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1. INTRODUCTION 
 
The Shire of Ashburton have proposed to develop a high level waste facility near the 
town of Onslow.  This report presents the possible impact of flooding on each of three 
potential sites and provides comparative ranking in terms of flood risk.  The study is 
intended to assist the Shire of Ashburton in identifying the preferred option from the three 
potential sites.   
 
The three potential sites are located on the Onslow Coastal Plain between the Ashburton 
River and Cane River (see Figure 1).   
 
 
2. SUMMARY 
 
Hydrologic and hydraulic modelling completed for this study has demonstrated that: 
 

 Direct rainfall and local runoff (and not flows from Ashburton or Cane 
rivers) was responsible for the largest flows to affect each of the three 
potential sites, 

 A lack of defined channels around the three potential sites resulted in 
shallow flow (with depths typically less than 1 m) with low velocities 
(typically less than 0.5 m/s) even for large events, 

 Site E was affected by flows overtopping Onslow Road, resulting in 
substantial flood depths and velocities across the majority of the site, 

 The south western half of Site 10 was affected by significant upstream 
flows, although modelled flows had low depths and velocities, and  

 Site D was relatively unaffected by modelled flows, with minor inundation 
resulting from direct rainfall and local runoff. 

 
The modelling suggests that Site D has the lowest susceptibility to flooding.   
 
 
3. RECOMMENDATIONS 
 
PSM recommends that following the identification of a single preferred site: 
 

 A basis of design is developed which includes an adopted design event 
magnitude and freeboard depth for the setting of minimum flood levels for 
areas sensitive to inundation, 

 Surface water management infrastructure including drainage and flood 
protection designs are developed, and 

 The models used in this study are adapted for use in assessing the 
performance of the drainage and flood protection designs. 
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The Shire of Ashburton have proposed to develop a high level waste facility near the 
town of Onslow.  PSM understands that three potential sites are under consideration, 
located near Onslow Road in settings 25 to 35 km south of the town centre.  This report 
presents the possible impact of flooding on each of the three potential sites and provides 
comparative ranking in terms of flood risk.  The study is intended to assist the Shire of 
Ashburton in identifying the preferred option from the three potential sites.   
 
The three potential sites are located on the Onslow Coastal Plain between the Ashburton 
River and Cane River (see Figure 1).  The nature of the regional topography and the 
close proximity of the sites mean common possible sources of flood risk apply, these 
being: 
 

 Ashburton River, 

 Cane River, and 

 Direct rainfall and local runoff. 

 
This report presents hydrologic and hydraulic modelling of these three sources and the 
comparative impact on the three potential sites in terms of flow velocities and the depth 
and extent of inundation.   
 
The scope of work has been split into three main components: 
 

1. Hydrologic modelling of the Ashburton and Cane River catchments 
upstream of the Onslow Coastal Plain, including development of design 
hydrographs. 

2. Regional Scale coarse resolution hydraulic modelling of the Onslow 
Coastal Plain, using design hydrographs of flooding in the Ashburton and 
Cane River catchments and direct rainfall on local catchments. 

3. Local Scale, fine resolution hydraulic modelling of the potential sites, 
supported by site based topographic survey, using outputs from the 
coarse hydraulic models as input hydrographs.   

 
The modelling described in this report, together with a basis of design, can be used in 
future phases of work after a single preferred site has been identified.  This may include 
engineering designs such as setting minimum floor levels for built infrastructure, flood 
bunding and diversion design.  
 
The impact of tidal inundation is not part of the scope of the study. 
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The potential sites are shown on Figure 1.  Each site is several hundred metres away 
from the road with dunes acting as a visual barrier. 
 

The Pilbara is an arid climate zone with wet season from December to April each year.  
Within the Ashburton River Catchment the mean annual rainfall varies from 230 mm 
(near Paraburdoo and Newman) and 400 mm (associated with the Hamersley Range).  
Mean annual rainfall trends downwards heading east from the coast and south from the 
Hamersley range.   
 
The water year divide (applicable to Flood Frequency Analysis) has been assessed as 
October through to September.  
 
Larger rainfall events are typically associated with tropical cyclones and large low 
pressure systems, most frequently affecting the region in February and March.   
 

The Ashburton River and Cane River have been gauged at their respective crossings of 
the Northwest Coastal Highway (see Figure 2).  This includes: 
 

 Nanutarra gauge (Site ID: 706003) fed by a 71,270 km2 area of the 
Ashburton River catchment, and 

 Toolunga gauge (Site ID: 707005) fed by a 2,326 km2 area of the Cane 
River catchment. 

 
The gauged stream flow data show both waterways are ephemeral with flow patterns 
mimicking the climatic conditions which are typified by a dry season (typically May to 
November), with high intensity episodic events generating significant flood flows during 
the wet season (December to April).   
 
The Ashburton River is one of the major rivers in the Pilbara region and is able to 
produce large flows with a peak flow of 12,611 m3/s at the Nanutarra gauge from the 
1973 to 2017 record. 
 
The Ashburton River Catchment east of the Nanutarra gauge is typified by: 
 

 The relief of the catchment varies between 80 and 850 m AHD with an 
extensive stream network generally flowing to the west with steeper 
escarpments near the catchment watershed, 

 The main river has an equal area slope of 0.786 m/km, and 

 The catchment is bound by the Hamersley Range to the north. 

  



 

 
3 

PSM3282-002R 
18 August 2017 

 

The Cane River Catchment east of the Toolunga gauge is typified by: 
 

 The relief of the catchment varies between 75 and 450 m AHD with an 
extensive stream network generally flowing to the west with steeper 
escarpments near the catchment watershed, 

 The main river has an equal area slope of 2.05 m/km, and 

 The catchment is bound by the Hamersley Range to the east. 

 

The potential sites are on the Onslow Coastal Plain, in the eastern section of the 
Ashburton River delta.  The main channel of the Ashburton River lies 18 km to the west 
while Cane River runs 22 km to the northeast.   
 
This is a predominantly flat area, sloping down to the north and northwest with little or no 
defined drainage channels aside from the main river channels.  Sheet flow is expected to 
dominate this landscape, including the majority of the local catchment which extends up 
to 50 km inland from the sites. 
 
Several large dunes are present across the Onslow Coastal Plain.  The dunes are 
typically oriented northwest to southeast and are between 10 to 25 m high.  The 
landscape surrounding the dunes is flat, with no evidence of significant channelisation.  
 
The Ashburton River and Cane River discharge onto the Onslow Coastal Plain near their 
respective crossings of the Northwest Coastal Highway.  Both rivers maintain some 
channels across the coastal plain, although with apparently diminished flow capacity and 
increasing tidal influence as they approach the coast.  Within the coastal plain, both 
waterways are associated with an alluvial fan, rather than a secondary confining 
floodplain.  Any overtopping of the main channels is likely to migrate to low-lying areas at 
the fringes of the alluvial fans, including the areas where the three preferred sites are 
located.  
 
 

The Ashburton River Catchment and Cane River Catchment to the east of the potential 
sites are likely the critical catchments that will affect flooding.  Regional modelling has 
been used to estimate flood flows and hydrographs from these catchments.  The 
regional modelling completed for these systems includes: 
 

 Ashburton River Catchment: 

- A calibrated RORB rainfall-runoff model of the Ashburton River 
Catchment to the Nanutarra gauge (on the Great Northern 
highway), used to perform a Monte Carlo analysis for flood 
magnitudes and hydrographs, and 

- Flood Frequency Analysis using TUFLOW FLIKE at the Nanutarra 
gauge, used as an independent assessment of flood peak 
magnitudes. 
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 Cane River Catchment: 

- Flood Frequency Analysis using TUFLOW FLIKE at the Toolunga 
gauge, used to provide an assessment of flood peak magnitudes. 

 
For each catchment, a set of design hydrographs have been developed for input into the 
regional scale hydraulic model. 
 

The design flood peaks for the Ashburton and Cane River catchments were estimated 
using three separate regional methods developed for the Pilbara.  These include: 
 

1. Davies and Yip (2014), a regionalised flood frequency analysis. 

2. The Regional Flood Frequency Estimation (RFFE) Model from AR&R 
(2016). 

3. Flavell (2012), a regionalised flood frequency procedure.  

 
Each method takes catchment characteristics (such as area, mainstream length and 
slope) and provides estimates of flows for events ranging in annual exceedance 
probability (AEP) from 50 to 1%.   
 

Flood Frequency Analysis (FFA) has been used to estimate flood peak flows based on 
the available gauging data.  The FFA was performed using FLIKE, a software program 
developed as part of the Australian Rainfall & Runoff (AR&R, 2016) update.  The 
program was used with the Cunnane plotting position, filtering of Potentially Influential 
Low Flows, application of the multiple Grubbs-Beck test, input of regionalised information 
and fitting of multiple probability distributions, including LP3 (Log-Pearson III), using 
Bayesian calibration. 
 
The main input to the FFA was an ‘Annual Maxima Series’ (AMS), with the AMS 
established from the gauged data by: 
 

 Applying a ‘Water Year’ from October to September, 

 Identifying years where the missing record may include the annual flood 
maximum, and 

 Identifying Potentially Influential Low Flows (PILFs). 

 
Based on the filtered AMS, design flows were estimated by fitting a probability 
distribution (such as a Log Pearson Type 3 or a Generalised Extreme Value) to the AMS, 
both with and without years of missing record and PILFs.  The adopted design flow 
values were taken from the AMS and probability distribution that combined to produce 
the lowest error bands. 
 
This methodology has been used to estimate peak-flows for the Nanutarra (Ashburton 
River) and Toolunga (Cane River) gauges.   
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The RORB software was used to build a rainfall-runoff model for the Ashburton River 
Catchment, calibrated against the Nanutarra gauging data.  RORB is an event based 
rainfall – runoff model where a catchment is divided into sub-areas linked by reaches 
where each sub-area is represented as a conceptual storage that simulates the 
combined overland flow and channel storage.  The model ultimately provides predictive 
design hydrographs for use in hydraulic modelling. 
 

The Ashburton Catchment was divided into a total of 43 sub-catchments, varying in area 
from 221 to 4,028 km2.  The sub-catchment delineation was based on the hydraulically 
enforced Shuttle Radar Topography Mission (SRTM) 1 second Digital Elevation Model 
(DEM-H).  This gave a model with a dav (average flow distance in the channel network 
from the centroid of each sub-area to the catchment outlet) of 341 km.  Figure 3 shows 
the RORB model sub-area, junction nodes and stream flow reach set-up. 
 

A series of large flow events were selected from the Nanutarra flow record for calibration 
of the model.  These included: 
 

1. 1995 - Peak flow 26 February 1995, which is the rank 2 flow event in the 
record. 

2. 1997 - Peak flow 6 February 1997, which is the largest (i.e. rank 1) flow 
event in the record. 

3. 2006 - Peak flow 3 March 2006, which is anticipated to be near the 1 in 5 
yr AEP flow. 

4. 2008 - Peak flow 31 March 2008, which is the rank 4 flow event in the 
record.  

 
Available sub-daily (pluviograph) and daily rainfall records were obtained from the BoM 
to allow spatial and temporal pattern modelling of the event rainfalls.  A summary of the 
rainfall records are presented in Appendix A. 
 
The RORB model was calibrated by adjusting three parameters: 
 

 Initial loss and continuing loss (IL and CL), which govern the excess 
rainfall generation, and 

 kc, which are storage routing parameters, where:  

- S = Sub-Area Storage = kc Q
m, 

- Q = Sub-Area Discharge, and 

- m = catchment non-linearity parameter. 
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A value of ‘m’ of 0.8 was adopted.  This value was considered standard and consistent 
with findings from Pearcey et al. (2014).  Within RORB, “FIT” runs allow input of IL, kc 
and m and then CL was back-calculated from the observed flow hydrograph in order to 
balance the total volume of runoff. 
 
The AR&R (2016) provides guidance on loss parameters across Australia.  As much of 
the Ashburton River Catchment has a mean annual rainfall less than 350 mm loss 
parameters are not available, but in the closest available data (in the northwest corner of 
the Ashburton River Catchment) an initial loss of 60 mm and a continuing loss of 
8.5 mm/hr is provided.  Other studies, however, have also shown high losses with ‘lower 
bound’ estimates of initial losses of 10 to 60 mm and continuing losses of 1.5 to 5 mm/hr 
in arid regions.  
 

The RORB Monte Carlo tool was used to estimate peak design flows and hydrographs.  
This involved routing a rainfall depth (with known average recurrence interval), applying 
one of ten temporal patterns and stochastically varied initial loss values.  This was 
replicated many times to derive a flow-probability distribution.  Total probability theorem 
was used to estimate peak flows for selected annual exceedance probabilities.   
 
