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Figure H7: Change in Peak Floodd evel with Rainfall Loss Decreased by 50% — 5% AEP Event
Figure H8: Change in Peak Flood Level with Rainfall Loss Decreased by 50% — 1% AEP Event
Figure H9: Change in PeakdFleod Levelwith Mannings Increased by 25% — 5% AEP Event
Figure H10: Change in Peak Flood Level with Mannings Increased by 25% — 1% AEP Event
Figure H11: Change.in Peak Floed Level with Mannings Decreased by 25% — 5% AEP Event
Figure H12: Change in Peak Flood Level with Mannings Decreased by 25% — 1% AEP Event
Figure H13: Change in Peak Flood Level with Structure Blockage 0% — 5% AEP Event
Figure,H14: Change imPeak Flood Level with Structure Blockage 0% — 1% AEP Event

Figure H15: Change/in Peak Flood Level with Structure Blockage 50% — 5% AEP Event
Figure.H16: Change in Peak Flood Level with Structure Blockage 50%— 1% AEP Event
Figure H17: Change in Peak Flood Level with Pit Blockage 0% — 5% AEP Event

Figure H18: Change in Peak Flood Level with Pit Blockage 0% — 1% AEP Event

Figure H19: Change in Peak Flood Level with Pit Blockage Increased — 5% AEP Event

Figure H20: Change in Peak Flood Level with Pit Blockage Increased — 1% AEP Event

Figure H21: Climate Change Sensitivity — 0.5% AEP Event vs 1% AEP Event

Figure H22:

Climate Change Sensitivity — 0.2% AEP Event vs 1% AEP Event
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LIST OF ACRONYMS

1D One-dimensional

2D Two-dimensional

AEP Annual Exceedance Probability

AMS Annual Maximum Series

AMC Antecedent Moisture Condition

ARI Average Recurrence Interval

ARR Australian Rainfall and Runoff

BoM Bureau of Meteorology

DCP Development Control Plan

DPE Department of Planning and Environment
ELVIS Elevation Information System

ERP Emergency Response Planning

EY Exceedances per Year

FERC Flood Emergency Response Classification
FIE Flooded Isolated Elevated Areas

FIS Flooded Isolated and Submerged Areas
FRMS&P Floodplain Risk Management Study and Plan
GIS Geographic Information System

GSDM Generalised Short Duration Method
HEC-RAS Hydrologic Engineering Centre’s River Analysis System
IFD Intensity, Frequency '‘and Duration (Rainfall)
KRGC Ku-ring-gai Council

LEP Local Envirenmental Plan

LGA Local Gavernment Area

LPI Landsand Property Information

mMAHD meters above Australian Height Datum

PMF Prebable Maximum Flood

PMP Probable Maximum Precipitation

SCIMS Survey Conitrol Information Management System
SES State Emergency Service

SIX Spatial Information Exchange

SwW Sydney Water

TUFLOW one-dimensional (1D) and two-dimensional (2D) flood and tide

simulation software (hydraulic model)
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ADOPTED TERMINOLOGY

Australian Rainfall and Runoff (ARR, ed Ball et al, 2019) recommends terminology that is not
misleading to the public and stakeholders. Therefore the use of terms such as “recurrence interval”
and “return period” are no longer recommended as they imply that a given event magnitude is
only exceeded at regular intervals such as every 100 years. However, rare events may occur in
clusters. For example there are several instances of an event with a 1% chance of occurring
within a short period, for example the 1949 and 1950 events at Kempsey. Historically the term
Average Recurrence Interval (ARI) has been used.

ARR 2019 recommends the use of Annual Exceedance Probability (AEP). AERdis theyprobability
of an event being equalled or exceeded within a year. AEP may be expressed as either a
percentage (%) or 1 in X. Floodplain management typically uses the percentage form’ of
terminology. Therefore a 1% AEP event or 1 in 100 AEP has a 1% chance_of being equalled or
exceeded in any year.

