ). The selected spatial patter ns i ncluded the March 1 978 and A ugust 1986  

events i n  whi ch more i ntense rai nfall was r ecorded i n  the Colo area. Table 5 summarises the 

seven spatial patterns and shows the corresponding flood levels at Penrith. It should be noted that 

none of these events reached the f irst trigger level at either Penrith or Windsor. 

Webb, McKeown & Associates Pty Ltd 
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Assessment of the Variability of Rates of Rise 
for Hydrographs on the Hawkesbury Nepean River 

Table 5: Spatial Pattern Distributions Available 

Date 

Obse rved Nov 61 Jun 64 Jun 75 Mar 78 Aug 86 A pr88 Aug 90 

Level (mAHD) 

Penrith Gauge 23.89 23.74 21.49 23.35 19.95 22.62 23.44 

Windsor Bridge 14.95 14.57 11.2 14.46 11.35 12.8 13.5 

Gauge 

N ote: None of these flood peaks exceeded the trigger level. 

Rainfall intensities were derived from ARR87 (Reference 4) for the 2%, 1%, 0.5%, 0.2%, 0.1 % and 

0.0 1% AEP design events. F rom the database of significant storms for south-east Australia 

(discussed previou sly), the BOM derived design temporal patterns using the Average Variability 

Method (AVM). This method derives design temporal patterns that incorporate the average 

variation of observed rainfall intensities within storm bursts and are theref ore capable of producing 

peak design discharges corresponding to different frequencies. However, application of the AVM 

method will n ot produce the range of hydrograph shapes for the rates of r ise that could occur from 

the suite of patterns available within the data sets. 

4.3 Hydrologic and Hydraulic Models 

The existing hydrologic and hydraulic models established and rigorously calibrated using available 

historical storm and flood data in Reference 2. These models were considered suitable for use in 

this study. The m odels have been used to produce estimates of design flood behaviour for the 

upgraded spillway at Warragamba Dam. Further details of these models can be found in 

Reference 2. F or the present study, no changes were required in either the hydrol ogic (R ORB) or 

hydraulic (RUBICON) models. Rainfall l osses were also adopted from the existing RORB runs. 

Webb, McKeown & Associates Pty Ltd 
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Assessment of the Variability of Rates of Rise 
for Hydrographs on the Hawkesbury Nepean River 

5. APPROACH 

5.1 Joint Probability Analysis 

Joint probability analysis is a technique for assessing probabilities where more than one variable 

provides the significant input distribution and it is not appropriate to use fixed assumptions for the 

analysis. For flood events on the Hawkesbury Nepean, five separate parameters affect the rate 

of rise : 

• rainfall intensity, 
• temporal rainfall pattern, 

spatial rainfall pattern, 
• losses, and 
• storm duration. 

In view of the above, the parameters included in the joint probability analys is undertaken for the 

present study are: 

the design rainfall intensities derived from ARR 8 7  for the 2%, 1%, 0.5%, 0.2%, 0.1 % and 

0.01% A E P  events, 
• the temporal patterns from the BOM storm database for coastal South Eastern Australia, 

the seven selected spatial patterns derived from large storm events over the Hawkesbury 

Nepean since the construction of the dam in 1960, 

rainfall losses ( determined in Reference 2 ) ,  and 

24, 4 8  and 72 hour storm durations. 

Rainfall intensity is the most significant input parameter for assessments of peak flow and height. 

For this reason conventional flood event hydrology determines peak flow and levels using rainfall 

intensity as the input probability distribution and assumes fixed median values for other input 

parameters. While the resultant hydrographs produced from this approach are representative of 

the correct peak flow and height they do not necessarily display the most critical rate of rise for the 

trigger values. The critical rate of rise is significantly influenced by the four other parameters. 

A number of assumptions were made to simplify the joint probability analysis, these being: 

all temporal patterns within each storm duration were considered as being equally likely to 

occur. This assumption was considered reasonable as the BOM had originally selected the 

storms based on the similarity of their meteorological characteristics ; 

all seven spatial patterns were also considered as being equally likely, while the seven 

events had smaller peaks than that selected in the range investigated in the study. The 

selected patterns represent all that is available ; 
• the probability distributions for rainfall intensity, temporal pattern and spatial pattern are all 

independent. 

