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Executive Summary

Objectives

The Hawkesburepean Valley hasne ofthe most significant flood risk exposwwin NSW. Having
up-to-date technical informationis essentialfor community safety,evacuation and emergency
management, and land use and infrastructure planning.

To provide contemporary flood informatiorhié NSW Government, through the HawkesbNigpean

Valley Flood Risk Management Directorate, commissioned Rhelm Pty Ltd and Catchment Simulation
Solutions Pty Ltd, with input from WMAwater Pty Ltd and Baird, to deviblepiawkesburyNepean

River Flood Studydescribed here as th2024 Flood Study. It buildson the foundations laid by the
HawkesbunyNepean Valley Regional Flood St(oiy2019 Flood Study)

The 202 Flood Studyuses best practice and the latest technology in flood estimation to define flood
behaviouralong the Hawkesburepean Riveand itst | NHS Ff 22 RLIX I Ay f 2 OF (SF
north. The study area extends from Bents Basin near Wallacia to Broakigrgecting 8 local
government areasPenrith, Hawkesbury, Blacktowmhe Hills Central Coast, Hornsby, Liverpool and
Wollondilly.

The key objective of the Hawkesbtepean River Flood Studytésimprove theunderstanding of flood
behaviour and better inform management of flood risk in the study area, considering available
information, together with the relevant standards and guidelines.

This report summarises the outcomestbe 2024 Flood Study The extensive work undertaken to
develop the study is detailed in 12 Technical Volumes.

Approach & Methodology
The following steps were taken:

a) Compiling and reviewing all available flemdated information

b) Updatingand refininga hydrologic model to reflect contemporary catchment conditions

c) Developnga new, detailed-dimensionahydraulic flood model of the HawkesbuRepean River,
major tributaries and adjoining floodplain area

d) Calibratingand validatinghe hydrologic and hydraulic computer models againg&rmation from
11 historical floods, includingthe 2020, 2021 and 202ffood events

e) Updating theMonte Carlomodel framework described in the 2019 Flood Sttalyeflect learnings
from the 2-dimensional hydraulic flood model and the recent floods

f) Using thecalibrated models to simulate flood behaviour for a range of design floods up to and
including the probable maximum flod&@MF)

g) Completing various sensitivity and climate change simulations to gain an understanding of how
modelling uncertainty and climate change may impact on the results produced by the models

Further details on the modelling approach are provide&actions.

! Taskforce Options Assessment RefiN&W, 2019)
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Outputs

Design flood modelling was undertaken fitflood likelihoodskizes from frequent/small to extreme
the 1in 2,5, 10, 20, 50, 100, 200, 500, 1000, 2000 and 5000 annual excepadratslity (AEP) floods,
as well ashe PMF.The hydraulienodel simulationproduced continuous surfaces of flood information
for eachdesignflood. The outputs from each of the design flood simulatiomsre processed and
provided in a variety of formatincluding mapgpresented in a separate Map Book) ageographic
information system (GIS) dat&he outputs from this study include:

A Peak flood levels, depths and velocities

Flood extents

Flood hazaraategories

Flood functioncategories

Information to support emergency services and evacuation

> > >y >

In addition to the existing climatic conditions, an assessment was also undertaken on the potential
influence of climate change, as well as influence of potential changes to the catchment through
development.

The design flood levels produced by this 26200d Study have changed in some locations relative to
the 2019 Flood Studgnd earlier investigations. This is most evident in very large floods (i.e., larger
than the 1 in 100 AEP flood), where the new hydraulic model provides adetaded representation

of the storage and conveyance across the river system including a better representatiyadrafulic
losses during high flow events around the tight bends in the lower river.

Further details on the flood study outputs goeovidedin Sectior.
Flood Behaviour

Flood extents across the study area are shown in Figared the range of flood depthis shown for 4
locations in Figure.ii Floodbehaviour varies throughouthis large area andis consideredacross4
distinctive floodplainsWallacia, PenrithWindsor/South Creekand the Lower Hawkesbury.Hood
behaviour in these areas ssmmarisedelow:

A Wallacia: During frequent floods, flood behaviour at Wallacia is largely controlled yotge
downstream ofWallacia Weir. During large floods, backwater effects from the Warragamba River
further reduce the ability of water to drain from the floodplain located upstream of WallAfa.

The combined impact of the gorge and Warragamba Riv@ducesa very large flood rangevith
peak PMF levels being more thaB@metres higher than the 1 ihOOAEP levelésee Figure ii)

A Penrith: Flooding at Penrith is largely driven by the peak flow along the river rather than the volume
of flow. For floodsup tothe 1 in 50 AEP, floodwaters are largely contaimethe Nepean River
channel. Breakous from the river through Emu Plainsnd the Peach Tree Creek floodplain
commence in the 1 in 100 AERent Changes in vegetation along the river and floodplain
downstream of Penrith have had a notable impact on design flood levels relative to previous
flooding investigations.

A Windsor: Flooding at Windsor is largely driven by the volume of runoff rather than the peak flow.
Extensive inundation is predicted in the vicinity of Windsor (including backwater inundation of
South and Easterrreekd and is strongly correlated to the capacity of the incised gorge downstream
2F 2AYR&2N®D hyOS GKS 2dziFt2¢ OFLI OAGE 2F (KS
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the Windsor basin resulting in significant water depths across a large laresre to extreme floods,
this pushes floodwater to great depthaith peak PMF levels being more than 13 metiagher
than the 1 in 100 AEP levels (see Figure ii).

A Lower HawkesburyThe Lower HawkesbuiRiveris contained within anarrow, sandstone gorge
along much of its length. This results in flood extents that are comnuamifined nearthe main
river channel,with high flood depths andvelocities,although notable backwater inundation is
predicted along tributaries draining into the river. Flooding downstream of Lower Portland is
strongly influencd by the magnitude and timing of flow from the Colo RivElooding of the lower
reaches towards Brooklyn is inéinced by coastal flooding processes.