For the RORB assessment of the Ashburton River l: 
 

 Calibrated initial loss, continuing loss and kc values were used (The 
Monte Carlo tool requires a mean initial loss value which is stochastically 
varied), 

 Rainfall depths were spatially varied by splitting the catchment into 6 
zones and assigning design rainfall depths to each based on published 
IFD values, and 

 Areal temporal patterns and areal reduction factors extracted from the 
AR&R data-hub were used. 

 

The Monte Carlo method prepares estimates of peak flow, not flow hydrographs.  The 
ensemble approach was used to develop design hydrographs.  In this approach, RORB 
parameters (kc, initial and continuing loss) are held constant and temporal patterns are 
varied.  For each event magnitude, 10 temporal patterns were tested to produce unique 
hydrographs.  The temporal pattern that produced the flow closest to the adopted design 
peak flow was chosen as the design temporal pattern.  For this temporal pattern the 
initial loss was then varied to ensure the design peak flow was matched, providing the 
design hydrograph. 
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A TUFLOW GPU 2D rain on grid model of the Onslow Coastal Plain, including the 
Ashburton River Delta and extending to the Cane River, has been used to develop input 
hydrographs for the local scale model.  The regional model inputs include direct rainfall 
and the design hydrographs developed in the hydrologic models.   
 

The TUFLOW GPU hydraulic modelling software was used to estimate flood hydraulics.  
TUFLOW GPU provides an explicit solution to the 2D Shallow Water Equations (Saint-
Venant equations).  The software utilised a finite volume scheme, conserving both 
volume and momentum. 
 

The regional model domain has been delineated to include: 
  

 All of the Ashburton River Delta downstream of the Nanutarra flow gauge, 

 The Cane River catchment downstream of the Toolunga flow gauge, and 

 Local catchments upstream of the three sites of interest, including a 
1,000 km2 area between the Cane River and Ashburton River. 

 
The model domain boundary, inflow points, reporting hydrograph locations and outflow 
boundaries have been shown in Figure 4.  A 30 m grid was adopted for the regional 
scale model and a uniform roughness (Manning’s N) of 0.05 was applied. 
 

The 1 second SRTM Derived Hydrological Digital Elevation Model (DEM-H) dataset 
prepared by Geoscience Australia was used as the terrain data for the regional model.  
The grid resolution for this DEM (1-arc second) is approximately 30 m.   
 

Inflows from upstream parts of the Cane River and Ashburton River catchments were 
implemented as source-area boundary conditions in TUFLOW (see Figure 4).  The 
design hydrographs developed in Section 4.3 were used as inputs for the regional scale 
model.  
 
A constant head boundary (shown in Figure 4) was applied at the downstream end of the 
model and set at 0 m AHD for all model runs.   
 

Design rainfall was applied uniformly to the entire model domain.  The design rainfall 
depths were taken from intensity-frequency-duration (IFD) data published by the Bureau 
of Meteorology (BoM).  Site 10 was used as the reference point for the IFD data, being 
the site closest to the centroid of the upstream catchment.  Rainfall depths for selected 
storm durations and annual exceedance probabilities (AEPs) are presented in Table 4.1.  
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1 hour 55.2 65.5 79.5 90.5 117.6 

3 hours 71 84.8 104 119 154.7 

6 hours 82.3 99.1 122 141 183.2 

12 hours 107 131 164 191 248.2 

24 hours 139 173 220 258 335.3 

48 hours 175 219 282 332 465 

72 hours 207 258 329 388 536 

 
A proportional loss was applied to the rainfall to account for soil infiltration.  The 
proportional loss values recommended in Australian Rainfall and Runoff (1987) were 
adopted and are presented in Table 4.2.  The table shows the proportion of rainfall loss 
decreases as storm magnitude (and therefore depth) increases. 
 

 

10 0.7 

5 0.65 

2 0.56 

1 0.49 

0.2 0.49 

 
A storm temporal pattern sets out what portion of the event rainfall falls within each 
period of the storm.  The temporal pattern from the Generalised Short Duration Method, 
(BOM, 2003) was used for rainfall inputs.   
 

A range of storm events and duration combinations were modelled by varying boundary 
conditions and design rainfall.  Event magnitudes included the 10%, 5%, 2%, 1% and 
0.2% annual exceedance probability (AEP) events.  The equivalent average recurrence 
intervals (ARI) are 10, 20, 50, 100 and 500-years respectively.   
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Design rainfall storm durations between 1 hour and 72 hours were assessed in the 
model.  Overall storm depths were taken from the IFD data presented in Table 4.1.  
Upstream inflow boundaries for the Cane River and Ashburton River were not varied with 
storm duration, only event magnitude.   
 

The regional model results were used as upstream inflow boundaries for the local scale 
model.  Reporting hydrographs were generated by the TUFLOW software at a series of 
locations shown in Figure 4.  Each source-area location in the local model corresponds 
to one of the hydrograph reporting locations from the regional model.   
 
 

A topographic site survey was undertaken to address uncertainty in the topographic 
datasets used in the hydraulic models.    
 
A differential GPS (DGPS) survey was used to pick up a range of natural surface and 
man-made features.  NavCom’s SF-3040 Network and GNSS receiver was used as a 
real-time kinematic survey (RTK) with a base and rover setup.  This configuration uses a 
fixed base unit with vertical and horizontal accuracy dependent on satellites in range and 
mobile signal.  Feature survey was completed using the rover unit, linked via radio to the 
base unit.  The known position of the base unit was accurate (vertically and horizontally) 
to within +/- 10 cm.  The position of the rover unit relative to the base was accurate 
(vertically and horizontally) to within +/- 10 mm. 
 
The DGPS survey was conducted on 10 and 11 July 2017 and included walking the 
perimeter of each of the three potential sites, periodically taking ground measurements 
with the rover unit.  Several features of the Onslow Road were surveyed, including the 
30 km signal post setting and a road cross-section developed.  These were used to 
validate the site survey against LiDAR data and as-built survey of the road.  This enabled 
the road and associated floodway crossings to be accurately represented in the local 
hydraulic model. 
 
Survey point data is listed in Appendix C. 
 
 

A TUFLOW GPU 2D rain on grid localised model of the sites of interest, with input 
hydrographs provided by the regional scale modelling, has been used to assess flood 
impact.  The model sensitivity to assumptions of surface roughness, rainfall losses and 
temporal patterns has been assessed. 
 
The following outputs are presented for the 2D hydraulic flood modelling: 
 

1. Hydraulic modelling results estimating flood depths, extents and velocities 
for the existing landform for the 10%, 5%, 2%, 1% and 0.2% annual 
exceedance probability (AEP) up to the 0.2% AEP flood events. 

2. Flood mapping and estimated peak flows at critical locations.  
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The local scale model was built to provide more detail and improve spatial resolution of 
the area around the sites.  Many model assumptions were common across the regional 
and local scale models.  The main differences between the two models have been 
summarised in Table 6.1. 
 

 

Domain 

Onslow Coastal Plain from 
Ashburton River to Cane 

River, downstream of 
Nanutarra and Toolunga 

gauges 

Area around the three 
potential sites 

Domain Area 8,900 km2 105 km2 

Grid Size 30 m 10 m 

Topographic Data 
Sources 

DEM-H (from Geoscience 
Australia) 

Landgate, site survey, 
Onslow Road survey data 

 
While the spatial extents of the model domains varied, the model software, the design 
rainfall and model events were applied to both models.  
 

The local scale model domain included a 105 km2 area around the three potential sites 
(see Figure 5).  The same Manning’s N value (0.05) was adopted in both models, based 
on a “Scattered brush floodplain with heavy weeds” from Table G-1 of the Stormwater 
Management Model Reference Manual (USEPA, 2017).  This is consistent with the 
open, spinifex dominated vegetation within the catchment.  
 

The Landgate DEM supplied by the Shire of Ashburton was used as the terrain data for 
the local scale model.  This was derived from photogrammetry and supplied at a 5 m grid 
resolution.   
 
As built survey of Onslow Road (supplied by Shire of Ashburton) was used to define a 
centreline of Onslow Road in the model.  This ensured the floodways on Onslow Road 
near the potential sites were modelled as accurately as possible.   
 
LiDAR data supplied by Shire of Ashburton (originally captured by Chevron) only 
covered a thin corridor along Onslow Road.  The LiDAR was used to validate the site 
survey and as-built survey.  
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A series of constant-head boundaries (shown in Figure 5) were applied at the 
downstream end of the model.  The constant-head was set below ground level so that 
the outflow boundaries would mimic a normal slope boundary.    
 

Reporting hydrographs were generated by the TUFLOW software at a series of locations 
shown in Figure 5.  Several of the reporting hydrograph locations are referred to in the 
discussion of results.   
 

A series of the model assumptions were varied to assess sensitivity of the results to 
these parameters.  The assumptions were varied for both models, since the local scale 
model depended on results from the regional scale model.  Surface roughness, rainfall 
loss assumptions and storm temporal patterns were all varied as part of the sensitivity 
analysis.  The sensitivity results were run for the 1% AEP 24-hour duration model. 
 

Manning’s N was varied to 0.025 and 0.075.  Typically models are only mildly sensitive 
to Manning’s N variation so significant changes to the parameter were tested.  From 
Table G-1 of the Stormwater Management Model Reference Manual (USEPA, 2017), 
these values are approximately equivalent to a straight clean gravel channel (for n = 
0.025) and a floodplain with dense brush (for n = 0.075).  The adopted value (n= 0.05) 
assumes scattered brush floodplain with heavy weeds, reflecting the open, spinifex 
dominated vegetation within the catchment. 
 

Assuming proportional rainfall loss is an alternative to applying an initial and continuing 
rainfall loss.  The latter approach aims to mimic saturation of the soil (from an initial 
partially dry state) with ongoing infiltration controlled by saturated soil conductivity.  The 
proportional loss assumption lumps these two terms.   
 
Initial losses of 30 and 60 mm were tested, with fixed continuing losses of 6 mm/hr.   
 

The ensemble method described in the recently released Australian Rainfall and Runoff 
2016 includes a set of temporal patterns per storm duration that are varied by catchment 
area.  The local upstream catchment (not including flows from the Cane and Ashburton 
rivers) is approximately 522 km2.  The 10 areal temporal patterns for a 24-hour storm 
over a 500 km2 area were applied to the model for the sensitivity analysis. 
 
  



 

 
12 

PSM3282-002R 
18 August 2017 

 

Results from the conducted modelling have been presented in this section, including: 
 

 Hydrologic modelling of flows at the Nanutarra and Toolunga gauges, 

 Regional hydraulic modelling, and 

 Local hydraulic modelling of the sites of interest. 

 

The hydrologic modelling consisted of: 
 

 Modelling of design flows at the Nanutarra (Ashburton River) gauge, 
including: 

- Calibrated RORB modelling, and 

- Flood Frequency Analysis (FFA). 

 Modelling of design flows at the Toolunga (Cane River) gauge using FFA, 
and 

 Regional estimation methods for both sites were also applied for 
comparison. 

 
Calibration of the Ashburton River – Nanutarra gauge RORB model was based on four 
calibration events.  Table 7.1 presents the calibrated parameters for each of these 
events. 
 

 

1995 Event (1) 5,826 400 0.8 20 3.31 

1997 Event 
(2) 

12,612 370 0.8 80 2.54 

2006 Event 2,660 510 0.8 20 4.70 

2008 Event (3) 3,658 340 – 380 0.8 40 – 60 2.38 – 2.97 

Notes: 
(1) Flow from rainfall event prior to calibration event removed to help with CL fit. 
(2) Time of peak is not matched particularly well, but this is believed to be associated with the 

sparseness of rainfall data availability in the eas tern catchment where the peak rainfall occurred. 
(3) Two different assessments of the rainfall spatial pattern have given the two different parameter 

estimates.  
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Based on the calibration data in Table 7.1:  
 

 The value of kc varied between 340 and 510, a value of 410 was adopted 
for design, 

 A value of ‘m’ of 0.8 appeared to be sufficient to model the observed 
hydrograph shapes, 

 The value of CL varied between 2.38 and 4.7 mm/hr, a value of 2.5 mm/hr 
was adopted for design, and 

 The value of IL varied between 20 and 80 mm (representing difference in 
antecedent conditions), a mean value of 60 mm as adopted for design. 

 
Further details on the RORB calibration have been presented in Appendix A.  
 
Flood Frequency Analysis (FFA) of the Nanutarra and Toolunga gauges found that the 
LP3 (Log Pearson Type III) distribution gave the best fit for the observed streamflow 
records.  Figure 6 presents the adopted FFA for the Nanutarra gauge and Figure 7 for 
the Toolunga gauge.  Full details of the FFA assessment are provided in Appendix B. 
 