ARI and AEP are often mistaken as being interchangeable for evefits equal toyer more frequent
than 10% AEP. The table below describes how they are subtly different.

For events more frequent than 50% AEP, expressing frequency in terms of Annual Exceedance
Probability is not meaningful and misleading particularly“in, aréas with strong seasonality.
Therefore the term Exceedances per Year (EY).is,recommended. Statistically a 0.5 EY event is
not the same as a 50% AEP event, and likewise an event with a 20% AEP is not the same as a
0.2 EY event. For example an event of 0.5 EY is angvent which would, on average, occur every
two years. A 2 EY event is equivalent to a design event with a 6 month ARI where there is no
seasonality, or an event that is likely to"@eecur twice in one year.

The Probable Maximum Flood (PMF)is the largest flood that could possibly occur on a catchment.
It is related to the Probable Maximum™Precipitation (PMP). The PMP has an approximate
probability. Due to the conservativeness,applied to other factors influencing flooding a PMP does
not translate to a PMF of the sameé AEP. Therefore an AEP is not assigned to the PMF.

This report hasiadopted the approach recommended by ARR and uses % AEP for all events rarer
than the 50 % AEP,and EY for all events more frequent than this as shown in the table below.
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AEP
Frequency Descriptor EY AEP (%) ARI
(1inx)
12
G 99.75 1.002 0.17
4 9817 1.02 0.25
Very Frequent
3 95.02 1.05 0.33
2 a6.47 116 05
1 63.21 158 1
0.69 50 2 1.44
05 39.35 254 2
Frequent
0.22 20 5 4 48
02 18.13 552 5
0.11 10 10 949
0.05 ) 195
Rare
0.02 2 495
0.01 1 99.5
0.005 0.5 199.5
0.002 0.2 4995
ery Rare
0.001 0.1 999 5
0.0005 0.05 1999 5
0.0002 0.02 4999 5
Extreme

PP/

FIMP Flood
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FOREWORD

The NSW State Government’s Flood Prone Land Policy provides a framework to ensure the
sustainable use of floodplain environments. The Policy is specifically structured to provide
solutions to existing flooding problems in rural and urban areas. In addition, the Policy provides
a means of ensuring that any new development is compatible with the flood hazard and does not
create additional flooding problems in other areas.

Under the Policy, the management of flood liable land remains the responsibility of local
government. The State Government subsidises flood mitigation works to alleviate existing
problems and provides specialist technical advice to assist Councils in the discharge of their
floodplain management responsibilities.

The Policy provides for technical and financial support by the Government through founsequential
stages:

1. Flood Study
o Determine the nature and extent of the floodsproblem.
2. Floodplain Risk Management

o Evaluates management options for the floodplain in respect of both existing and
proposed development.
3. Floodplain Risk Management Plan
¢ Involves formal adoption by Coungil of aplan of management for the floodplain.
4. Implementation of the Plan
e Construction of flood mitigation works to protect existing development, use of
Local Environmental Plansto,ensure new development is compatible with the
flood hazard.
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This study was undertaken by, WMAwater Pty Ltd, on behalf of Ku-ring-gai Council. Ku-ring-gai
Council has prepared this deacument with financial assistance from the NSW Government through
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of the NSW.Gevernment or the Department of Planning and Environment.

A number of organisations and individuals have contributed both time and valuable information to
this study. The assistance of the following in providing data and/or guidance to the study is
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o Ku-ring-gai Floodplain Risk Management Committee

¢ Residents of the study area
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e Department of Planning and Environment

o NSW State Emergency Service
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EXECUTIVE SUMMARY

The following Stage 4 report comprises an overview of the work that has been undertaken by
WMAwater on the Lane Cove - Northern Catchments Flood Study. Stage 4 comprises the Draft
Flood Study.