Further detailsaboutflood behaviour argrovidedin Sectiorb.
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Figure i. Flood depths in rare to extreme floods across the HawkesbNgpean floodplain(source:
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1 Introducon

1.1 HawkesburyNepean Flood Strategy
¢ KS T2N)SNI b{ 2ResibetVallsyy ReSilieit Q@dmmunities: Hawkegblegean Valley
Flood Risk Management Strate(®017) identifiedhigh floodrisks in theHawkesburyNepeanValley
and recognised there is no simple solution to managing or reduhiegisk. The NSW Government is
building on the strategy to deliver a higiiority regional Disaster Adaptation Plan focusedmanaging
flood risk, together with local councils, businesses and the community. The plan will be aligned with the
State Emergency Management Plan and the National Strategy for Disaster Resilience to ensure the
considerable flood risk across the Valley is appaiply managedThis includes the need for access to
contemporary flood risk information.

The first stage of providintyis information was through thelawkesburnyNepeanValleyRegional Flood
Study(2019 Flood Study\WMAwater, 2019). Th€019Flood Study usedfastrunning 1-dimensional
hydraulicmodeF to simulate thousands of floogso help understand the variability of flooding in the
Valley

A peer review of the2019 Flood Studgonfirmedthat, as part ofthe continuous improvemenbf
providingcontemporary flood risk informatioandto better assist land usand emergency response
planning a fully 2-dimensional modekhould be developed Therefore, lhe second stagénvolved
preparation ofthe HawkesbunNepean RiveFlood Study2024 Flood Study, which is the subject of
this report It builds on the2019 Flood Studytakingadvantage ofmodern, fully2-dimensionalflood
modelling technology to further improve the understanding of flooding across the Hawkekbleygan
Valley and assist in bett understandhgthe flood risk across the floodplain.

1.2 Study Area
The2024 Flood Studyaccounts for flows from the entire 21,400 kidawkesburyNepean catchment,
providing detailed flood information for the 19m length of the Hawkesbuiepean River from Bents
Basin near Wallacia through to Brooklymcluding backwater flooding up tributaries such as South and
Eastern creeksThe study area falls mainly within the Penrith, Hawkesbury, Blacktown and The Hills
Local Government Areas (LGAsyestern SydneyOther LGAs impacted by flooding are Wollondilly,
Liverpool, Hornsby and Central CogsteFigurel-1).

2 Because the HN\tdimensional model includes some branches in the network, it is also described as-2-quasi
dimensional model.
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1.3

1.4

Overview of Approach

The overall objective ahe flood study was to provide a detailed understanding of flood behaviour
along the Hawkesbury and Nepegwersfor contemporary floodplain conditions while assessing the
potential future variations in flood behaviour associated with climate change. To achieve this
overarching objective hie study was broken down intseveralstages, which are summarised betow

=

Collation and review of available data

Refinement and calibration of a WBNM hydrologic model
Development and calibration of a newdémensionalTUFLOWydraulic model
Catchment/ocean level joint probability analysis

Lower Hawkesbury analysis

Wallaciaflood frequency analysis

Monte Carlo analysis

March 2021 flood validation

. March 2022 flood validation

10. July 2022 flood validation

11. Design flood modelling

12. Probable maximum flood (PMF) modelling.

© o N kWD

The project was completed in accordance with modern best practice for flood estinaatibfiood risk

management This was largely informed by

A WCft22R wAal alyl3aSYSyid alydafy G(KStrRRAOAIDYR
(NSW Governmen023)

A ustralian Rainfall and Runoff 3 dzA RS (2 FBdl 2tRil, 20%nd SlassdcRitgdQ
NEGA&aAZ2Y LINR2SO0G NB L2 NdiZinensidraldMiodeling in Urbain and RuraNe 2 S
K 2 2 R LIJEngihegra Australi2012)

A Walyl3aAay3d (KS Cf22RLI FAYY | 3IdzA RS ( XJAdsBalan LINJ
Institute for Disaster Resilience, 2017)

In addition, gidelinesand reportspublished by theNSWDepartment ofClimate Change, Energy,
Environment andVater (DCCEEWAustralian Institutefor DisasterResilienceandIntergovernmental
Panel on Climate Change were also used as part of the project.

Further detailed information on the work completed as part of each stddke projectis contained in
Technical Volumes, which are discussed further in Sett®on

Scope of this Report
This reportserves as thenain report for the HawkesburNepean RivefFlood Study It provides a
summary of the work completeds part of each stage of the project. This includes:

A Section ; Background provides an overview of the study arébam Bents Basin near Wallacia to
Brooklyn including past flooding investigatians

A Section 3¢ Flood Modelling ApproaciDocuments the overall modelling approach including the
hydrologic and hydraulic modelevelopment andcalibration joint probability assessments and
Monte Carlo analysis
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A Section 4 Design Event ModellingSummarises the design flood, sensitivity and climate change
simulations and discusses how the results compare with previous flooding investigalicaiso
discusses the potential flood impacts of future development.

A Section 5¢ Flood Behaviourprovides a detailed description of flood behaviour at key locations
throughout the study area.

A Section 6 ConclusionsSummarises the overall outcomes of the study

1.5 Technical Volumes
The HawkesburNepeanRiverFlood Study represents a significant body of works a result, the
outcomes of each stage of the project have been broken down into a numbspafrateTechnical
Volumes as summarised below.

Technical Volume Data Collectio& Review

Technical Volume ZHydrologc Model Refinement and Calibration
Technical Volum8: Hydraulic ModeDevelopmeniand Calibration
Technical Volumd: Catchment/Ocean Levébint Probability Assessment
Technical Volum®&: Lower Hawkesbunjnalysis

Technical Volumé: WallaciaFlood Frequency Analysis

Technical Volumé&: Monte Carlo Analysis

Technical Volum8: March 2021 Flood Event Validation
Technical Volum8: March 2022 Flood Event Validation
Technical Volum&O0: July 202 Flood Event Validation

Technical Volumé&1l: Design Flood Modelling

Technical Volumé&2: Probable Maximum Flood (PMF) Modelling

D>y >y > D> D D>y D> D>y D> Dy D

The Technical Volumes provide support of the methodology and results documented in this Flood Study
Report. If further detailed information is required on any stage of work, the reader is referred to the
appropriateTechnical Volume.