RORB Monte-Carlo modelling of the Ashburton River catchment up to the Nanutarra 
gauge was conducted.  Sensitivity testing was undertaken were values were varied 
within the bounds provided by the calibration events, with resulting values compared 
against the FFA.  The following values were assessed to provide the best agreement to 
the FFA: 
 

 Loss parameters: mean IL of 60 mm and CL of 2.5 mm/hr, and 

 Routing parameters: kc of 410 and ‘m’ of 0.8. 

 
A storm duration of 72-hours was found to govern the peak catchment runoff from the 
Ashburton River Catchment.  Full results of the RORB Monte Carlo modelling have been 
presented in Appendix A. 
 
A summary of the peak flow estimates for the Ashburton River Catchment at the 
Nanutarra gauge from all methods has been shown in Table 7.2, including the assessed 
design peak flow.  These values were based on the at-site FFA and RORB Monte-Carlo 
results.  Regionalised methods have been included but have lower confidence than 
those based on at-site gauging data.   
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2 935.3 - 378 677 1,103 - 

5 2,391.9 - 1,090 2,185 2,189 - 

10 3,883.6 1,042.1 1,770 3,714 3,691 3,883.6 

20 5,776.5 2,713.4 2,570 5,637 6,239 5,776.5 

50 9,000.1 6,318.4 3,740 9,067 12,410 9,000.1 

100 12,071.6 10,896.9 4,670 12,716 21,014 12,071.6 

500 21,765.2 20,680.3 - - - 20,680.3 

 
Table 7.3 presents a summary of the peak flow estimates for the Cane River Catchment 
at the Toolunga gauge from all methods. 
 

 

2 402.5 257 195 73 

5 866.0 736 630 208 

10 1,204.7 1,200 1,071 441 

20 1,529.6 1,750 1,626 865 

50 1,933.8 2,540 2,616 1,645 

100 2,218.5 3,170 3,668 2,689 

500 2,807.3 - - - 

 
The at-site FFA results from Table 7.3 for Toolunga have been used as the design 
values.  The other methods are regionalised methods and as such form useful points of 
comparison but have lower confidence than those based on at-site gauging data.   
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As input to the regional scale TUFLOW GPU hydraulic modelling a design hydrograph 
was required for the Ashburton River Catchment at the Nanutarra gauge for different 
AEP’s.  The RORB Monte Carlo assessment has shown that the 72 hr storm duration is 
expected to result in the largest flows from the Ashburton River Catchment.  The AR&R 
(2016) update provides up to 10 areal temporal patterns for a storm duration.  A RORB 
ensemble method was used to assess which areal temporal pattern provides the closest 
peak flow fit to the design peak flows presented in Table 7.2 for mean loss conditions.  
Manual adjustment of the initial loss (IL) was then made (similar to the process the 
RORB Monte Carlo assessment uses) for that areal temporal pattern till the design peak 
flow from Table 7.2 was matched.  Table 7.4 presents the design hydrograph details. 
 

 

1 in 10 72 410 0.8 60.5 2.5 

1 in 20 72 410 0.8 65.2 2.5 

1 in 50 72 410 0.8 79.5 2.5 

1 in 100 72 410 0.8 89.5 2.5 

1 in 500 72 410 0.8 36 2.5 

 
Figure 8 presents the design hydrographs at the Nanutarra gauge.  Further details on the 
RORB hydrographs are presented in Appendix A.  
 
To establish design hydrographs for the Toolunga gauge the hydrograph for the peak 
recorded flow (from 1995) was taken.  This hydrograph was then scaled to match the 
design peak flow (i.e. from the At-Site FFA) presented in Table 7.3.  Figure 9 presents 
design hydrographs at the Toolunga gauge. 
 

The regional hydraulic model has been used to prepare maps of flood depths, extents 
and velocities throughout the model domain and hydrograph plots at selected locations 
shown in Figure 4.   
 
Figure D1 to Figure D10, inclusively show depth and velocity from a 72-hour storm for all 
event magnitudes.  This reflects a scenario where the same storm that generates peak 
flooding in the Ashburton River is applied to the 2D domain.  Figure D11 to Figure D24, 
inclusive, shows hydrographs at selected locations throughout the model. 
 
The modelling in these figures suggests that: 
 

 As the Ashburton River crosses the Onslow Coastal Plain, flows 
exceeding a 10% AEP flood discharge to the west immediately 
downstream of the Northwest Coastal Highway and to the east from 
30 km south of the potential sites, 
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 The Cane River traverses most of the Onslow Coastal Plain until flows 
exceeding a 10% AEP flood discharge to the northwest, 30 km from the 
coast.  These breakout flows do not impact on the potential sites,  

 Direct rainfall combines with the eastern break out from Ashburton River 
resulting in significant flows passing around the west of the three potential 
sites.  The flood peak of the Ashburton River reaches Nanutarra gauge 
after 120 hours of simulation time and passes west of the sites of interest 
at approximately 150 hours, and 

 Flood peaks upstream of the three sites occur after 30 hours of simulation 
time. 

 
The regional flood modelling indicates direct rainfall and local runoff is the dominant of 
the three sources of flood risk, with hydrographs indicating peak flows occur well before 
the flood peak of the Ashburton River reaches the sites.  Further modelling was 
completed to test which storm duration produced the greatest local runoff flood peak.  
Figure D49 and D50 shows hydrographs immediately upstream of the three potential 
sites for the 1, 3, 6, 12, 24, 48 and 72-hour duration storms.  The figure shows that the 
24- hour duration storm produces the largest peak flows at most locations.  
 
Figures D25 – D34, inclusive show depth and velocity estimated in the regional model 
combining the Ashburton and Cane River hydrographs shown in Figures 8 and 9 with a 
24-hour duration storm over the model domain.  Hydrographs extracted from these 
results were used as inputs in the local model. 
 

The local scale hydraulic model has been used to prepare maps of flood depths, extents 
and velocities throughout the model domain and hydrograph plots at selected locations 
shown in Figure 5.   
 
Detailed model outputs and a discussion of model sensitivity to selected parameters are 
presented in Appendix E.  This includes Figure E1 to Figure E10, inclusive, showing 
depth and velocity from a 24-hour storm for all event magnitudes, and Figure E11 
showing hydrographs at selected locations throughout the model.   
 
The modelling in these figures suggests that:  
 

 The largest flows run south to north through the centre of the model 
domain.  This flow (>500 m3/s for the 0.2% AEP 24 hour event) originates 
from hydrographs at the southern end of the model (inflows Q, R, S, T and 
part of U) through the centre of the domain (hydrograph LB), across a 
major floodway on Onslow Road (at hydrograph LG) and out of the 
northern model boundary (hydrograph LN), 

 Part of the large flow branches to a second floodway crossing on Onslow 
Road (at hydrograph LD, 80 m3/s for the 0.2% AEP 24 hour event) 
resulting in the inundation of most of Site E, 

 A significant flow affects the area around Site 10 (hydrograph LA 
>150 m3/s for the 0.2% AEP 24 hour event), inundating the western half of 
that site, 
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 Significant flows (80 m3/s for the 0.2% AEP 24 hour event) affect the area 
west of Site D (hydrograph LF) and discharge through the north western 
model boundary (hydrograph LX) but do not significantly impact on Site D 
itself, and 

 Despite the large flow rates involved, the lack of channel definition in the 
preferred flow paths means flow depths and velocities are low. 

 

Site E is located adjacent to an apparent preferred flow path running through the centre 
of the model, with a floodway located immediately upstream on Onslow Road.  The 
modelling shown in Figure 10 and 11 included flood depths exceeding 0.5 m affected the 
majority of the site for the 0.2% AEP 24 hour flood.  Smaller magnitude floods tended to 
impact the whole site, but with more shallow depths.  Modelled flow velocities were 
highest in the south eastern half of the site, but were typically low (<0.5 m/s) even for 
high magnitude events.  
 

Site 10 lies between two large dunes, which force flows in a north westerly direction.  
Figure 12 and 13 showed modelled flows between the two dunes (hydrograph LA) which 
exceeded 150 m3/s for the 0.2% AEP 24 hour event and inundated the southern half of 
the site with depths commonly exceeding 0.5 m.  Lower magnitude events affected a 
smaller portion of the site, with the 5% AEP 24 hour event not resulting in any significant 
inundation.  Modelled flood velocities for a 0.2% 24 hour AEP event are approximately 
0.5 m/s in the southern half of the site with some localised areas reaching up to 
0.75 m/s.   
 

Site D drains to the north and north east and is typically higher in elevation than the 
adjacent Site E.  Figure 10 and 11 have shown a large dune between Site D and Onslow 
Road preventing flows which cross the road floodways from reaching the site.  In the 
model these flows were diverted to the east (through Site E) and north.  Local runoff 
resulted in some minor flooding within Site D.  For the 0.2% AEP 24 hour event, the 
model predicted flood depths less than 0.4 m affecting some central low lying parts of the 
site and the eastern corner.  Modelled velocities for this event did not exceed 0.2 m/s 
across Site D. 
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The modelling presented in this report suggests that Site D is the least susceptible to 
flooding.  This finding is supported by extensive hydrologic and hydraulic analysis and 
modelling including: 
 

 Rainfall runoff modelling of the Ashburton River catchment, 

 Flood frequency analysis of the Ashburton and Cane rivers  stream flow 
gauges, 

 Regional methods of peak flow estimation, 

 Hydraulic modelling of the Onslow Coastal Plain in the region downstream 
of the Ashburton and Cane River stream flow gauges,  

 High spatial resolution hydraulic modelling of the area around the three 
preferred sites, supported by site based topographic survey, and  

 Sensitivity testing of selected model parameters.  

 
The regional hydraulic modelling was described in this report demonstrated that: 
 

 Direct rainfall and local runoff was responsible for the largest flows to 
affect each of the three potential sites, 

 Flows from the Ashburton River reached the three potential sites, but with 
flood peaks significantly lower than and with timing offset from, those 
produced by direct rainfall and local runoff, and  

 Flows from the Cane River did not reach the sites. 

 
The local scale modelling used outputs from the regional scale modelling to show that: 
 

 A lack of defined channels around the three potential sites results in 
shallow flow (with depths typically less than 1 m) with low velocities 
(typically less than 0.5 m/s) even for large events, 

 Site E was affected by flows overtopping Onslow Road, resulting in 
substantial flood depths and velocities across the majority of the site, 

 The south western half of Site 10 was affected by significant upstream 
flows, although modelled flows had low depths and velocities, and  

 Site D was relatively unaffected by modelled flows, with minor inundation 
resulting from direct rainfall and local runoff. 

 
The modelling shows that Site D has the lowest susceptibility to flooding.   
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While Site D has the lowest susceptibility to flooding, the low modelled flood depths and 
velocities would not by themselves exclude any of the sites from development.  
Placement of fill, bunds and rock protection can be used to overcome many engineering 
design challenges.  PSM recommends that following the identification of a single 
preferred site: 
 

 A basis of design is developed which includes an adopted design event 
magnitude and freeboard depth for the setting of minimum flood levels for 
areas sensitive to inundation, 

 Surface water management infrastructure including drainage and flood 
protection designs are developed, and 

 The models used in this study are adapted for use in assessing the 
performance of the drainage and flood protection designs.  

 
 
 
For and on behalf of 
PELLS SULLIVAN MEYNINK 
 

      
 
PHIL BUSSEMAKER      IAN BRUNNER 
Associate Hydrologist      Principal Hydrogeologist 
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The Ashburton River Catchment is a large catchment with ephemeral runoff 
characteristics in the Pilbara.  The Nanutarra streamflow gauge (Site ID: 706003) 
provides a flow record between 1973 and 2017 for 71,270 km2 of the Ashburton River 
Catchment.  Figure B1 shows the Ashburton River catchment and the Nanutarra gauge 
regional location.  RORB modelling of the catchment has been undertaken in order to 
establish design runoff hydrographs up to the 1 in 500 yr AEP (Annual Exceedance 
Probability) event. 
 
RORB is an event based rainfall – runoff model where a catchment is divided into sub-
areas linked by reaches where each sub-area is represented as a conceptual storage 
that simulates the combined overland flow and channel storage.  RORB has recently 
been updated to version 6.31 by Monash University and SKM/HARC.  This update has 
allowed rapid incorporation of AR&R (2016) design inputs (such as temporal patterns, 
regionalised losses, rainfall IFD curves and areal reduction factors) and assessment of 
multiple storm durations and runoff parameters using either the ensemble event 
approach or a monte-carlo approach.  Observed and modelled hydrographs can be 
compared to allow calibration of the model. 
 