Introduction

Ku-ring-gai Council (KRGC) engaged WMAwater to undertake the Lane Cove Northern
Catchments Flood Study. The objective of this study is to improve understanding of flood
behaviour and impacts, and better inform management of flood risk in the study.area. The study
area includes the suburbs of South Turramurra and parts of Pymble, West Pymble{ Turramurra
and Wahroonga. It covers an area of approximately 14.7 km? (1,470 ha) and consists of a number
of headwater catchment areas flowing to the Lane Cove River, including Rudder Creek, Quarry
Creek, Congham Creek, Avondale Creek, Fox Valley (Peppermint and Water Dragon Creeks) and
Coups Creek. The upper parts of the catchments are largely residential development, while the
lower parts are primarily steep forested valleys.

Available Data

As part of the data collection, WMAwater received the previous studies undertaken and models
developed by KRGC. Additional data received included GIS datasets of stormwater assets,
buildings, land use zoning, topography and aerial imagery. A“detailed topographic survey was
undertaken for select channels and culvert structures located within urbanised areas. Historic
rainfall data was also obtained from the Bureau'of Meteerology and Sydney Water.

Community Consultation

At the commencement of the project, the.community were informed of the study and provided the
opportunity to contribute their observations’ of flooding within the catchment. A total of 192
responses to a community guestionnaire were obtained, with 82 of these indicating they had
experienced flooding in the past.

Apart from residents with@a creek atthe'rear of their property (or front, that is crossed by a driveway
bridge/culvert);the majority of respondents described overland flow flood behaviour (i.e. the flood
watersiwere not.cenfinedto a defined creek or channel). A large proportion of these also mention
blockage of street“drainage pits as contributing to flooding. The most common flood events
mentioned were the recent events of 2020, 2021 and 2022.

Model Development
The models developed to simulate flood behaviour in the study area consist of a two-stage
process:
1. Hydrologic modelling using DRAINS to convert rainfall to runoff
2. Hydraulic modelling using TUFLOW to estimate overland flow distributions, flood depths,
levels and velocities.

The DRAINS hydrologic model was developed from an existing model. A total of 2,394 sub-
catchments were delineated and sub-catchment parameters were assigned based on topographic
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and land use data. Typical model parameters were adopted as there is not sufficient information
to adjust these for local catchment conditions.

The TUFLOW hydraulic model covers the entire study area and a portion of Coups Creek outside
the study area. The model consists of a 1 m by 1 m regular grid. The best available terrain and
structure data was incorporated into the model, along with model adjustments to ensure that
hydraulic features (including gutters and channels) were adequately represented. The simulated
runoff hydrographs from the DRAINS model are applied to the TUFLOW model as inflows.

Model Calibration

There is only limited data for model calibration. Records of overland flow and floeeding throughout
the study area generally consist of qualitative descriptions, rather than recorded fleod levels for
specific events. As such, a full model calibration was not undertaken. Rather,a validation\was
undertaken.

The historic events of 1991, 2020, 2021 and 2022 were simulatedyand £ompared with the
observed flood behaviour, primarily captured by the questionnaire provided toresidents as part of
this study. The results (Appendix E) indicate an overall’goodymatch, to the observed flood
behaviour with key flow paths being represented and modelled flood depths typically being within
+0.2 m of that observed.

Design Flood Modelling

Design flood modelling was undertaken in accordance with Australian Rainfall and Runoff (ARR)
2019 guidelines, including adoption of design rainfalls from the Bureau of Meteorology,
consideration of areal reduction factors and blockage of hydraulic structures. ARR 2019 requires
an ensemble of temporal patterns togoenrun for each duration and these were simulated in the
hydrologic and hydraulic model. The critical storm duration (duration that produces the highest
flood level) was determined based on the mean of the 10 temporal patterns for each duration and
varied across the catchment from\ 10 minutes to 45 minutes. A 45 minute storm was found to
adequately represent the typical behaviour across the study area. The design flood events
simulated were the 20%, 10%, 5%, 2%,,1%, 0.5% and 0.2% annual exceedance probability (AEP)
events. The Probable Maximum Flood (PMF) was also simulated in accordance with the
Generalised ‘Short Duration/Method. The critical duration for the PMF was 15 minutes and 30
minutes. Designfleod depths, levels, velocities, hydraulic hazard and hydraulic categories were
mapped andgare provided in Appendix F. Flood results were also tabulated and plotted at key
road crossings, with results presented in Appendix G.