This flood study report is also supported with a separate Map Book. The Map Book provides a
comprehensive set of maps providing design flood results across a range of the avemgdiscussed
further in Sectiort. L

1.6 Review Processes

1.6.1 Independent Technical Review
Thedraft HawkesburyNepean River Flood Study was reviewed by Associate Professor Fiona Johnson
from the Water Research CenfrdNSW Sydneghecking the validity and accuracy of the data, method
and results. Emeritus Professor Colin Apelt from the University of Queensland also assessed the
hydraulic modelling.
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1.6.2 Technical Working Group
To ensure the technical objectives of the study were consistently achieasth stage of workvas
overseen by a Technical Working Group (TWG). The TWG comprisptbjexy stakeholders and
includedrepresentativedrom the following organisations:

A State Government:

(0]

(0]

HawkesbunNepean Valley Flood Risk Managemanainch NSW Reconstruction Authority
(formerly within Infrastructure NSWZhair)

Department of Climate Change, Energy, Environment and WateBiodiversity,
Conservation and Science Group (DQZHECS)ormerly theDepartment of Planning and
Environmentg Environment and HeritagerGup (DPE EHG

Department of PlanningHousing and Infrastructure Resilience and Urban Sustainability
Division(DPHI RU$, formerly the Department of Planning and EnvironmenResilience
and Urban Sustainability Gro@pPE RU$

NSW State Emergency Service (NSW SES)

A Local Government:

(0]

O O O 0o o o

(0]

Blacktown City Council
Central Coast Council
HawkesbunCity Council
HornsbyShireCouncil
Liverpool City Council
Penrith CityCouncil

The Hills Shire Council
Wollondilly ShireCouncil

A Commonwealth Government

(0]

Bureau of Meteorology

Presentationsand informationwere provided to the TWG@Go outline each stage of workand key
feedback and comments were incorporated into the studyraft reports on hydrologic and hydraulic
model development, as well as calibration and verification, were also provided for review and comment
A total of15 TWG meetingwere complet@ over the course oflevelopment otthe 2024 Flood Study
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2 Background

2.1 HawkesburyNepean Catchment

2.1.1 Catchment Description
The HawkesburNepean River Catchment cov@,400square kilometres, including the Warragamba
and Nepean catchments, extending as far as Goulburn, Lithgow and Bowral, and downstream to Broken
Bay. It represents one of the largest coastal catchments in New South Walks. extent of the
catchment is shown ifigure2-1.

An overview of the key sutatchments that make up the overall Hawkesbiitgpean River Catchment
is provided inFigure2-2. As shown irFigure2-2, the major subcatchments and their contributing
catchment areas include:

Warragamba River: 950 km?
Colo River: 4,64Bm?
Macdonald River: 1,90€m?
Nepean River: 1,760
Grose River: 67K0m?

South Creek: 64Rm?
Mangrove Creek: 43knv
Webbs Creek: 350m?

Cattai Creek: 290m?

>y > >y D>y > D>y D> D>

The catchment includes extensive grazing areas in the southwest and large national parks in the Blue
Mountains to the west and northwest. Urban development includes a number of country towns (e.g.,
Goulburn, Bowral and Lithgow) as well as many outer Sysimeyrbs including Penrith, Richmond, and
Windsor. The focus of the HawkesbiNgpean River Flood Study is the section of the catchment within
the Sydney Basin, including much of the urban growth areas of western andwestiern Sydney.

Within the Sydney Basin, the Hawkesbilgpean Valley comprises a sequence of floodplains that are
linked by incised sandstone gorges. The upstream most floodplain is located on the Nepean River near
Camden which drains through a narrow gorge between @sgePark and Bents Basin and discharges
into a floodplain near Wallacia. Another sandstone gorge runs between WallatRegentville. Part

way along this gorge, the Warragamba River joins the Nepean River. Flows from the Warragamba River
are highly ifluenced by Warragamba Dam, which is discussed further in S&fich

HawkesburyNepean River Flood Stugyinal Report




Catchment Simulation Solutions

Legend

[J Hawkesbury-Nepean
Catchment Boundary
Hydraulic Model Area

A Dam
— Watercourse
— Roads

Figure2-1. HawkesburyNepean River Catchment
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Downstream of Regentville, there is another floodplain that includes Penrith and Emu Plains which
becomes constricted alongside Penrith Lakes/Castlereagh (although this constriction is not as significant
as the other gorge areas with potential for water lboeak out from the river and into Penrith Lakes
during medium and larger sized floods).

The Grose River joins the Nepean River near Yarramundi, forming the Hawkesbury River. This location
also represents the start of the Richmakdindsor floodplain which is the most substantial floodplain

in the HawkesburNepean Valley extending from neaoifth Richmond downstream te@ardsSackville.

The area between Sackville and Brooklyn comprises another incised sandstone gorge with many sinuous
river bends that stretch for over 1ddlometres before the river discharges into Broken Bais is
highligited by the digital terrain model shown Figure2-3.

As a result of this topography, major floods are characterised by significant inundation across the various
floodplains. Significant water depths coupled with relatively low flow velocities are most typical across
the floodplain areas. The gorges betwdlmmdplains are characterised by flooding that is confined near
the main river, although flow velocities are much more significant. The water lexaisad Wallacia

and Windsorare primarily determined by the flow volume entering the floodplain and theesof the
downstream gorges which controls the release of floodwater from each floodplain (commonly referred
G2 Fa (§KS d oThdiaked aziund$enfitls Bylcémpabison, is driven more by the peak flow
rather than the volume A schematic view of the Hawkesbtgpean Valley and the associated gorges
and floodplains/bathtubs is provided Figure2-4.

2.1.2 Warragamba Dam
Warragamba Dam is¢ated about 6%kilometres west of Sydney in a narrow gorge on the Warragamba
River It represents the largest urban water supply in Austiatid isone of the largest domestic water
supply dams in the worl@WaterNSW, 2022). Construction of Warragamba Dam commenced in 1948
and was completed in 1960. The dam wall is ié2res high and holds back more than 2000 gigalitres
of water (a volumel times larger than Sydney Harbour) (WaterNSW, 2022). The water body behind the
dam wall is referred to as Lake Burragorang.

During the late 1980s, the dam wall was raised bgefres and strengthened to meet modern dam
safety standards. In the early 2000s, an auxiliary spillway was installed to divert floodwaters around the
dam wall in extreme floodso protect the dam wall and ensure it remains safe during rare floods.

The Warragamba River represents the largest-catichment within the Hawkesbuiepean River
catchment, comprising approximately 80% of the catchment draining to Penrith and 70% of the
catchment draining to Windsor. Therefore, significant flows from Warragamba Dam have the greatest
potential to impacton flooding along both the Nepean and Hawkesbury rivers.