A RORB model for the Ashburton River upstream of the Nanutarra gauge has been 
calibrated against four selected calibration flow events.  The calibrated parameters are 
then used to perform a Monte-Carlo assessment and ultimately design hydrographs. 
 
 

 
A series of input data is required to perform RORB modelling. 
 

 
To model the catchment shape and streamflow network in RORB a number of sub-areas 
need to be generated.  To establish sub-catchment delineations a robust topography 
Digital Elevation Model (DEM) is required.  The Shuttle Radar Topography Mission 
(STRM) 1-second hydraulically enforced DEM (DEM-H) provided by Geoscience 
Australia is the best available dataset for the Ashburton River Catchment, and is shown 
in Figure B2.  As can be seen in Figure B2 there is a significant amount of relief in the 
topography with variation from 80 m AHD at the Nanutarra gauge up to 850 m AHD in 
the Hamersley Range which delineates the catchment northern boundary.  Catchment 
delineation for the Ashburton River based on the SRTM DEM-H shows very good 
agreement with the streamflow gauge delineations provided by the WA Department of 
Water and Environmental Regulation. 
 

 
Within the Ashburton River Catchment there are three main streamflow gauges that have 
data available for download: 
 

1. Nanutarra gauge (Site ID: 706003), which is the most downstream. 

2. Capricorn Range (Site ID: 706209). 

3. Hardey River – Mt Samson (Site ID: 706207).   
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The above streamflow gauge locations are shown on Figure A3.  Table A2.1 provides 
details on the streamflow gauges. 
 

 

Ashburton Nanutarra 706003 20/6/1972 - 71,270 91.2 

Ashburton 
Capricorn 

Range 
706209 8/1/1968 - 43,097 0.3 

Hardey Mt Samson 706207 7/12/1966 23/5/2001 250 89.7 

 
The streamflow records have data quality information, with ± 10% being the ‘best’ 
classification.  Of the gauges shown in Table A2.1 the Nanutarra gauge is the only one 
that is considered of use for the RORB modelling due to: 
 

 The Mt Samson gauge catchment area is 0.4% the size of the Nanutarra 
gauge catchment area, as such provides minimal benefit to calibrating 
overall runoff characteristics, and 

 The Capricorn Range gauge has much poorer data quality than the 
Nanutarra gauge; as such including the Capricorn Range flow data in the 
calibration could unduly skew the results.  

 
A time-series of the Nanutarra gauge streamflow is shown in Figure A4. 
 

 
Rainfall data is required for both calibration against historic rainfall events and running of 
design rainfall – runoff events. 
 

 
Observed historic rainfall is required to allow calibration of historic runoff events.  
Pluviograph records are of the largest benefit as they provide sub-daily rainfall totals.  
Given the large size of the Ashburton catchment capturing the spatial and temporal 
variation in rainfall is highly important.  Where pluviograph records are unavailable daily 
rainfall total records have been used.  Table A2.2 presents a summary of the rainfall 
gauges (obtained from the Bureau of Meteorology – BOM) used in this study. 
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Newman 
Aero 

007176 

Daily 24 hrs 1/10/1971 Current 

Pluviograph 3 hrs 17/12/1994 Current 

Pluviograph 30 min 22/8/1995 Current 

Newman 007151 
Daily 24 hrs 1/12/1965 12/8/2003 

Pluviograph 3 hrs 8/3/1978 28/8/1998 

Paraburdoo 
Aero 

007185 
Daily 24 hrs 1/6/1974 Current 

Pluviograph 30 mins 13/12/1995 Current 

Paraburdoo 007178 
Daily 24 hrs 1/12/1971 31/3/1997 

Pluviograph 3 hrs 4/6/1980 16/3/1997 

Tom Price 005072 
Daily 24 hrs 1/10/1972 28/4/2011 

Pluviograph 3 hrs 7/2/1998 28/4/2011 

Pannawonica 005069 
Daily 24 hrs 14/11/1971 Current 

Pluviograph 3 hrs 4/1/1977 16/9/2005 

Wittenoom 005026 
Daily 24 hrs 1/8/1950 Current 

Pluviograph 3 hrs 30/1/1960 Current 

Emu Creek 
Station 

006072 
Daily 24 hrs 1/7/1898 Current 

Pluviograph 3 hrs 1/8/1976 Current 

Mount Phillip 007058 
Daily 24 hrs 1/3/1902 Current 

Pluviograph 3 hrs 1/10/1987 31/1/2000 

Mount 
Vernon 

007059 Daily 24 hrs 1/8/1939 Current 

Turee Creek 007083 Daily 24 hrs 1/1/1920 Current 

Prairie 
Downs 

007153 Daily 24 hrs 1/5/1968 Current 

Mininer 007177 Daily 24 hrs 1/4/1964 Current 

 
Locations of the above rainfall stations are shown in Figure A3. 
 
A gridded dataset of mean annual rainfall has been produced by BOM.  Figure A5 
presents the mean annual rainfall across the Ashburton River catchment.  As can be 
seen from Figure A5 there is a reduction in rainfall the further east and the further south 
from the Hamersley Range in the catchment with mean annual rainfalls varying between 
230 and 400 mm. 
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Intensity-Frequency-Duration (IFD) curves are published by BOM (Bureau of 
Meteorology) for all of Australia.  The curves are available as tables of rainfall depths for 
specific rainfall durations.  Event durations range from 1 minute to 7 days and 
magnitudes up to the 1 in 2,000 yr AEP event.   
 
Guidance on aerial reduction factors, regional loss parameters and an ensemble of areal 
temporal patterns are also provided by the AR&R (2016) update.  These can be 
combined with the IFD curve information in order to model design rainfall patterns for 
rainfall – runoff modelling. 
 
 

 
Details on the established RORB model are provided in this section. 
 

 
Modelling of the Ashburton River Catchment in RORB requires delineation of a number 
of sub-catchments with an associated stream reach network.  A total of 43 sub-
catchments have been used to represent the 71,270 km2 catchment with sub-catchments 
varying from 221 to 4,028 km2.  The catchment delineation has been based on the 
SRTM DEM-H terrain model using the Golden Software Surfer catchment delineation 
tool.  Manual review of the sub-catchments was then conducted to refine some of the 
sub-catchment shapes.  This gave a model with a dav (average flow distance in the 
channel network from the centroid of each sub-area to the catchment outlet) of 341 km.  
Figure A6 shows the delineated sub-areas (node numbers are provided for the sub-
catchment centroids), stream reaches and intersection nodes (the node numbers have 
not been presented to simplify presentation).  Table A3.1 presents a summary of the 
sub-catchment sizes and RORB calculation order. 
 

 

1 220.75 43 

2 310.30 42 

3 671.68 39 

4 3246.19 40 

5 2231.97 41 

6 669.00 33 

7 1374.54 38 

8 1187.40 37 

9 1044.46 32 

10 712.11 31 
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11 1631.92 36 

12 2710.54 34 

13 733.89 35 

14 1530.77 30 

15 2021.96 28 

16 2070.29 29 

17 1010.21 27 

18 2919.06 26 

19 2234.66 25 

20 1457.44 24 

21 2635.42 23 

22 1038.49 22 

23 452.93 20 

24 1144.84 21 

25 708.03 15 

26 1188.80 19 

27 1386.55 18 

28 3515.05 16 

29 3017.81 17 

30 964.34 14 

31 4027.78 13 

32 637.52 12 

33 1980.69 11 

34 2012.61 10 

35 904.28 9 

36 739.06 8 

37 958.59 7 

38 371.90 4 

39 3284.14 5 

40 2008.80 6 

41 1756.69 3 

42 3974.96 1 

43 2571.62 2 
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All channel reaches have been modelled as a ‘Natural’ channel, as such slope 
characteristics do not need to be provided. 
 

 
To allow calibration of the RORB model the Nanutarra flow record and the available 
rainfall records have been considered to select calibration events.  Four calibration 
events were selected from the Nanutarra flow record to allow calibration.  These are 
summarised as: 
 

1. 1995 Event (peak flow 26 February 1995), which is the rank 2 flow event 
in the record. 

2. 1997 Event (peak flow 6 February 1997), which is the largest (i.e. rank 1) 
flow event in the record. 

3. 2006 Event (peak flow 3 March 2006), which is anticipated to be near the 
1 in 5 yr AEP flow. 

4. 2008 Event (peak flow 31 March 2008), which is the rank 4 flow event in 
the record.  

 
The 2006 and 2008 events have very good overlap with available pluviography records, 
whereas the 1995 and 1997 events only have some overlap with available pluviography 
records.  Table A3.2 presents further details about the calibration event periods. 
 

 

1995 Event 
20/2/1995 

9:00am 
3/3/1995 9:00am 5,826 

(1) 
3 101.2

 

1997 Event 
31/1/1997 

9:00am 
12/2/1997 9:00am 12,612 3 191.4 

2006 Event 
24/2/2006 

9:00am 
10/3/2006 9:00am 2,660 3 125.9 

2008 Event 
27/3/2008 

9:00am 
3/4/2008 9:00am 3,658 2 62.9 – 66.3 (2) 

Notes: 
(1) The hydrograph from a flow event prior to the modelled period was removed to improve calibration 

performance; this gave a modelled peak of 5,138 m
3
/s. 

(2) Two different spatial rainfall pattern distributions were considered. 
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For each of the calibration events shown in Table A3.2 all of the available daily and 
pluviograph rainfall data was extracted from the BOM website.  Any gaps in records were 
then attempted to be infilled comparing the pluviograph and daily records where 
applicable.  Rainfalls were distributed evenly over any periods.  This gave a combined 
rainfall record at the smallest possible time step from the data available (note due to the 
size of the catchment any available 1 minute pluviograph data was not assessed).  For 
RORB modelling a consistent time step for the hydrograph and rainfall data must be 
used.  The time step was tested to ensure it gave accurate representation of the flow 
hydrograph and combined rainfall records as well as a fine enough time step for 
calculation purposes.  The modelled time step is shown in Table A3.2. 
 
To establish a rainfall spatial pattern the following was undertaken: 
 

 A gridded dataset of total weekly rainfall (with an end date one day after 
the peak flow) was extracted from the BOM website.  This was used to 
help inform the rainfall spatial distribution, 

 The available rainfall records were then compared against this map and 
an assessment on which rainfall record should be applied to which sub-
catchment was then made.  This was done based on proximity as well as 
rainfall total.  Where possible records with pluviograph data informing the 
rain record were preferentially used, and 

 No adjustments to the rainfall totals from the rainfall records were made 
for individual sub-catchments.   

 
Figure A7 shows the weekly rainfall gridded map, flow hydrograph and combined rainfall 
records for the applicable gauges for the 1995 Event.  Table A3.3 presents a summary of 
the utilised rain records and the gauge rainfall total over the calibration period.  
 

 

Paraburdoo Aero 007158 10.5 No 

Emu Creek Station 006072 154.7 Yes 

Mount Phillip 007058 132.6 Yes 

Paraburdoo 007178 18.9 No 

Tom Price 005072 95.8 No 

Newman 007151 47.5 Yes 

Pannawonica 005069 239.9 Yes 
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Figure A8 shows the weekly rainfall gridded map, flow hydrograph and combined rainfall 
records for the applicable gauges for the 1997 Event.  Table A3.4 presents a summary of 
the utilised rain records and the gauge rainfall total over the calibration period.  Note this 
event was caused by a very slow moving low system and caused the rank 1 runoff event.  
From Figure A8 and the available rainfall records it appears the peak rainfall occurred in 
the eastern catchment, where there is much sparser availability of pluviograph data.  As 
such errors in the rainfall temporal pattern in this zone are likely. 
 

 

Newman Aero 007176 155.8 Yes 

Paraburdoo Aero 007158 218.8 Yes 

Emu Creek Station 006072 95.1 Yes 

Paraburdoo 007178 222.6 Yes 

Tom Price 005072 72.0 No 

Newman 007151 171.8 Yes 

Pannawonica 005069 106.4 Yes 

Wittenoom 005026 245.2 Yes 

Mount Vernon 007059 429.6 No 

Turee Creek 007083 331.0 No 

Prairie Downs 007153 264.4 No 

Mininer 007177 225.6 No 

 
Figure A9 shows the weekly rainfall gridded map, flow hydrograph and combined rainfall 
records for the applicable gauges for the 2006 Event.  Table A3.5 presents a summary of 
the utilised rain records and the gauge rainfall total over the calibration period. 
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Newman Aero 007176 64.8 Yes 

Paraburdoo Aero 007158 117.8 Yes 

Mount Phillip 007058 55.6 No 

Tom Price 005072 151.4 Yes 

Pannawonica 005069 143.6 No 

Wittenoom 005026 268.6 Yes 

 
Figure A10 shows the weekly rainfall gridded map, flow hydrograph and combined 
rainfall records for the applicable gauges for the 2008 Event.  Table A3.6 presents a 
summary of the utilised rain records and the gauge rainfall total over the calibration 
period. 
 