Sensitivity Analysis

A sensitivity analysis (Appendix H) was undertaken for key modelling parameters by varying the
adopted values and assessing the change in peak flood levels. Peak flood levels are relatively
insensitive to changes throughout the urban areas, with increasing sensitivity in the downstream
forested areas. Flood levels were most sensitive to the antecedent moisture conditions and rainfall
losses.
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1. INTRODUCTION

1.1. Study Objectives

Ku-ring-gai Council (KRGC) engaged WMAwater to undertake the Lane Cove — Northern
Catchments Flood Study. This study is jointly funded by the NSW Department of Planning and
Environment (DPE) and the KRGC. The flood study is the first step in the NSW flood program and
will provide the basis for subsequent steps such as the Floodplain Risk Management Study and
Plan (FRMS&P).

The Lane Cove — Northern Catchments Flood Study will define the existing fload behaviour within
the study area using computer models. Those models will use the data available to create an
accurate representation of the existing catchment flood behaviour. Once the models are
established, calibrated and validated, they can be used to subsequently undertake a FRMS&P to
identify existing flood risk and develop mitigation options to reduce this risk.Afhe outputs of the
study will also be used in planning for future development of the catchment and providing advice
to the community and emergency response agencies.

The objective of this study is to improve understanding offleod behaviour and impacts, and better
inform management of flood risk in the study area. It aims ta_provide an understanding of the full
range of flood behaviour and consequences indthe study area.

1.2. Study Area

The study area is located north-east of the Lane Cove River and covers the northern catchment
area of local creeks within the Ku-ring-gai Local Government Area (LGA) that drain to the Lane
Cove River. The study area is approximately bounded by Ryde Road to the east (catchment divide
with Blackbutt Creek), the Pacific,Highway and North Shore railway line to the north-east (Lane
Cove River catchment boundary) and Coups Creek to the north (LGA boundary with Hornsby
Shire Council). It includes the suburb of South Turramurra and parts of Pymble, West Pymble,
Turramurra and Wahroongaalt coversan area of approximately 14.7 km? (1,470 ha) and consists
of a numberf headwater catchment areas flowing to the Lane Cove River. The area is drained
by a series of creeks including Rudder Creek, Quarry Creek, Congham Creek, Avondale Creek,
Fox Valley (Peppermint and Water Dragon Creeks) and Coups Creek. The creeks generally drain
in a south-westerly direction to the Lane Cove River. A summary of the catchment areas for these
creeks is provided in Table 1. The study area is shown in Figure 1.

Table 1: Summary of Catchment Areas

Catchment Area (km?)
Rudder Creek 0.26
Quarry Creek 1.22
Congham Creek 0.39
Avondale Creek 5.17
Fox Valley (Peppermint Creek and 4.06
Water Dragon Creek)
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Catchment Area (km?)
4.71 (2.44 within the
Coups Creek (
study area)
Other Lane Cove River Tributaries 1.10
Total® 14.64

! Total catchment area within the study area. There are some minor additional areas within the study area
that drain directly to the Lane Cove River that have not been included in this study.

The upper parts of the catchments are largely residential development, with stormwater pits and
pipes collecting rainfall runoff. The land use in the upper part of the study area catchment is mostly
low-density residential properties, with small areas of commercial development(primarily around
the Pacific Highway), educational campuses, and open space (such as parks, golf,courses and
sporting fields). Further downstream there are overland flow paths and channels that form through
these residential areas. When channels form, these are usually within vegetated corridors, such
as that shown in Photo 1. There are some flow paths through private property aleng stormwater
easements and open sections of creek channel. In the lower catchment areas, there are steep
forested valleys primarily within bushland reserves and the Lane Cove NationahPark.