During floods, there is an operational procedure (i.e., H14 Operational Protocol) for the various gates
located near the top of the dam wall. The procedures are designed to manage the inflows and release
of water from the dam during a flood

It should be noted that Warragamba Dam was desigaradiis operateds a water supply dam and not
a flood mitigation dam.
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2.1.3 Other Dams

2.2

The catchment incorporates several other water supply dams that are located within the Upper Nepean
River catchment. This includes Nepean, Avon, Cordeaux and Cataract d&msWingecarribee
Reservaoir is located in the headwaters of the Wingebae River catchment which is a socétchment

of the Warragamba River catchmerKey characteristics of each dam are summarisethine2-1.

Table2-1. Properties of Major Dams in the HawkesbulNepean River Catchmenfpstream of Penrith
(WaterNSW, 2022)

Wall Height (m) Storage Capacity (GL Catchment Size (k&

Avon 72 147 142
Cataract 56 97 130
Cordeaux 57 94 91
Nepean 82 68 320
Warragamba 142 2,027 9,051

As shown iTable2-1, the catchments draining to each of these other dams is a small proportion of the
overall HawkesburNepean catchment. As a result, the other dams have only a minor impact on
flooding in areas downstream of Wallacia and Warragamba Dam.

Further downstream, Mangrove Creek Dam (1886&lbcated in the upper Mangrove Creek catchment.
With Mangrove Creek joining the Hawkesbury River at Spencer, this dam has a minor influence on flood
behaviour in this lower part of the study area.

Terminology

Design floods are hypothetical floods that are commonly usefidod riskmanagement investigations
andare defined by theifrequencyor probability of occurrencetustralian Rainfall andunoff: A Guide

to Flood Estimatio ¢ . I £ £ S& | fsdhat floedifreghéncidd BrOexpfegseq ek an Annual
Exceedance Probability (AEPJhe AEP is the chance of a flood of a specific size being equalled or
exceeded in any year and it can bepressed as a percentage or 1 in X. For example, the 1 in 100
AEP/1% AEP flood has a 1% (or 1 in 100) chance of being equalled or exceeded in arysyesport

adopts the 1 in X AEP terminology for design floods ranging from the 1 in 2 AEP up to the 1 in 5000 AEP.
A brief overview of the likelihood of different events, and the chance that they would be experienced

in a typical lifetime, are summarisedTiable2-2.

The largest flood possible is called the probable maximum flood or PMF. It is an extremely rare and
unlikely flood, however a number of historical floods in Australia have approached the scale of a PMF.

It should be noted that floods occur independently. Therefore, the occurrence of a large flood occurring
in any 1 year does not alter the chance of an equivalent flood (or larger) occurring in subsequent years.
This is evidenced by the occurrence of Bedbruary 2020, March 2021, March 2022 and July 2022 floods.
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Table2-2. Overview of Likelihood of Events

Chance of Occurring in Any Given Year  Probability of Occurring at Least

Slilitste AEP (%) AEP (1 in X) Once in arB0-year lifetime
High 5% 1in 20 98.3%
Medium 1% 1in 100 55.3%
Low 0.2% 1in 500 14.8%
Extremely Low 0.001% 1in 100,000 <0.1%

2.3 Flood History
The HawkesburNepean River (called DyarubbinfiystNations peoplghas a long history dfooding.
Documented reports of flooding date back to 1788e longest flood record in Australialhere have
beenover 130 moderate to major floods that time (NSW Government, 2019). The largest flood in
living memoryat Windsoroccurred in 196114.95 mAHpeak flood level) The largest flood on record
occurred in 1867 and reached a peak level of B9AHD at Windsor2.4m above thel in 100 chance
per year floodon which theflood planning leveils based

First Nations peopldave lived along Dyarubbin for at least 50,000 years and have seen many floods.
Reported oral traditions describe a flood at Windsor in around 1780 that was higher than the 1867 flood
and swept away people taking refuge in tall tregSeological evidence also points to flooding much
higher than the 1867 flood, prior to European settleméaaynor and Erskine, 1993)

Despite the random nature of floodinghe flood history of the Hawkesbufyepean River suggests
flooding in the catchment can be cyclic. This inclypi#ods of frequenandlargerfloodsthat can last
for decadeqincluding multiple floods within the same yeaffhesecan be followed by similar length
periods offewerandsmaller floods.This pattern has been describedfimd-dominated and drought
dominated regimegFigure2-5).

The most significant floedominated period extended from 1857 to 1900 and includéeteteen floods
that produced a peak level of at least &AHD at Windsqrincluding thel867 flood of record. This
flood-dominatedperiod was preceded by a drougtibminated period between 1820 and 18%hen
no significant floods wereecordedat Windsor

It is not yet clear whether the cluster of floods from 2020 to 2022 marks the start of a new flood
dominated regime.
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Figure2-5. Hawkesbury River Floods at Windseot 791 to 2023

2.4 Previous Studies
A number of flooding investigations have been prepared in an effort to better understand the flood risk
along different sections of thelawkesburyNepean Rivesystem. Included below is a list of the most
contemporary flooding investigations for tistudy area

A Upper Nepean Rivetlood Study (DLWC, 19%5)elevant tothe Wallaciafloodplain

A Nepean River Flood Study (Advisian, 2@li@levant tothe Penrith floodplain

A Lower Hawkesbury River Flood Study (AWACS, t98®vant to Sackville and downstream
A HawkesburyNepean Valley Regional Flood Study (WMAwater, 2@D2) Flood Study

2.4.1 Upper Nepean Rivdiood Sudies
The Upper Nepean River Flood Study (DLWC, 1995) developed a RORB hydrologic model abtl a MIKE
hydraulic model to define Nepean River flooding between Menangle and the Warragamba River
junction, including the Wallacia floodplain. Flood frequency analysis informed the work. The hydraulic
model was calibrated to historical floods in 1964, 1978 and 1988. Design flood behaviour was modelled
forthe 1in 5, 20, 100 and 200 AEP events, fhlas"MF.