 

Newman Aero 007176 8.4 Yes 

Paraburdoo Aero 007158 53.6 Yes 

Emu Creek Station 006072 76.9 Yes 

Mount Phillip 007058 60.4 No 

Tom Price 005072 75.9 Yes 

Pannawonica 005069 145.9 No 

Wittenoom 005026 30.5 Yes 

 

 
With the large size of the Ashburton River Catchment and obvious rainfall trends across 
the catchment associated with distance from the coast and the Hamersley Range (see 
Figure A5) a number of design rainfall regions are likely needed.  The 2016 IFD data for 
modelled sub-catchments were extracted from the BOM website.  Sub-catchments with 
similar mean annual rainfall were initially grouped and then the IFD curves compared 
and grouping adjusted.  This resulted in six different design rainfall sub-catchments (see 
Figure A11).  For each zone a ‘standard’ IFD curve was selected (which was typically 
close to a ‘mean’ curve) for each of the six design rainfall zones.  The standard design 
rainfall IFD curves are shown in Figure A12.  
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Areal temporal patterns applicable to the Pilbara (Rangelands – West region) have been 
used with an ensemble of 10 different temporal patterns available from most storm 
durations between 12 hrs and 7 days (AR&R, 2016).  Areal reduction factors for the 
“Northern Coastal” zone are applicable to the catchment with the following parameters 
(AR&R, 2016): a = 0.326, b = 0.223, c = 0.442, d = 0.323, e = 0.0013, f = 0.58, g 
= -0.374, h = 0.013 and I = -0.0015.  
 
The Australian Rainfall & Runoff (2016) provides guidance on loss parameters across 
Australia.  However as much of the Ashburton River Catchment has a mean annual 
rainfall less than 350 mm loss parameters are not available, but in the closest available 
data (in the northwest corner of the Ashburton catchment) an initial loss of 60 mm and a 
continuing loss of 8.5 mm/hr is provided.  Other studies have also shown high losses 
with ‘lower bound’ estimates of initial losses of 10 – 60 mm and continuing losses of 
1.5 – 5 mm/hr in arid regions.  
 
 

 
The RORB model has been calibrated against four different hydrographs, details for 
which are outline in Section 3. 
 
RORB allows calibration through adjustment of four parameters: 
 

 Initial and continuing loss (IL and CL), which govern the excess rainfall 
generation, and 

 kc and m which are storage routing parameters, where:  

- S = Sub-Area Storage = kc x Qm, 

- Q = Sub-Area Discharge, and 

- m = catchment non-linearity parameter. 

 
A value of ‘m’ of 0.8 is considered standard and which is also consistent with findings 
from Pearcey et al. (2014).  For calibration ‘m’ has been set at 0.8. 
 

 
Within RORB, “FIT” runs allows input of IL, kc and m and then CL is back-calculated from 
the observed flow hydrograph in order to balance the total volume of runoff.  With ‘m’ set 
as constant then only IL and kc need to be varied as part of the calibration.  Sufficient 
agreement between the modelled and observed hydrographs was able to be achieved 
using the “FIT” model for the four calibration events. 
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Table A4.1 presents calibrated results from the RORB ‘FIT’ runs. 
 

 

1995 Event (1) 5,826 400 0.8 20 3.31 

1997 Event 
(2) 

12,612 370 0.8 80 2.54 

2006 Event 2,660 510 0.8 20 4.70 

2008 Event (3) 3,658 340 – 380 0.8 40 – 60 2.38 – 2.97 

Notes: 
(1) Flow from rainfall event prior to calibration event removed to help with CL fit, modelled peak flow is 

5,138 m3/s. 
(2) Time of peak is not matched particularly well, but this is believed to be associated with the 

sparseness of rainfall data availability in the eas tern catchment where the peak rainfall occurred. 
(3) Two different assessments of the rainfall spatial pattern have given the two different parameter 

estimates.  

 
Hydrographs are outputted at the following locations (as shown on Figure A6): 
 

 Node 59: On the main stream mid-catchment, 

 Node 47: On the main stream lower-catchment, 

 Nanutarra: The model outlet, which is the Nanutarra gauge where 
observed hydrographs are available, 

 Node 50: On the main stream between Nodes 47 and 59, and 

 Node 46: Lower catchment tributary, upstream of input to main stream. 

 
Figure A13 presents the 1995 Event calibration hydrograph outputs.  The following 
factors are noted: 
 

 The peak flow and time of peak are matched quite well, 

 The timing and shape of the main part of the rising limb is matched very 
well, 

 As shown in Figure A7 the rainfall is highest in the lower catchment, 
supported by minimal runoff from the upper catchment at Node 59, and 

 The early rising limb and parts of the failing limb do not match the 
observed hydrograph exactly, this is likely a combination of not have 
exactly the right rainfall pattern and the overall loss model being a bit 
‘harsh’ and limiting runoff from some sub-catchments. 
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Figure A14 presents the 1997 Event calibration hydrograph outputs.  The following 
factors are noted: 
 

 The peak flow and general hydrograph shape are matched quite well, 

 However, the time of peak is not (with an approximately 24 hr offset), this 
likely due to: 

- The highest rainfall occurring in the upper catchment.  Only daily 
rainfall stations are available where the peak rainfall occurred and 
rainfall totals have been spread over the entire 24 hr period, if the 
bulk of the rainfall occurred near the end of the 24 hr period this 
would likely have a big impact on the timing of the peak, and 

- As such it is considered that the rainfall spatial and temporal 
pattern may not be correct, in particular in the upper catchment. 

 Regardless due to the matched peak and general shape and this being 
the largest runoff event the calibration results are still considered valid. 

 
Figure A15 presents the 2006 Event calibration hydrograph outputs.  The following 
factors are noted: 
 

 The peak flow and time of peak are matched quite well, 

 The timing and shape of the main part of the rising limb is matched very 
well, 

 As shown in Figure A9 whilst there is more rainfall in the lower catchment 
node 46 appears to produce little runoff, this is due to the Mount Phillip 
rainfall total (see Table A3.5) being lower and the IL and CL appears to be 
high enough that no excess rainfall is generated from sub-catchments 
with have the Mount Phillip rainfall record applied to them, and 

 There are a number of smaller peaks in the observed hydrograph that are 
not reproduced in the modelled hydrograph, this is likely due to these 
peaks being caused by rainfall bursts that end up getting removed by the 
overall IL and CL model, whereas in reality some of these bursts would 
have produced some runoff. 

 
Figure A16 presents the 2008 Event calibration hydrograph outputs.  The following 
factors are noted: 
 

 Two slightly different rainfall distributions were considered, 

 For both the peak flow is matched well but the timing of the peak is slightly 
late (approximately 5 hrs), and 

 A second peak later in the event is not reproduced well, it appears that the 
rainfall burst that causes this rainfall is not converted into excess rainfall 
by the IL and CL model.  This burst seems to be mostly associated with 
the Paraburdoo Aero gauge, which from Table A3.6 has a rainfall total 
less than or near the IL value.  As such the ‘overall’ IL and CL values 
which deal with the main peak well more or less strip out the second 
rainfall burst (which is not the focus) from producing excess rainfall. 
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From Table A4.1 the following findings have been made: 
 

 The value of kc varies between 340 and 510, a value of 410 is 
recommended for design, 

 A value of ‘m’ of 0.8 appears sufficient to model the observed hydrograph 
shapes, 

 The value of CL varies between 2.38 and 4.7 mm/hr, a value of 2.5 mm/hr 
is recommended for design, and 

 The value of IL varies between 20 and 80 mm (representing difference in 
antecedent conditions), a mean value of 60 mm is recommended for 
design. 

 
For a kc of 410 and a dav of 341 km the calibrated Cm=0.8 parameter becomes 410 / 341 = 
1.2.  Pearcey et al. (2014) recommends a Cm=0.8 value of 0.59 for the Pilbara, however 
from the assessed catchments (which did not include the Nanutarra gauge) Cm=0.8 values 
range between 0.34 and 1.23 with little relationship to catchment area.  The paper also 
observed that potentially lower equal area slopes produced higher Cm=0.8 values with the 
flattest equal area slope considered being 1.65.  The Nanutarra equal area slope was 
0.786 m/km.  As such the calibrated kc appears to be within a reasonable range.  
 
 

 
Monte-Carlo modelling is an event based approach where all key factors influencing the 
rainfall – runoff model output are stochastically sampled from probability distributions or 
ensembles.  This process provides a distribution of peak flows for each storm AEP and 
duration which can be statistically analysed for an expected flow.  The AR&R (2016) 
update provides inputs that can be used to enable Monte-Carlo modelling in RORB. 
 

 
For the Nanutarra RORB monte-carlo assessment the following conditions were 
implemented: 
 

 The rainfall IFD curves for each sub-catchment were compared and six 
design rainfall sub-catchments (each with one design IFD curve) were 
created (as shown in Figures A11 and A12), giving a design rainfall spatial 
variation, 

 Areal temporal patterns for the Pilbara were inputted (see Section 3.3), 

 Areal reduction factors from the AR&R (2016) were inputted based on the 
catchment centroid (see Section 3.3), 

 A constant value of ‘m’ of 0.8 was considered, 

 For each monte-carlo assessment a constant value of kc is inputted, as 
part of sensitivity assessment the range of kc values from Table A4.1 were 
tested, 
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 For each monte-carlo assessment a constant mean value of IL is inputted, 
RORB then randomly selects multiple standard deviations from the mean 
for the IL from a standard distribution.  As part of sensitivity analysis the 
range of IL values from Table A4.1 were tested as the mean IL, and 

 For each monte-carlo assessment a constant value of CL is inputted, as 
part of sensitivity assessment the range of CL values from Table A4.1 
were tested. 

 

 
Table A5.1 presents the different parameter inputs for the Monte-Carlo sensitivity testing. 
 

 

MC1 410 0.8 60 2.5 
Assessed Calibration 

best fit 

MC2 340 0.8 60 2.5 
Lower bound 
calibration kc 

MC3 510 0.8 60 2.5 
Upper bound 
calibration kc 

MC4 410 0.8 60 2.3 
Lower bound 
calibration CL 

MC5 410 0.8 40 2.0 
Low losses 
comparison 

 
The Flood Frequency Analysis (FFA) at the Nanutarra gauge (see Appendix B) can be 
used to compare the Monte-Carlo results.  Figure A17 shows a plot of the FFA and the 
RORB Monte-Carlo sensitivity testing results.  From this it can be seen that: 
 

 As expected a lower kc value (run MC2) and lower losses (run MC5) give 
higher estimates of peak runoff and a higher value of kc value (run MC3) 
gives lower estimates of peak runoff, 

 For more frequent AEP events (i.e. up to the 1 in 50 yr AEP) the RORB 
Monte-Carlo estimates are lower than the FFA lower bound peak flow, 
whereas for the less frequent AEP events (i.e. the 1 in 100 yr AEP event 
and beyond) the run MC1 and MC4 results appear to compare quite well 
with the FFA mean predictions, 

 It appears that for more frequent AEP events the RORB Monte-Carlo 
appears to predict lower bound flows, this is expected to be as a result of 
the assumed IL and CL loss model being too aggressive on average for 
the lower rainfall total events, and 
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 As the less frequent events (e.g. 1 in 100 yr and 1 in 500 yr AEP) will 
have a more significant impact on downstream flooding it is considered 
that matching the FFA flows at these magnitudes is important.  As such 
the run MC1 parameters appear to perform quite well, with minimal 
difference associated with the run MC4 results.   

 
From sensitivity testing it was found that the ‘MC1’ run parameters gave the best overall 
agreement with the FFA results presented in Appendix B, which are: 
 

 Routing parameters: kc of 410 and m of 0.8, and 

 Loss parameters: mean IL of 60 mm and CL of 2.5 mm/hr.  

 
A summary of the Nanutarra RORB monte-carlo run MC1 peak flow results for the above 
parameters are presented in Table A5.2. 
 

 

10 1,042.1 72 

20 2,713.4 48 

50 6,318.4 72 

100 10,896.9 72 

200 15,008.5 72 

500 20,680.3 72 

 

 
Other regionalised methods are available to allow prediction of peak runoffs, namely: 
 

 Davies and Yip (2014), 

 Flavell (2012), and 

 Regional Flood Frequency Estimation (RFFE) Model. 