Webb, McKeown & Associates Pty Ltd 
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5.2 Influence of Spatial Rainfall Patterns 

Assessment of the Variability of Rates of Rise 
for Hydrographs on the Hawkesbury Nepean River 

The influence of spat ial patterns on rate of rise was the f irst parameter to be exa mined. This 

analysis was carr ied out for the 1% AEP (1  in 100 year) and 0.2% AEP (1  in 500 year) events. The 

results indicated that the spat ial patterns for the observed storms had m in imal influence on the rate 

of r ise. As will b e  shown in Section 6.1, the values were approx imately evenly d istributed about the 

design value for each of the spat ial patterns. Although the sample s izes are small, th is g ives 

credence to the assumpt ion that the des ign rainfall spat ial pattern can be considered representative 

of the observed storms. Accordingly, the joint probabil ity analys is w ith the exclusion of the spatial 

pattern parameter but w ith a typ ical spat ial pattern was cons idered to be representative and 

adopted for use throughout the study. 

However, it is probable that the range of information here is representative of larger less frequent 

events which might tend to have more un iform spat ial patterns w ith higher eff iciency than would be 

expected of these extreme storms. 

5.3 Influence of Storm Duration and Temporal Pattern 

Wh ilst it was anticipated that the 24 hour storm event would provide the cr itical rate of rise, our 

initial analys is suggested that this was not always the case and an assessment of the 48 hour and 

72 hour storms would also be requ ired . 

For each of the three durat ions the selected historical temporal patterns (refer to Sect ion 4.2.2) 

were appl ied t o  the ARR8 7  der ived des ign ra infall inputs to the R OR B  model. This was undertaken 

for the 2%, 1%, 0.5%, 0.2%, 0.1 % and 0.01 % AEP events. The subs equent outputs from ROR B 

were used as inflows into the RUBICON hydraul ic model. 

For each storm durat ion (ie. 24 hour, 4 8  hour and 72 hour storms), a series of RUB ICON runs was 

undertaken us ing the range of temporal patterns for each design rainfall intens ity. From the 

resulting outp ut files a probabil ity transformat ion matrix for each durat ion was constructed in 

accordance w ith established Joint Probabil ity analys is pro cedures (Reference 9). In this process, 

the ra infall is used as the stochastic input, the hydrologic and hydraul ic models funct ion as the 

transformation representing the deterministic calculation of each output rate of rise and the ra infall 

temporal pattern represents an add itional stochastic input parameter. 

A separate joint probabil ity assessment was carr ied out for each durat ion. From this , the critical 

rate of rise for ea ch probabil ity was determined based on the highest rate of rise calculated across 

all durations. This approach is cons istent w ith the normal critical durat ion approach in ARR87 

(Referen ce 4). 
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5.4 Influence of Geographical Location 

Assessment of the Variability of Rates of Rise 
for Hydrographs on the Hawkesbury Nepean River 

As noted previously, the coastal temporal patterns in the BOM database are drawn from 

predominantly coastal areas of south -eastern Australia extending from Tweed Heads in northern 

NSW down to Victoria, Tasmania and South Australia. A key assu mption of the joint probability 

analys is was that, for a given duration , each temporal pattern in the BOM database is equally likely 

(Section 5.2). Although the majority of the storms in the database are from NSW,  there were 

concerns that those temporal pattens drawn from other geographical locations would not be 

representative of the Hawkesbury-Nepean catchment and could potentially bias the results. 

Additional work was undertaken to check if the outcomes of the joint probability analysis were being 

unduly biassed by storms from more remote locat ions. Results of this assessment are documented 

in Section 6.3. 

A separate joint probability assessment was carried out for each duration and the critical rate of rise 

for each probability was selected as the highest across all durations. This approach is consistent 

with the norm al critical duration approach in ARR8 7  (Reference 4) . 
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