The Nepean River Flood Study (Worley Parsons, 2015) provided updated design flood behaviour for the
Nepean River within Camden LGAdowever, while the hydraulic model extended down to the
Warragamba River junction, the 20F®od Sudy did not appear to include flood inflows from the
Warragamba River, and so its results for the Wallacia floodplain are not comparable to the design flood
behaviour being investigated as part of the current studihe record of historical flood levels at
Wallacia described ithe 2015 Flood Studformed part of the dataset used for the Wallacia flood
frequency analysis describedTechnical Volume 6f the current study.
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2.4.2 Nepean River Flood Study (2018)
The Nepean River Flood Study (Advisian, 2018) develapeBMA2 hydraulic model and used
boundary conditions taken from an earlier version of the vallige RUBICON model to define Nepean
River flooding between Glenbrook Creek and Yarramundi Bridge. The model was calibrated to historical
floods in 1978, 1988ral 1990. Design flood behaviour was modelled for the 1 in 20, 50, 100, 200, 500,
1000 and 2000 AEP events, plus the PMF.

2.4.3 Lower Hawkesbury River Flood Study (1997)
The Lower Hawkesbury River Flood Study (AWACS, 9EJoped an RMA& hydraulic model and
used adjusted inflows from an earlier version of the vallége RUBICON model to define Hawkesbury
River flooding between Sackville and Broken Bay. The model was calibrated/verified to historical floods
in 1978 and1990. The joint probabilities of flooding from the Hawkesbury and Colo rivers, and of
catchment flooding with ocean levels, were considered. Design flood behaviour was modelled for the
1lin 5, 20, 501d 100 AEP events, plus the PMF.

2.4.4 HNV Regional Flood Study (2019)
The2019 Flood Studgepresents the most recerftood study for the HawkesburyNepean River in its
entirety. It used a combination of a RORB model to define catchment hydrology gudséD
RUBICON model to define flood hydraulics along the river and across the broader floodplain areas. This
modelling system drew on earlier work that had been undertaken for the Warragamba Dam Auxiliary
Spillway Environmental Impact Statement (Webb McKeowks&ociates, 1996). This combination of
fastrunning models waparticularly suited to the Monte Carlo methodology that was adopted as part
of the 2019 Flood Studgs it allowed for rapid assessment of the humerous parameters that fed into
the Monte Carlo assessmenthe Monte Carlo framework allowed an understanding of the variability
of real floods across the large catchment, includiegoutputs such as ratef-risewhich isimportant
for understanding evacuation constraints.

The2019 Flood Studglso provides information on flood levels throughout the study area; however, it
has limited ability to provide fine scale (i.e. land parcel scale) descriptions of local flood behaviour, such
as velocities and depths, across the large floodplain area. a Assult, the 2019 Flood Study
recommended that a fully -dimensional hydraulic model be developed for the next phase of flood
modelling to provide a more detailed description of the spatial variation in flood hazard.
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Flood Modeling Approach

Overview

The Hawkesburdepean River floodplain covered by this study is large and coraplis influenced

by a range ohydrologicand hydraulidactors To capture the variability of flooddue to these various
factors I  Wa 2 y (approadh Was 2i€eh the 2019 Regional Flood Studyhich is considered to
reflect best practice in flood estimatioThis models flood variability by randomly combining the range
of inputs that generate and influence floodinghis include$WMAwater, 2019):

rainfall intensity and frequency
spatialpattern of rainfall

temporal variation in rainfall
pre-burst rainfall

initial rainfall losses

the timing of various tributary inflow
tides

water level in Warragamba Dam.

> > > > > > D> D>

Using this approach, close to 20,000 possilied events wereimulated which representshe range
of floods that could be experiencexver a 200000-year period As a result, the Monte Carlo approach
providesthe most rigorous means of deriving expected flood quantiles (Ball et al, 201 also
providing a range of auxiliary information that important for evaluating mitigation options and
evacuation strategies (WMAwater, 2019)

This studybuilds onthe Monte Carloapproach used in th€019 Flood Study Key advances are
summarised below:

A A WBNM hydrologic model was updated and refined. The updated WBNM model was calibrated
and was then incorporated into th#¥onte Carloframework to improve the understanding of
hydrologic processes for the catchment.

A A new, fully 2dimensional (2D) hydraulic model of the study area was developed using the TUFLOW
software and calibrated to observed floods. The 2D model provides greater resolution in flood
behaviour across the floodplain relative to the 2019 Flood Study

A The Zdimensional (quas2-dimensional) RUBICON hydraulic model that was used fo2@1®
Flood Studywvas refined to reflect learnings from thedtmensional flood modellingThis refined
model was uséto 4 St SOG | adzoaSi 2F GKS az2ydS Nizya NB
represent floods of different frequencies (e.g. 1 in 100 AEP, 1 in 500 AERgtt) are then run
through the TUFLOW model.

HawkesburyNepean River Flood Stug¥inal Report



h n} Catchment Simulation Solutions
R hte'm

The Monte Carlo analysis was also refined as part of the current study to better understand flooding

at key locations. This update was informed by joint probability analysis of flooding at Walidcia
the Lower Hawkesbury Rivexs well as ocean water levels.

A general overview of the modelling approagtplied as part of theurrentstudyis provided inFigure
3-1. Further details of the modelling approach are includedable3-1, along with a summary of

updates undertaken as a part of this studslative to the2019 Flood Study Further details and
discussion on these models are provided in the following sections.

Monte Carlo

Database of nearly 20,000 storms

<>

o

Hydrology

Simulates the conversion of rainfall into runoff

RORB WEBNM
Catchment draining to Catchment downstream of
Warragamba Dam

Warragamba Dam

.

< -

o

Quasi 2D Hydraulics

Simulates the mowvement of runoff along the river system in guasi-2-dimensicns

& o/

=

Selection of representative events

[ ]
N

2D Hydraulics
Simulates the movement of runoff along the river system based on a fully 2-
dimensicnal solution scheme

TUFLOW

Figure3-1. Conceptual Overview of Modelling Approach
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Table3-1. Summary oModelling Approach and Key Updates

Model
Component

Model Approach Summary

Key Updates and Refinements fro2019
Flood Study

The Monte Carlenodelassessefiood
variability by combiningrange ofhydrologic
inputs that generate and influence flooding.
The analysis uses thgydrologicand RUBICON
hydraulicmodels to analyse nearly 20,000
different flood scenarios. The RUBIC®wdel
rather than the TUFLOW model is used for thi
analysis as it has significantly shorter

Updates to the Monte Carlo assessment
included an improved understanding joint
probability of floodingfor the Nepean and
Warragambaivers (and the influence at
Wallacia) as well as the Ca@ad Hawkesbury
rivers Analysis was undertaken of the ocea
conditions that are likely to occur during a

Monte Carlo computational model run times. HawkesburyNepean River floodThe recent
Analysis of the RUBICON model allows for ~ flood events in 2021 and 2022, together witl
assessment of the different frequencies of additional historic data collation, allowed for
Fft22RAY3 | yR ARSy (A T, additional rainfall spatial patterns to be
for analysis in th@ UFLOWhodel. These considered together with a valadion of the
representative events are a shdist of events model to flood frequency analysis at
representingdifferent frequenciesrom the additional locations.Further details are
Monte Carlo analysis (e,d. in 100 AEP, 1 in  provided in SectioR.6.