 
These methods are mostly built around regionalisation of gauging FFA results.  A 
comparison between the predictions from these methods as well as the at-site FFA and 
RORB Monte-Carlo run MC1 results are shown in Figure A18.  From this it can be seen 
that the RORB run MC1 results are within the range of other method results for the 1 in 
20 yr AEP and above.   
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Results of a FFA are biased to wetter antecedent conditions as it is based off an annual 
maximum flow series whereas the RORB Monte-Carlo results consider a range of initial 
loss conditions (i.e. dry to wet).  At more frequent AEP’s the design rainfalls are lower, 
when a drier/higher initial loss is modelled there can be little to no generated excess 
rainfall and associated runoff.  To produce significant runoff in the Monte-Carlo modelling 
very wet/low initial loss would be required, and this may only occur in a few of the 
samples.  The Monte-Carlo results then presents the expected runoff from the results of 
all samples, which will be biased to the lower flows in these cases, whereas the FFA 
may be more consistent with results closer to the upper bound Monte-Carlo results.  At 
less frequent AEP’s (e.g. 1 in 50 yr AEP) the design rainfalls become higher, drier 
antecedent conditions still give runoff and it’s much less likely that the ‘worse case’ 
temporal pattern and rainfall has been observed in the record, as such the Monte-Carlo 
and FFA results converge.    
 
 

 
As input to the regional scale TUFLOW GPU hydraulic modelling a design hydrograph is 
required for the Ashburton River Catchment at the Nanutarra gauge for different AEP’s.   
 

 
To establish a design hydrograph a RORB ‘DESIGN’ run with the following 
characteristics was undertaken: 
 

 An ensemble method has been run using the areal temporal patterns with 
the following parameters: 

- Routing parameters: kc of 410 and m of 0.8, and 

- Loss parameters: mean IL of 60 mm and CL of 2.5 mm/hr, and 

- These are the assessed calibration values. 

 The peak flow for each temporal pattern and AEP is compared against the 
design peak flows in Section 6.2 and the pattern that produces the closest 
flow was selected, 

 The assumed IL for that temporal pattern was then adjusted manually till 
the peak flow matched the aimed design flow: 

- This is a similar process to what the Monte-Carlo method uses. 

 Hydrographs were determined for the following AEP’s: 

- 1 in 10 yr AEP, 

- 1 in 20 yr AEP, 

- 1 in 50 yr AEP, 

- 1 in 100 yr AEP, and 

- 1 in 500 yr AEP.  

  



 

 

 
 

PSM3282-002R 

 

 
Table A6.1 presents a summary of the peak flow estimates for the Ashburton River 
Catchment at the Nanutarra gauge from all methods. 
 

 

2 935.3 - 378 677 1,103 - 

5 2,391.9 - 1,090 2,185 2,189 - 

10 3,883.6 1,042.1 1,770 3,714 3,691 3,883.6 

20 5,776.5 2,713.4 2,570 5,637 6,239 5,776.5 

50 9,000.1 6,318.4 3,740 9,067 12,410 9,000.1 

100 12,071.6 10,896.9 4,670 12,716 21,014 12,071.6 

500 21,765.2 20,680.3 - - - 20,680.3 

 
The assessed design peak flow is also presented in Table A6.1.  These values are 
based on the at-site FFA and RORB Monte-Carlo results.  The other methods are 
regionalised methods and as such form useful points of comparison but have lower 
confidence than ones based on at-site gauging data.   
 
At less frequent AEP (i.e. greater than the 1 in 50 yr AEP) events extrapolation from the 
data is required to provide estimates for the at-site FFA and error bands start to become 
quite large.  At which point there starts to be higher confidence in the RORB Monte-Carlo 
results.  For the design events up to the 1 in 100 yr AEP the at-site FFA results have 
been preferred, and then the RORB Monte Carlo results have been used for the 1 in 
500 yr AEP event.     
 

 
The RORB Monte-Carlo results from Table A5.2 shows that the critical storm duration 
varies between 48 and 72 hrs, with the majority at 72 hrs.  Based on the catchment size 
this is considered realistic.  To simplify the hydrograph modelling a 72 hr storm duration 
is assumed across all AEP’s. 
 

 
For selection of the design temporal pattern the pattern that produced the flow closest to 
the design flow from Table A6.1 was used.  For each duration there are typically 10 areal 
temporal patterns available.  Table A6.2 presents the selected areal temporal patterns 
for a 72 hr storm duration for each AEP.  The event ID’s are as listed in the Rangelands 
– West database.   
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10 2317 

20 2319 

50 2319 

100 2319 

500 2316 

Notes: 
(1) From the 40,000 km2 area areal temporal patterns. 

 

 
Using the areal temporal patterns from Table A6.2 the IL was varied till the design peak 
flow (see Table A6.1) was matched.  Table A6.3 presents the design hydrograph details. 
 

 

10 72 410 0.8 60.5 2.5 

20 72 410 0.8 65.2 2.5 

50 72 410 0.8 79.5 2.5 

100 72 410 0.8 89.5 2.5 

500 72 410 0.8 36 2.5 

 
A plot of the design hydrographs can be seen in Figure A19 where a time of 0 hrs 
represents the start of the design rainfall event.  
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Encl: Figure B1: Streamflow Gauge Locations 

Figure B2: Nanutarra Gauge Streamflow Record 
Figure B3: Toolunga Gauge Streamflow Record 
Figure B4: Nanutarra FFA LP3 Fit – High Confidence AMS 
Figure B5: Nanutarra FFA GEV Fit – High Confidence AMS 
Figure B6: Nanutarra FFA LP3 Fit – High and Low Confidence AMS 
Figure B7: Nanutarra FFA Model vs Literature Comparison 
Figure B8: Toolunga FFA LP3 Fit – All Data 
Figure B9: Toolunga FFA Generalised Pareto – All Data 
Figure B10: Toolunga FFA Model vs Literature Comparison 
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Flood Frequency Analysis (FFA) can be used to estimate flood peak flows from the 
available gauging data.  TUFLOW FLIKE is software developed as part of the AR&R 
(2016) update.  This software utilises the Cunnane plotting position, allows filtering of 
Potentially Influential Low Flows using the multiple Grubbs-Beck test, allows input of 
regionalised information and fitting of multiple probability distributions, including LP3 
(Log-Pearson Type III), using Bayesian calibration. 
 
The Ashburton River Catchment for the purposes of this appendix is considered as the 
area upstream of the Nanutarra streamflow gauge, with a catchment area of 71,270 km2.  
The Nanutarra gauge (Site ID: 706003) has a flow record between 1973 and 2017 with a 
number of gauging measurements up to 11,500 m3/s to advise the rating curve and a 
maximum recorded flow of 12,612 m3/s.  This streamflow record is used to perform a 
FFA of the Ashburton River Catchment.  
 
The Cane River Catchment for the purposes of this appendix is considered as the area 
upstream of the Toolunga streamflow gauge, with a catchment area of 2,326 km2.  The 
Toolunga gauge (Site ID: 707005) has a flow record between 1986 and 2017 with a 
number of gauging measurements up to 1,200 m3/s to advise the rating curve.  The 
maximum flow in the gauging record is 1,747 m3/s.  This streamflow record is used to 
perform a FFA of the Cane River Catchment.  
 
Figure B1 shows locations of the Nanutarra and Toolunga gauges and the associated 
catchment areas. 
 
 

 
A water year is taken as the end of the standard dry season in this report.  The water 
year will be used to assess the gauging Annual Maxima Series (AMS) which forms the 
input to the FFA.  The main benefit of this is that as there is typically no flow in the dry 
season, helping ensure peak flow events are independent.  Table B2.1 presents the 
mean monthly rainfalls for a number of rainfall gauges in or nearby the Ashburton and 
Cane River catchments (locations shown on Figure B1). 
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From Table B2.1 it can be seen that the wet season typically peaks in February and the 
driest monthly is typically September.  Consequentially for this region the water year will 
be considered to start in October.  For example the 2016 water year will run from 
October 2015 to September 2016. 
 
 

 
The Annual Maxima Series (AMS) is the main input to a Flood Frequency Analysis 
(FFA).  The AMS is established by establishing the peak gauged flow for each water 
year.  Where there were gaps in the streamflow gauging record an assessment using the 
rainfall record has been used to help assess confidence in whether there may have been 
a larger flow in the missing period for each water year.  A check to ensure that peak flow 
events are independent has also been made. 
 
Gauging records have been downloaded from the BOM water-data database and cross-
checked against the WA Department of Water and Environmental Regulation database.  
 

 
Figure B2 presents the streamflow gauging record for the Ashburton River – Nanutarra 
gauge.  Table B3.1 presents the AMS assessment made for the Nanutarra gauge 
including an assessment of confidence for each water year of if the recorded peak flow is 
the actual peak flow. 
 

 

1973 977.2 High Missing data in Jan is not critical 

1974 715.7 Very Low 
Missing data in Jan which is highly 

likely to be the peak event 

1975 293.8 Very Low 
Missing data in Mar that has similar 

rainfall to the storm causing the 
recorded peak event 

1976 2,609.3 High  

1977 58.5 High  

1978 633.5 High  

1979 233.4 Low 

Recorded peak appears to be on falling 
limb of hydrograph, but would not 

expect actually peak to be significantly 
higher 

1980 3,232.4 Reasonable 
Missing some data in Jan with a large 
runoff event, but ‘peak event’ in Jun 

appears to be a larger storm 
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1981 1,013.0 Reasonable 
Missing some data in Jan with a large 
Runoff event, but ‘peak event’ in Mar 

appears to be a larger storm 

1982 372.7 Low 

Missing data in Jan and Feb with 
similar storm size to recorded peak flow 

(Mar). Actual peak may not be 
significantly higher though. 

1983 152.7 High  

1984 1,171.2 High 
Missing Dec and Jan data does not 

appear critical 

1985 995.3 High  

1986 449.3 Reasonable 

Recorded peak appears to just be on 
falling limb of hydrograph, but would not 
expect actually peak to be significantly 

higher 

1987 1,735.3 High 
Missing flow data is in times with low 

rainfall 

1988 628.5 High 
Capture peak Jan event and missing 

data unlikely to give a higher flow 

1989 651.1 High 
The Dec peak is picked up despite 

missing data 

1990 1,004.0 Reasonable 

Appear to be missing some data on the 
rising limb of the hydrograph with the 

recorded peak, an earlier (and 
higher)peak  in the missing data 

appears unlikely 

1991 159.0 Reasonable 

Recorded peak in June is picked up 
with a rainfall that appears more 

extreme than rainfall events in Jan and 
Feb for which flow data is missing (hard 

to assess antecedent conditions 
though) 

1992 746.8 High  

1993 536.2 High 
Missing flow data does not contain any 

significant rainfall events 

1994 864.3 High 
Missing flow data does not contain any 

significant rainfall events 

1995 5,825.7 High  

1996 799.5 Reasonable 

Recorded peak in Apr is picked up with 
a rainfall that appears more extreme 

than rainfall events in Jan and Feb for 
which flow data is missing (hard to 

assess antecedent conditions though) 
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1997 12,611.6 High 
Caused by slow moving low system. 

Rank 1 flow event 

1998 997.9 High  

1999 1,724.4 High  

2000 3,886.5 High  

2001 903.2 High  

2002 180.0 Low 

Some critical rainfall events in Jan and 
Feb for which there is missing flow 

data, but appears to be reasonably dry 
antecedent conditions, so hard to 

assess if peaks would be higher than 
recorded Mar peak 

2003 711.6 High  

2004 2,466.7 High  

2005 279.3 High 
Peak flow associated with highest 

rainfall 

2006 2,660.2 High 
Peak is picked up despite some 

missing Jan flow data 

2007 50.9 Low 

Such low reported runoff in Mar seems 
unlikely given rainfall. Suspect a 

potential logger issue despite given 
data quality as ± 10% 

2008 3,657.9 High  

2009 1,350.7 High  

2010 0.0 Reasonable 

Largest rainfall events are Nov and Jan 
and it appears very dry antecedent 
conditions, so minimal runoff seems 

reasonable 

2011 884.9 High  

2012 954.4 High  

2013 261.7 High  

2014 856.8 High  

2015 2,186.3 High  

2016 412.2 Reasonable 
Missing some data in Jun with a large 
runoff event, but ‘peak event’ in Jan 

appears to be a larger storm 

Note: 
(1) The year indicates the ‘end’ of the water year, so 2016 water year goes from October 2015 to 

September 2016. 
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A review of the available rainfall and flow records has allowed establishment if periods of 
missing data are likely to contain a peak runoff event (see Table B3.1).  From this 
process it was found that: 
 

 There was high confidence that 30 of the 44 available water years 
contained the peak runoff event, 

 There was reasonable confidence that 8 of the 44 available water years 
contained the peak runoff event (in these years there is generally a similar 
rainfall event that is missing runoff data to the ‘peak runoff event’), and 

 There was low/very low confidence that 6 of the 44 available water years 
contained the peak runoff event. 