J <t 5 v

A

Photo 1;Example ofiavegetated creek in the study area

The highest elevationds,approximately 210 mAHD on the northern edge of the study area in
Wahroonga and the lowest, elevation of the urbanised areas is typically around 70 mAHD,
although Gloucester Avenue in'West Pymble descends to approximately 20 mAHD. The elevation
of the study areays showniin Figure 2.

The upstream urbanised parts of the catchment drain into well-defined channels or informal
overland flow paths that discharges into the forested areas downstream. In large rainfall events
where the capacity of the pit and pipe system is exceeded, these overland flow paths are activated
and can cause inundation and damage to property. Some roads are also prone to flooding and
present a risk to motorists. There have been numerous reports of flooding within the catchment,
the most recent being March 2022.
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2. AVAILABLE DATA
2.1. Previous Studies

2.1.1.Lane Cove Northern Catchments Stormwater Planning Study,
Cardno Willing, 2005

Cardno Willing was engaged by KRGC to establish a stormwater planning study for several sub-
catchments within the Lane Cove Northern Catchments study area (Reference 1). These sub-
catchments cover the Lane Cove 1, Lane Cove 2, Lane Cove 3 (Congham Creek), Avondale
Creek, Fox Valley and Coups Creek catchments. The study prepared hydrelogieal models
(DRAINS) and water quality models (MUSIC), analysed the performance of the existing drainage
system and identified priority capital works for improving stormwater system capacityrand
stormwater quality within the framework set up by the Lane Cove River Stormwater Management
Plan (SMP). Stormwater capacity upgrades and water quality devices were recommended at
various locations, with three sites being identified for potential integratedwater/quantity and quality
management measures including West Pymble Primary School, The Glade ‘@val and Auluba
Reserve. The adopted DRAINS models were provided by KRGCfor usejin this study.

2.1.2.Local Catchment Plan - Lane Ceve River Southern Region
Catchments, URS, 2006

URS was engaged by KRGC to develop a Local Catchment Plan for several catchments draining
to Lane Cove River (Reference 2). Some of these argwithin the current study area, including Lane
Cove 4 (Rudder Creek) and Lofberg Quarry Creek (Quarry Creek). This report established the
status of the catchments, their drainage, network, their water quality status and provided a
prioritised set of options for improvement, concept designs and integrated outcomes to guide
future capital works programs by KRGE. Thé study developed hydrologic models (DRAINS) and
water quality models (MUSIC) and recommended a range of management measures based on
results from these models. Thesadopted,DRAINS models were provided by KRGC for use in this
study.

2.1.3.Preliminary Flood Mapping Report, Mott MacDonald Hughes
Trueman #2011

KRGC commissioned Mott MacDonald Hughes Trueman to carry out a floodplain mapping
exercise (Reference 3). The study relied on existing hydrologic models (DRAINS) and developed
one-dimensional (1D) hydraulic models (HEC-RAS) across the KRGC LGA to derive flood extents.
The models were not calibrated, however, hydrologic estimates were verified using the Rational
Method. The 1 in 20 year and 1 in 100 year Average Recurrence Interval (ARI) flood extents were
established for major drainage overland flow paths. A series of flood maps and associated GIS
layers were developed for KRGC for the purpose of flood planning and was not considered to be
a rigorous ‘flood study’. The GIS layers were provided by KRGC.

121054: 240408 _Lane_Cove_Northern_Catchments_Flood_Study.docx: 9 April 2024 3



Yo
k_, wma Lane Cove — Northern Catchments Flood Study

2.1.4.Norman Griffiths Oval Flood Assessment Final Compendium
Report, Jacobs, 2018

KRGC engaged Jacobs to undertake a flooding assessment for Noman Griffiths Oval in West
Pymble (Reference 4). The report is a summary of all the investigations undertaken for the oval
upgrade, which serves as a detention basin on Quarry Creek. Drainage works were required to
achieve 2% AEP flood immunity of a new synthetic field surface. The objectives of these studies
were to:

e Review the data and DRAINS model available for the Lofberg Quarry catchment.

e Establish a two-dimensional (2D) TUFLOW hydraulic model.