500 AEP etc).

Hydrology is the study of how rainfall is

convertedinto runoff from a catchment over

time. Ittakesinto account the rainfall (@.,

amount, timing andocation) and ground The WBNM hydrologic modebas updated
conditions in the catchment. and refinedfor the catchments external to
The RORB moddeveloped and calibrated for the WarragambaDam catchment, including
the 2019 Flood Study was retained to describ the Nepean River, Grose River, South Cree

Hydrology the hydrology of the catchmerdraining to Colo River and Macdonald River. The
Warragamba Dam updates included greatespatialresolution in
A WBNM hydrologimodeldevelopedas part the mo_del, _and calibratioand validati_orto
2F (GKS Wil 618406dMNE b morghlstgrlcal eyents. Further details are
' LJR I \/NBAWater, 2018)was updatedas provided in Sectios.3
part of the current study. It was usé¢d
describethe hydrology of catchmentexternal
to the Warragamba Dam catchment
A quasi2-dimensionahydraulicmodel )
extending fromCamderto the ocean The RUBICON model was refined to better

) ) ) ] ) represent the conveyance and storage
This hydraulic rnodgl prow.des information on characteristics of the river system and

RUBICON :)thIl:‘)l\tl)vozeT;\r/]fu[rlr:}sthrior:j\/;r\?vzgiscerge:sst?\r; floodplain. This was achieved using output

Hydraulic basis to eStimaté flood extents arfibod from the TUFLOVED modeldiscussed

Model below). This ensures consistency when

depths across the floodplain in tt#919 Flood
Study In the current studyit wasused to
simulate flood behavioufor the large number
of Monte Carlo simulations due to its fast run
times.

translating the hydraulic behaviour from the
RUBICON to the more detail@t)FLOV2D
model. Further details are provided in
Section3.4.
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Model Key Updates and Refinements frog019

Component

Model Approach Summary

Flood Study

TUFLOW provide high resolution information on the
Hydraulic flood behaviour throughout thetudy area.

Model The model was used to simulate the range of

The2-dimensional (2D) model defines the floo
behaviour between Bents Basin through to Ju
Point, just downstream of Brooklyn. This moc
uses the latest bathymetry and terrain data to

A new 2Dmodel was createdising the
TUFLOVW¢oftware This model was calibrate:
and validatedo a range of historical flood
events, including the March 202March
2022 and July 202bods, to ensure it was

X providing a reliable description of flood
representative events selected from the Montc \,op-viour Further details are provided in

Carlo analysis and produce detailed flooding Section3.5.
information across the study area including
floodwaterlevels,depths and velocities.

3.2

3.3

Available Data

Severatlatasetswere available to inform th&024 Flood Study. A summary of each datasgirovided
in Table3-2. A more detailed description of each dataseicluding quality review processésprovided
in Technical Volume 1

Hydrologic Models

A hydrologic model is a computerised representation of the catchment and is used to simulate the
conversion of rainfall into runoff. As outlined kigure3-1, 2 hydrologic models were used as part of
the project:

A A RORB (Laurenson et al, 2010) model was used to define hydrologic processes for the catchment
draining to Warragamba Dam

A A WBNM (Boyd et al, 2012) model was used to define hydrology for the balance of the catchment
located outside of the Warragamba Dam catchment. This includes the Nepean River, Grose River,
South Creek, Colo River and Macdonald River catchments.

The RORB model from the 2019 Flood Study was retained for the catchment draining to Warragamba
Dam as the model underwent a significant calibration effort as part of the 2019 Flood Study with a
particular focus on streamflow and rainfall records upstreamttee dam. Therefore, there was
considered limited opportunity to further improve on the performance of this existing model for
Warragamba Dam catchment.

The WBNM model that was developed ftire WI | 61 S&d0dzZNE bSLISFY | @ RNERf
(WMAwater, 2018jormed the basis for defining hydrologic processes for the catchment areas external

to Warragamba Dam. The WBNM model was adopted in preference to the RORB model as it was
calibrated to additional locations outside of the Warragamba Dam catchment.

However, as a key outcome of the current study includes providimgemporary anddetailed flood
information, further updates and refinement of the WBNM model were completed as part of the
current study. The key components of the update are as follows:

A Refinement of the model, providing greater resolution at watchment scale, with an increase
from 233 subcatchments to 792 subatchments

A Detailed consideration of the imperviousness fraction of those-atbhments within the model
based orcontemporary land uses
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A Refinements of the representation of thdpperNepean Darmand Mangrove Creek Dam storage

relationships

A Calibrationand validationof this refined hydrologic model, incorporating additional streamflow
locations for areas external to the Warragamba Dam catchment, for a range of historical flood
events including recent floods which were not availabletfar calibration of previous hydrologic

models.

An overview of the refined catchment delineation and the extent of the WBNM model is shéuguie

3-2.

Table3-2. Summary of Available Dataset

Dataset Description

Hydrologic Data

Rain gauges

Rain gauge data for histoabevents was collected from various sources, including
Bureau of MeteorologyBoM), Manly Hydraulis Laboratory MHL and Sydney Water
This was supplemented by radar data for more contemporary flood events.

Stream gauges

Stream gaugeédatawere collected fromBoM, MHLand WaterNSW.

Details on the dam@Jpper Nepean, Warragamba and Mangrove Crgiek)uding

Dam details stagestorage relationships, as well as the spillway details, were compiled from dat:
from WaterNSW, the 2019 Flood Study and other reporting previously undertaken.
Landuse Landuseinformation was derived based on LIiDAR point classification data, to assis

defining the catchment imperviousness in the more developed areas of the catchm

Hydraulic Data

Terrain Data

A combination of different LIDAR survey and ground suwey available for the
establishment of the model terrain. This was further supplemented with informatiol
on current developments occurring in and adjacent to the floodplain.