 

 
Figure B3 presents the streamflow gauging record for the Cane River – Toolunga gauge.  
Table B3.2 presents the AMS assessment made for the Toolunga gauge including an 
assessment of confidence for each water year of if the recorded peak flow is the actual 
peak flow. 
 

 

1987 119.3 High  

1988 342.6 High 
Missing flow data does not contain any 

significant rainfall events 

1989 497.1 High  

1990 289.4 High 
Missing data in Jan appears to be on 

rising limb of hydrograph 

1991 152.6 High  

1992 537.1 High 

April rainfall appears to be very low for 
associated rainfall, but rainfalls appear 
lower than that casing recorded peak 

event (Mar) 

1993 823.0 High  

1994 175.1 High  

1995 1747.5 High  

1996 1080.9 High  

1997 390.4 High  

1998 1301.3 High  

1999 1243.0 High  

2000 1179.5 High  
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2001 698.8 High  

2002 196.0 High  

2003 77.1 High  

2004 393.6 High  

2005 171.0 High  

2006 559.4 High  

2007 40.4 High  

2008 580.3 High  

2009 539.9 High  

2010 78.5 High 

Missing some flow data in Jan with a 
large runoff event, but recorded peak in 
Mar appears to have similar rainfall, I 

suspect however spatially the Mar 
event ‘hits’ the catchment centroid 

better 

2011 417.2 High  

2012 168.0 High  

2013 181.6 High  

2014 834.6 High  

2015 577.2 High  

2016 142.4 Reasonable 
High rainfalls in Jun and Jul producing 

little runoff, but dry antecedent 
conditions could explain this 

2017 1090.9 Reasonable 
2017 water year still happening but it is 
highly unlikely that a peak flow event 

occurs between Jul and Sept 

Note: 
(1) The year indicates the ‘end’ of the water year, so 2016 water year goes from October 2015 to 

September 2016. 

 
A review of the available rainfall and flow records has allowed establishment if periods of 
missing data are likely to contain a peak runoff event (see Table B3.2).  From this 
process it was found that: 
 

 There was high confidence that 29 of the 31 available water years 
contained the peak runoff event, and 

 There is still quite high confidence that the other two available water years 
contain the peak runoff event. 
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Following the AMS assessment presented in Table B3.1 a FFA model has been 
calibrated to the observed data for the Nanutarra gauge.  The TUFLOW FLIKE software 
has been used for the fitting.  No regional data from the RFFE (Regional Flood 
Frequency Estimation) Model (AR&R, 2016) was available for this site, nor any historic 
flood information outside of that covered by the gauging record. 
 

 
From the AMS assessment presented in Table B3.1 the following AMS datasets have 
been considered: 
 

1. A “High Confidence” data set which contains all water years with ‘High’ 
and ‘Reasonable’ confidence from Table B3.1, giving a total of 38 years. 

2. A “High and Low Confidence” data set which only omits water years with a 
‘Very Low’ confidence from Table B3.1, giving a total of 42 years. 

 

 
Potentially influential low flows are frequent flows (say typically less than the 1 in 2 yr 
AEP) that can skew the fitting of an FFA model.  This is as including them forces the 
model to try and fit these frequent flows and the much larger flows, which often have 
quite different runoff characteristics.  As in FFA we are interested in fitting and predicting 
less frequent flows (e.g. 1 in 100 yr AEP), by omitting these low flows it helps improve 
the model fit in the region we are interested in (i.e. less frequent flows). 
 
The assessment of potentially influential low flows has been done using the multiple 
Grubbs-Beck test.  In TUFLOW FLIKE the filtered flows are still accounted for in the 
calculating of plotting position, but are omitted from the model fitting. 
 
For the two AMS series presented in Section 4.1 the following filtering was applied: 
 

 High Confidence AMS: 

- Two flows were filtered, and 

- These were flows with a value less than 152.6 m3/s. 

 High and Low Confidence AMS: 

- Three flows were filtered, and 

- These were flows with a value less than 152.6 m3/s. 

 

 
The following distributions were focussed on to fit the FFA model: 
 

 Log-Pearson III (LP3), 

 Generalised Extreme Value (GEV), and 
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 Generalised Pareto (which Davies and Yip, 2004 generally found gave the 
best fit for large catchments in the region nearby the Nanutarra gauge). 

 
Results of the LP3 and GEV model fits are shown in Figures B4 and B5 respectively for 
the ‘High Confidence’ AMS.  From this it can be seen that the best fit was achieved from 
the LP3 distribution (as a result of tighter error bounds).  The Generalised Pareto 
distribution was found not to perform any better than the LP3 distribution. 
 
Figure B6 shows the LP3 model fit for the ‘High and Low Confidence’ AMS.  This 
however gave larger error bounds than the LP3 fit for the ‘High Confidence’ AMS.  As 
such the LP3 fit for the ‘High Confidence’ AMS is recommended for design. 
 
Table B4.1 provides expected peak flows as well as monte-carlo 90% quantile probability 
limits for a range of AEP based on the Nanutarra gauge FFA. 
 

 

2 935.3 677.5 1,291.5 

5 2,391.9 1,714.5 3,490.8 

10 3,883.6 2,670.7 6,197.3 

20 5,776.5 3,766.7 10,452.3 

50 9,000.1 5,376.9 19,242.6 

100 12,071.6 6,679.3 30,399.6 

200 15,770.9 8,055.0 46,662.2 

500 21,765.2 9,959.3 79,399.7 

 

 
There are a number of other FFA estimations for the Nanutarra gauge available: 
 

 At-site FFA’s (i.e. based just on the Nanutarra gauging record): 

- BOM water-database FFA, and 

- Davies and Yip (2014). 

 Regionalised FFA models: 

- RFFE Model (AR&R, 2016), 

- Davies and Yip (2014), and 

- Flavell (2012).   
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Figure B7 presents a comparison between the at-site FFA conducted for this report 
(“PSM 2017”) and those listed above.  The regionalised methods are provided just for 
reference and are not considered to be used in preference of at-site FFA assessments.  
For example the RFFE model is based on streamflow gauges with a catchment area less 
than 1,000 km2 (i.e. less than 1.4 % the size of the Nanutarra gauge catchment), as such 
there is potential for significant error. 
 
As can be seen from Figure B7 there is generally close agreement between the ‘PSM 
2017’ fit and the other methods (ignoring the RFFE).  There are some differences 
between results provided in Table B4.1 and the FFA provided on the BOM website for 
this gauge.  The BOM assessment is based on the following factors: 
 

 The AMS is based on the calendar year, 

 An assessment of the impact of missing flow data within a year is not 
made, and 

 Filtering of Potentially Influential Low Flows does to appear to be allowed 
for. 

 
Based on these factors the assessment presented in Table B4.1 is considered a more 
robust and accurate assessment than that presented on the BOM website. 
 
 

 
Following the AMS assessment presented in Table B3.2 a FFA model has been 
calibrated to the observed data for the Toolunga gauge.  The TUFLOW FLIKE software 
has been used for the fitting.  No regional data from the RFFE (Regional Flood 
Frequency Estimation) Model (AR&R, 2016) was available for this site, nor any historic 
flood information outside of that covered by the gauging record. 
 

 
From the AMS assessment presented in Table B3.2 it can be seen that all years either 
have ‘high’ or ‘reasonable’ confidence.  The years with ‘reasonable’ confidence are still 
considered as quality data points.  As such all 31 water years have been included in the 
AMS. 
 

 
Potentially influential low flows are frequent flows (say typically less than the 1 in 2 yr 
AEP) that can skew the fitting of an FFA model.  This is as including them forces the 
model to try and fit these frequent flows and the much larger flows, which often have 
quite different runoff characteristics.  As in FFA we are interested in fitting and predicting 
less frequent flows (e.g. 1 in 100 yr AEP), by omitting these low flows it helps improve 
the model fit in the region we are interested in (i.e. less frequent flows). 
 
The assessment of potentially influential low flows has been done using the multiple 
Grubbs-Beck test.  In TUFLOW FLIKE the filtered flows are still accounted for in the 
calculating of plotting position, but are omitted from the model fitting. 
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For the AMS series presented in Section 5.1 the following filtering was applied: 
 

 Eleven (11) flows were filtered, and 

 These were flows with a value less than 289.4 m3/s. 

 

 
The following distributions were focussed on to fit the FFA model: 
 

 Log-Pearson III (LP3), 

 Generalised Extreme Value (GEV), and 

 Generalised Pareto (which Davies and Yip, 2004 generally found gave the 
best fit for medium catchments in the region nearby the Toolunga gauge). 

 
Results of the LP3 and Generalised Pareto model fits are shown in Figures B8 and B9 
respectively for the AMS.  From this it can be seen that the best fit was achieved from 
the LP3 distribution (as a result of tighter error bounds in the less frequent events).  The 
Generalised Pareto fit does give slightly better performance for events more frequent 
than the 1 in 1.5 yr AEP, but as this is not the region of focus for design this is of little 
consequence.  The GEV distribution was found to perform the worst.  As such the LP3 fit 
is recommended for design. 
 
Table B5.1 provides expected peak flows as well as monte-carlo 90% quantile probability 
limits for a range of AEP based on the Toolunga gauge FFA: 
 

 

2 402.5 286.7 573.5 

5 866.0 679.4 1,207.0 

10 1,204.7 956.1 1,622.6 

20 1,529.6 1,188.1 2,110.7 

50 1,933.8 1,441.3 2,978.9 

100 2,218.5 1,589.7 3,657.9 

200 2,484.5 1,704.3 4,508.7 

500 2,807.3 1,818.9 5,835.8 
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There are a number of other FFA estimations for the Nanutarra gauge available: 
 

 At-site FFA’s (i.e. based just on the Nanutarra gauging record): 

- BOM water-database FFA. 

 Regionalised FFA models: 

- RFFE Model (AR&R, 2016), 

- Davies and Yip (2014), and 

- Flavell (2012).  

 
Figure B10 presents a comparison between the at-site FFA conducted for this report 
(“PSM 2017”) and those listed above.  The regionalised methods are provided just for 
reference and are not considered to be used in preference of at-site FFA assessments.  
For example the RFFE model is based on streamflow gauges with a catchment area less 
than 1,000 km2 (i.e. less than 43 % the size of the Toolunga gauge catchment), as such 
there is potential for significant error. 
 
As can be seen from Figure B10 there is generally close agreement between the ‘PSM 
2017’ fit and the other methods, with some divergence from the 1 in 50 yr AEP and 
above.  There are some differences between results provided in Table B5.1 and the FFA 
provided on the BOM website for this gauge.  The BOM assessment is based on the 
following factors: 
 

 The AMS is based on the calendar year, 

 An assessment of the impact of missing flow data within a year is not 
made, and 

 Filtering of Potentially Influential Low Flows does to appear to be allowed 
for. 