Bathymetry

The bathymetry was derived from a composite of different bathymetry data sets th:
have been collectedncludingan infill survey commissioned for t12924 Flood Study

Surface Roughness

Landuse information was derived based on LIDAR classification data, together witt
20KSN) a2dz2NDOSaz (i eatedoSshlbrd® the studyMRalza Ky S & 3

Hydraulic Structures

Data on hydraulic structures (bridges and culverts) was collated from a variety of
sources, including TINS\8Quncils previous studies and available data.

Calibrationand
ValidationData

Data on historial events included water level gauge data as well as observations of
flooding collated from previous reporting.

For the most recent historéd events of February 2028arch 2021 March 2022and
July 2022significant datasets were captured, particularly foe last3 events In
addition to gaugingaerial imagerydrone imagerypn-the-ground survey and various
other sources of data were compiled to create a comprehensive library of dataébr
flood event. This was used to assist in the calibrasiod validationof the hydraulic
model.
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Catchments

- [] [BC] Berowra Creek
[ [cC] Cattai Creek
- [_] [cu] Colo River
[ [CW] Cowan Creek
[ [EC] Erskine Creek
[ [GC] Glenbrook Creek
- [ [GR] Grose River
] [HW] Hawkesbury River (local)
‘[1 [MA] Marramarra Creek

Legend e g L
[ Hawkesbury-Nepean Catchment Boundary
. A Dams - e ;

~ Watercourses [ (MC] Mangrove Creek
I water et [ [MD] Macdonald River
I Hydrology Update Area iy “ [] [MM] Mooney Mooney Creek

] Sub-Cadimants ‘ : SURY. S 3 [ [NP] Nepean River
— D G 3 : [ [SC] South Creek

5 [WC] Webbs Creek

ﬁ [WH] Wheeny Creek

Figure3-2. Overview of Updated Hydrologic Model Su«batchment Delineation
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Following refinement of thdwydrologicmodel, it was calibrated again8thistorical flood events that
have occurred within the HawkesbulNepean catchment, using data fralh streamflow gauges:

June 1964
June 1975
March 1978
August 1986
April/May 1988
August 1990
August 1998
February 2020

> > > > D> > D> D

An overview of the streamflow gauge locations used for calibrasiqgorovidedn Figure3-3.

At the commencement of the calibration process, parameters were initially adopted consistent with the
WMAwater (2018) configuration. Then, an iterative approach was adopted, to modify the model
parameters to best fit the overall flow gauge data. Thisatige approach involved:

A Testing of alternative WBNM lag routing parameter values, to ensure that the flow hydrographs
were representative of the timing and shape associated with each of the historical events

A Modification of the initial and continuing losses for each storm event to represent the appropriate
condition for each flood event.

This process was undertaken in the context of the overall accuracy of both the input data for the model,
particularly the rainfall information, and the accuracy of the different streamflow record@ibe
calibration focused on both the representation of the peak flows, as well as the shape and timing of the
hydrograph. The model results show a good comparison to the observed streamflow records in the
various catchmentsExamples of the calibration hydrographs are showhigure3-4.

Further details on the development and calibration of this WBNM modelpasgided in Technical
Volume 2.

Following the initial model calibration, significant fleatcurred in March 2021March 2022 and July
2022 These eventprovided an opportunity to collect additional data to further validate the WBNM
model performance. Further discussion on the outcomiehe model validation is provided:in

A March 2021Validation:Technical Volume 8.
A March 2022 Validatiorifechnical Volume 9
A July 2022 Validatioechnical Volume 10
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Figure3-3. Streamflow Gauges and Catchments for Calibration
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3.4 RUBICON Hydraulic Model

The RUBICON hydraulic model was developed as a pidre @019 Flood Study. It is referred to as a
quasi2D model, as it incorporates a number of branches and flowpaths within thedionensional
domain in order to represent the complex overbank flowpaths and storagjeis.is a fast running model
that is suitable for use with a Monte Carlo framework (Sect®o® and it underwent extensive
calibration and verification as a part of the 2019 Flood Study.

This model was further refined as a part of the 26bod Study. This included extending the calibration

of the model to Wallacia, based on the joint probability assessmemeahnical Volume 6.Similarly,
additional calibration was undertaken at Sackville Ferry, Colo Junction and Webbs Creek Ferry based on
This assisted in informing the initial and
continuing losses in the Monte Carlo framark, together with the timing of inflows on the Colo &iv

stage frequency analyses undertaken in those locations.

and downstream tributaries.

Further verification and modification of the model was undertaken to align it with the TUFLOW model
(Section3.5), to ensure that the RUBICON would provide suitable outputs from the Monte Carlo

framework.

Further details on the refinement of the RUBICON model are providédahnical Volumé'.

3.5 TUFLOWHydraulic Model
3.5.1 Model Setup

The Hawkesburlepean River system includes an array of features that influence the movement of
floodwaters. Each of these features na¢d be represented in the model in sufficient detail to ensure

a reliable description of flood behaviour is provided. However, this is a challenging task as the hydraulic
model area is large (i.e., more than 1,306%) which can limit the detail that can be incorporated in the
model without encountering extensive simulation run times and/or computer memory limitations.

The TUFLOW Highly Parallelised Computer (HPC) softmaseselected to develop the new hydraulic
computer model of the HawkesbufyepeanRiver systenas part of the project The TUFLOWHPC

3 TUFLOW Version 2020AB was used for all hydraulic simulations (BMT, 2020)
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software was selected due to iwgidespreaduse in the industry, significant research on its application

in similar environmentsand itsallowancefor a 2D representation of the movement of floodwatéihe

HPC version of the software takes advantage of the additional processing power of graphics cards to
provide expedited simulation times. This allows the model simulations to be completed within
reasonable timeframes (days).

The goal of th024 Flood Studys to define mainstream flood belviour for the HawkesburXepean
River system Although the hydraulic model incorporates a number of tributaries, the scale/resolution
of the nodel does not permit aetaileddescription of local catchment flood behaviour along each of
these smaller/narraver watercourses However, the backwater storage volume from the Hawkesbury
Nepean River afforded by these tributaries is representElde eader should refer to specific, detailed
flood dudies for each ofthese tributariesthat may be available from local council®r the most
contemporary descriptio of local flood behaviour.

A detailed description of th# UFLOWnodel setup is provided iiechnical Volume8 and a summary
of key model inputs and features is providedrable3-3.

Table3-3. Summary of TUFLOW Model Configuration

Key Features Description

TheTUFLOWhodel was developed to provide a reliable description of flood behav

within the defined study area extent (i.e., from Bents Basin downstream to Juno P

However, the model wasubsequentlyextended further upstream during the mode

calibrationas it was determined the floodplain storage in the vicinity of Camden h

notable impact on flood behavioun the vicinity of Wallacia Therefore, the final
Model Extent model extends upstreano Cowpasture Bridge at Camden.

The model also includabe lower reaches ahajor tributaries such as the Grose Ri\
and Colo River as well as all backwater storage areas such as South Creek and
Creek.

The extent of theTUFLOWhodel is shown ifrigure3-5.

TheTUFLOVW¥oftware uses a grid to define key features of the study area including
topography and hydraulic roughness. Therefohe ¢irid cell size of the model define
the level of detail, or resolution, of the model.fiAer resolution can providéor more
detailed representation of hydraulic features but will encounter extended run tir
and, potentially, computer memory limitations.

Grid Size A 15metre grid size was adopted for all final calibration and design flood simula
(the model was also saip to allow use of a 2@netre grid size for initial mode
simulations with expedited run times)in addition, sub grid sampling was employ
to enable a more detailed representation of features at the -guid level. A Bnetre
sub grid sampling interval was adopted across the broader model area anter@
sampling interval was adopted across more urbanised areas

The floodplain topography in the TUFLOW model was defined based on contemj
data sets, including the most recent LIDAR terrain data, supplemented
representations of recent developments in the study area. This results in a flooc

_ terrain representative of mid2020 conditions.
Terrain and

Bathymetry The channel bathymetry.é., areas located below the peament water surface and

therefore, absent from LIDAR datasets) has been sourced from the most up to
hydrographic survey data throughout the Hawkesbury and Nepean Rivers, provit
continuous and detailed description of the conveyance capacity of thénr
watercourses at a resolution not previously available.
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Hydraulic Roughnes:
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Description

¢KS K@RNIdzZ AO NRdZAKySada oAdSdI al yyi
by differert land usefobstructions (e.g., trees, buildings, grass). The spatial varie
in roughness was defined using remote sensing land use information whi
described inTechnical Volume 2 This land use information was further updated a
refined using recent aerial imagery as well as the outcomes of site visits.

The roughness coefficients assigned to each land use were initially assigned ba
values quotd in literature. The coefficientsvere subsequently refined as part of th
model calibration process

Bridges and Culverts

A representation of all bridges amdajor culverts located within the Hawkesbun
Nepean floodplainwas included in theTUFLOWmodd. The individual spans ¢
GYFAYAGNBFYE KeRNI dzZ A O & i NHzO éHalekdSburg and
Nepean Rivers) were represented adithensional structures. This allethe differing
blockage potential of individuddridge spans to be represented.

{ GNUzOG dzZNB&a adzo2SOi0 (2 a2@0SNDBIyYy1é |y
either 2dimensional structures (for larger bridges) odimenstional structures (for
smaller culverts).

Blockage was assigned to each mainstream hydraulic struetsineell as overbanl
structures in the Emu Plains and Peach Tree Creek floodgtairedl design flood
simulations based oNBE 02 YYSY RI A2y a Ay W! dza G NI f
Ct22R 9ailAYlIGA2YQ o.Fftf SG FtdZ Hnwmdg

Weirs

A representation of weirs located within the study area was also incorporated ir
model. Theriverarea 2 OF § SR 0 SKAYR SI OK gSANI gl
the top of each weir elevation. That is, it was assumed that the river areas cont
behind each weir weréfull¢ for each flood simulation

Model Boundary
Conditions

Hydraulic computer models such aslFLOWequire suitable boundary conditions t
define where water enters and leaves the model aredhe upstream mode
boundaries (representing where flows enter ti&JFLOWnodel area) were definec
using flow hydrographs produced by the hydrology med@&he fow hydrographs for
smallertributaries (e.g., Cattai Creekyere applied directly to the Hawkesbury ar
Nepean Rivers. Flow hydrographs for major tributafeg., Colo Riveryere applied
at the upstream modeboundaries ¢ KSNBE F2 NS X { kv alanyBidok
tributaries was represented in the hydrology model and the routing of flow along rr
tributaries was represented in thEUFLOWhodel.

The downstream boundarfdefining where water leaves the mode¥ps defined as ¢
time varying ocean water level (i.e., tide)
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Figure3-5. Hydraulic Model Area
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3.5.2 Calibration
Calibration of the newrfUFLOWmodel was completed to ensure the model setup was providing a
reliable representation of flood behaviour across the study area. This involved comparing simulated
flood levels generated by the model against recorded water levels at stream gauge loestioet as
surveyed flood mark elevations for the following histatfitoods:

November 1961
June 1964
June 1975
March 1978
August 1986
May 1988
August 1990
February 2020

> >y >y > D> D> D> D>

The location of active stream gauges thadre used as part ahe calibrationis shown inFigure3-6.

Inflows to theTUFLOWnodel were defined based on flow hydrographs produced by the calibrated
hydrology modelsCalibration washencompleted by adjusting thEUFLOWhodelparametergmainly
hydraulic roughness) to minimise differences/achieve the best possible correlation beswvaatated
andrecordedflood levels while keeping parameters within reasonable bounds

Following the initial model calibration, significant fleamtcurred in March 2021March 2022 and July
2022 These floodprovided an opportunity to collect additional data torther validate theTUFLOW
model performance. This included extensol@a collectionefforts in the Lower Hawkesbury River
where only sparse amounts of histald¢lood information were previously available

The calibration and validation focused on both the representation of the peak flood levels (for locations
with surveyed peak flood levels), as well as the time variation in water levels (for stream gauge
locations). The model results provide a good repicitbn to the gauge records along the Nepean and
Hawkesbury Rivers. Examples of the stage hydrographs for the March 2021 flood are skayunein

3-4.

Further details on the calibration of thetUFLOWnNodel are described ifechnical Volume3 and
information on the validation of th& UFLOWhodel to therecent floodsare provided in

A March 2021 Validationfechnical Volume 8
A March 2022 Validatiorifechnical Volume 9
A July 2022 Validatioechnical Volume 10
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Figure3-6. Location ofwater levelgauges forhydraulicmodel calibration floods
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