 
Based on these factors the assessment presented in Table B5.1 is considered a more 
robust and accurate assessment than that presented on the BOM website. 
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36 Site D Area 310727.422 7580502.882 18.725 

37 Site D Area 310687.7358 7580476.279 20.886 

38 Site D Area 310473.4051 7580401.318 9.529 

39 30KM FLOODWAY 310110.8112 7580732.234 9.179 

40 30KM ONSLOW SIGN 310058.992 7580759.759 9.487 

41 Site D Area 310149.2356 7580834.142 9.125 

42 Site D Area 310200.8534 7580900.149 9.174 

43 Site D Area 310242.4842 7580952.978 8.996 

44 Site D Area 310257.5825 7580981.1 9.033 

45 Site D Boundary (approx) 310320.599 7581030.68 9.774 

46 Site D Boundary (approx) 310432.8091 7581117.167 9.371 

47 Site D Boundary (approx) 310548.2687 7581206.894 8.916 

48 Site D Boundary (approx) 310580.0477 7581217.055 8.759 

49 Site D Boundary (approx) 310598.4926 7581199.657 9.036 

50 Site D Boundary (approx) 310618.515 7581174.892 8.926 

51 Site D Boundary (approx) 310670.9463 7581117.403 9.686 

52 Site D Boundary (approx) 310704.2679 7581080.73 9.26 

53 Site D Boundary (approx) 310725.6548 7581046.445 9.044 

54 Site D Boundary (approx) 310764.6735 7581008.986 9.015 

55 Site D Boundary (approx) 310792.021 7580974.008 9.053 

56 Site D Boundary (approx) 310896.6141 7580838.715 9.567 

57 Site D Boundary (approx) 310930.7725 7580791.87 9.726 

58 Site D Boundary (approx) 310988.7277 7580800.637 9.721 

59 Site D Boundary (approx) 311028.195 7580798.815 9.674 

60 Site D Boundary (approx) 311066.2946 7580796.535 9.553 

61 Site D Boundary (approx) 311141.2835 7580759.991 9.543 

62 Site D Boundary (approx) 311117.1678 7580744.344 9.496 

63 Site D Boundary (approx) 311089.8813 7580723.13 9.611 

64 Site D Boundary (approx) 311051.2651 7580685.67 9.748 

65 Site D Boundary (approx) 311028.7373 7580668.038 9.917 

66 Site D Boundary (approx) 310922.7244 7580593.954 10.403 

67 Site D Boundary (approx) 310873.3819 7580570.905 10.476 

68 Site D Boundary (approx) 310830.5954 7580545.235 10.911 

69 Site D Area 310836.0039 7580514.154 11.507 

70 Site D Area 310847.7899 7580471.737 13.889 

71 Site D Area 310868.1671 7580420.603 19.936 

72 Site D Area 310905.5237 7580432.088 14.542 

73 Site D Area 310835.5108 7580503.911 11.893 

74 Site D Boundary (approx) 310785.3763 7580561.887 11.088 

75 Site D Boundary (approx) 310731.6841 7580614.182 10.771 
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76 Site D Boundary (approx) 310644.7416 7580693.004 10.441 

77 Site D Boundary (approx) 310584.7188 7580754.069 10.277 

78 Site D Boundary (approx) 310546.9397 7580792.737 10.332 

79 Site D Boundary (approx) 310460.9734 7580871.615 10.734 

80 Site D Boundary (approx) 310399.939 7580929.956 10.213 

81 Site D Boundary (approx) 310336.1915 7580969.614 9.936 

82 Site D Area 310282.0981 7580961.614 9.247 

83 Site D Area 310274.4504 7580908.502 11.034 

84 Site D Area 310312.1834 7580930.299 9.684 

85 Site E Boundary (approx) 311029.3782 7580315.558 12.022 

86 Site E Boundary (approx) 311049.5713 7580330.889 11.245 

87 Site E Boundary (approx) 311094.7505 7580354.946 10.425 

88 Site E Boundary (approx) 311135.3273 7580385.298 10.098 

89 Site E Boundary (approx) 311168.3132 7580411.525 9.726 

90 Site E Boundary (approx) 311195.1243 7580435.32 9.585 

91 Site E Boundary (approx) 311204.7799 7580458.02 9.478 

92 Site E Boundary (approx) 311219.5055 7580478.439 9.357 

93 Site E Boundary (approx) 311224.9408 7580491.803 9.379 

94 Site E Boundary (approx) 311245.2017 7580522.853 9.4 

95 Site E Boundary (approx) 311255.9941 7580537.126 9.398 

96 Site E Boundary (approx) 311289.3948 7580513.497 9.368 

97 Site E Boundary (approx) 311333.08 7580496.664 9.265 

98 Site E Boundary (approx) 311372.8568 7580474.238 9.202 

99 Site E Boundary (approx) 311418.3121 7580453.915 9.217 

100 Site E Boundary (approx) 311505.9041 7580432.149 9.301 

101 Site E Boundary (approx) 311568.2292 7580413.406 9.26 

102 Site E Boundary (approx) 311647.5539 7580389.375 9.229 

103 Site E Boundary (approx) 311712.7478 7580380.292 9.186 

104 Site E Boundary (approx) 311753.3528 7580359.995 9.263 

105 Site E Boundary (approx) 311803.2232 7580323.568 9.203 

106 Site E Boundary (approx) 311848.9593 7580301.562 9.224 

107 Site E Boundary (approx) 311902.2043 7580275.068 9.287 

108 Site E Boundary (approx) 311954.6759 7580256.829 9.476 

109 Site E Boundary (approx) 312008.598 7580239.885 9.357 

110 Site E Boundary (approx) 312028.1308 7580223.998 9.286 

111 Site E Boundary (approx) 312050.3363 7580212.823 9.264 

112 Site E Boundary (approx) 312067.5058 7580199.898 9.244 

113 Site E Boundary (approx) 311972.6872 7580164.062 9.332 

114 Site E Boundary (approx) 311902.4149 7580083.968 9.402 

115 Site E Boundary (approx) 311861.4164 7580006.989 9.519 
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116 Site E Boundary (approx) 311837.794 7579924.078 9.45 

117 Site E Boundary (approx) 311795.8156 7579855.696 9.587 

118 Site E Boundary (approx) 311763.7875 7579800.131 9.524 

119 Site E Boundary (approx) 311737.4676 7579761.403 9.606 

120 Site E Boundary (approx) 311722.8562 7579728.844 9.765 

121 Site E Boundary (approx) 311708.3121 7579689.805 9.785 

122 Site E Boundary (approx) 311707.7979 7579645.969 9.728 

123 Road XSN 311659.3694 7579593.025 9.908 

124 Road XSN 311643.3839 7579566.131 9.784 

125 Road XSN 311640.3229 7579560.101 10.197 

126 Road XSN 311639.1627 7579557.819 9.957 

127 Road XSN 311637.6308 7579554.228 10.392 

128 Road XSN 311635.8881 7579550.087 10.432 

129 Road XSN 311633.7502 7579546.089 10.336 

130 Road XSN 311636.3359 7579542.026 10.136 

131 Road XSN 311636.3221 7579542.008 10.13 

132 Site E Boundary (approx) 311585.5137 7579630.916 9.885 

133 Site E Boundary (approx) 311558.1324 7579822.985 9.637 

134 Site E Boundary (approx) 311519.9219 7579899.13 9.58 

135 Site E Boundary (approx) 311505.8236 7579950.876 9.531 

136 Site E Boundary (approx) 311444.701 7579971.798 9.662 

137 Site E Boundary (approx) 311382.2793 7580031.346 10.131 

138 Site E Boundary (approx) 311344.7992 7580072.378 10.134 

139 Site E Boundary (approx) 311295.1537 7580116.753 10.289 

140 Site E Boundary (approx) 311272.1711 7580145.646 10.219 

141 Site E Boundary (approx) 311199.8584 7580200.138 10.661 

142 Site E Boundary (approx) 311200.7806 7580199.66 10.661 

143 Site E Boundary (approx) 311166.1706 7580228.64 10.62 

144 Site E Boundary (approx) 311115.7862 7580268.612 11.171 

145 Site E Boundary (approx) 311044.4001 7580328.496 11.384 

146 Site D Area 310993.2597 7580380.842 11.569 

147 Site D Area 310945.1436 7580436.807 11.522 

148 Site D Area 310881.9287 7580492.383 11.544 

149 Site D Boundary (approx) 310818.1085 7580534.647 11.254 

151 Site 10 Boundary (approx) 316613.4808 7576127.921 34.89 

152 Site 10 Boundary (approx) 316588.6191 7576140.355 33.335 

153 Site 10 Boundary (approx) 316560.8054 7576142.787 28.331 

154 Site 10 Boundary (approx) 316523.8637 7576152.047 26.84 

155 Site 10 Boundary (approx) 316474.3083 7576186.45 26.945 

156 Site 10 Boundary (approx) 316393.2615 7576207.081 19.338 
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157 Site 10 Boundary (approx) 316287.9056 7576238.069 14.528 

158 Site 10 Boundary (approx) 316215.3153 7576247.126 14.135 

159 Site 10 Boundary (approx) 316141.625 7576269.363 14.039 

160 Site 10 Boundary (approx) 316079.9515 7576305.274 13.985 

161 Site 10 Boundary (approx) 315945.8723 7576329.041 13.762 

162 Site 10 Boundary (approx) 315820.9087 7576371.93 13.602 

163 Site 10 Boundary (approx) 315738.9956 7576320.529 13.488 

164 Site 10 Boundary (approx) 315633.2432 7576341.703 13.201 

165 Site 10 Boundary (approx) 315591.9384 7576358.898 13.215 

166 Site 10 Boundary (approx) 315519.1487 7576292.517 13.036 

167 Site 10 Boundary (approx) 315423.7461 7576194.554 12.654 

168 Site 10 Boundary (approx) 315361.9523 7576047.998 12.494 

169 Site 10 Boundary (approx) 315332.2925 7575905.211 12.643 

170 Site 10 Boundary (approx) 315308.4795 7575849.211 12.726 

171 Site 10 Boundary (approx) 315261.5845 7575736.161 12.808 

172 Site 10 Boundary (approx) 315393.1954 7575646.497 13.098 

173 Site 10 Boundary (approx) 315414.5129 7575632.21 13.239 

174 Site 10 Boundary (approx) 315594.675 7575531.999 13.655 

175 Site 10 Boundary (approx) 315707.0446 7575489.943 13.723 

176 Site 10 Boundary (approx) 315793.5591 7575441.139 13.918 

177 Site 10 Boundary (approx) 315924.9936 7575383.901 14.224 

178 Site 10 Boundary (approx) 316087.171 7575323.655 14.678 

179 Site 10 Boundary (approx) 316300.8165 7575235.311 15.021 

180 Site 10 Boundary (approx) 316378.5992 7575180.202 14.98 

181 Site 10 Boundary (approx) 316546.1818 7575077.164 15.242 

182 Site 10 Boundary (approx) 316748.8594 7574952.167 15.464 

183 Site 10 Boundary (approx) 316773.1627 7574931.27 15.441 

184 Site 10 Boundary (approx) 316783.2568 7574956.507 15.585 

185 Site 10 Boundary (approx) 316793.1232 7575004.623 15.488 

186 Site 10 Boundary (approx) 316849.8335 7575109.432 15.537 

187 Site 10 Boundary (approx) 316860.5667 7575175.122 15.896 

188 Site 10 Boundary (approx) 316906.6802 7575262.261 16.338 

189 Site 10 Boundary (approx) 316990.8976 7575371.582 16.376 

190 Site 10 Boundary (approx) 317019.4906 7575419.276 16.166 

191 Site 10 Boundary (approx) 317105.073 7575544.893 15.971 

192 Site 10 Boundary (approx) 317089.2579 7575577.283 15.991 

193 Site 10 Boundary (approx) 316889.7346 7575780.92 15.476 

194 Site 10 Boundary (approx) 316832.6763 7575833.941 15.643 

195 Site 10 Boundary (approx) 316670.8664 7576001.816 19.576 

196 Site 10 Boundary (approx) 316669.7002 7576018.963 22.921 
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197 Site 10 Boundary (approx) 316674.0098 7576027.625 26.158 

198 Site 10 Boundary (approx) 316678.1066 7576041.957 29.252 

199 Site 10 Boundary (approx) 316636.7065 7576090.147 30.458 

200 Site 10 Boundary (approx) 316623.6585 7576119.015 33.867 
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A series of hydrographs (Figure D25 to Figure D30) are presented showing how varying 
certain model parameters impacts on the model outputs.  The 1% AEP event was used 
as a representative magnitude with the flows taken from the LE reporting hydrograph 
near Site E (see Figure 5) shown in the figures. 
 

 
Using an initial loss of 60 mm and continuing loss of 6 mm/hr resulted in a flow peaks 
slightly earlier and lower than that of the proportional loss used in the model.  Changing 
the continuing loss to 3 mm/hr increased the flow by 50% to 410 m3/s.  For this event 
magnitude and for a catchment of this size, a continuing loss of 6 mm/hr is more 
consistent with those recommended in the 1987 and 2016 versions of  AR&R.   
 

 
Surface roughness was significantly varied in the sensitivity analysis.  The Manning’s N 
value was varied to 0.025 and 0.075.  These changes had a minor effect on peak flows 
at the LE reporting hydrograph.  A smoother surface (n = 0.025) resulted in a slightly 
smaller peak reaching the location 2 hours earlier than the base case.  A rougher surface 
(n = 0.075) did not affect the flood magnitude but delayed the peak by 2 hours. 
 

 
All 10 storm patterns published on the AR&R data-hub website were modelled.  The 
patterns vary the timing of the rainfall within the storm period, but not the overall depth of 
rainfall.  Flood magnitudes varied between 240 and 280 m3/s with the timing of the flood 
peak varying from 32 to 44 hours.  The local scale model (using the GSDM temporal 
pattern) predicted a flood peak of 275 m3/s occurring at 34 hours.   
 






















































