¢ Determine existing case flood conditions for the catchment for a range of flood events

0.2 exceedances per year (EY) up to the 1% AEP event.

¢ |nvestigate a series of options for the oval upgrade including costing of these options.
A field bypass option, where drainage capacity underneath the field was previded, was,selected
as the preliminary design to proceed to concept design. KRGC considered the outcomes of the
study and concluded that the Norman Griffiths Oval upgrade project would net be feasible during
the development of a concept design. The report was compiled based on five'memos that had
been issued to conclude the project before the concept design was,finalised.

2.1.5. Norman Griffiths Oval - Flood Risk'lnyvestigation, BMT, 2020

Following the previous assessment for Norman Griffiths Oval (Reference 4), KRGC investigated
the potential for alternative oval upgrade options following strong community support. BMT was
engaged by KRGC to undertake further flood'risk investigations, particularly considering the
current downstream flood risk and changes with potential field upgrades (Reference 5). The
TUFLOW model developed by Jacobs (Reference 4) was refined for both the exiting case and
proposed upgrade. Changes to flogd risk and preliminary costing of options were investigated.
The models used for the Norman, Griffiths Oval investigation were provided by Council and will be
incorporated into the current broader Lane Cove Northern Catchments Flood Study where
appropriate.

2.2. Topographic Data

The Digital Elevation Model (DEM) is a representation of the ground topography and one of the
primary.inputsiinto a flood model. The study area DEM was developed using the Light Detection
and Ranging (LIDAR) data and detailed topographic survey data, as outlined in the following
sections.

2.2.1.LiDAR

The majority of the study area DEM was developed using the LIDAR data. This is a form of aerial
survey that uses a laser scanner mounted to an aircraft. This data produces a high-resolution
model of the ground elevation over large areas. The DEM is derived from a series of points with
a typical density of 4 point per square metre. A gridded DEM is produced from filtered ground
return points. The NSW Government (Spatial Services) holds this data and it is publicly available
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through the Elevation Information System (ELVIS, https://elevation.fsdf.org.au/). The 1 m DEM
was obtained for the study area, based on data captured in May/June 2020, with a small portion
being captured in June 2019. The LiDAR has a reported vertical accuracy of 0.3 m in the vertical
(95% confidence interval) and 0.8 m in the horizontal (95% confidence interval). The terrain across
the study area is shown in Figure 2. The LiDAR-derived DEM has limitations in accuracy where
there is dense vegetation or waterbodies. Due to this limitation, additional survey was obtained,
as outlined in Section 2.2.2 below.

WMAwater undertook a comparison of the 2019/2020 LiDAR data with Survey Control Information
Management System (SCIMS) survey benchmarks from NSW Spatial Services. The data is
available through the NSW Spatial Information Exchange (SIX, http://six.nsw.gowauf)sThese are
typically located within urban areas on roadways and footpaths. The following filtering of points
was applied in order to obtain a reliable SCIMS dataset:

¢ Removal of points marked as “Destroyed”, “Uncertain” or “Not Found”for their status.

¢ Removal of points marked as “U” for Vt class (unknown/unreliable/survey):

¢ If the difference between the point and the LIDAR dataset wasfgreatef than 1"m.

This yielded a total of 233 reliable points within the studydarea. Ayhistogram of the difference in
level between the 2019/2020 LIiDAR and these SCIMS points is\shown in Diagram 1. The
histogram shows that the differences are primarily within 0.3 m (95% of points), which is
considered a reasonable match. There is a slight skew, indicating a bias for the LIDAR data to be
slightly higher than the survey marks. The median,difference is approximately 0.02 m, with 80%
of the points being within £0.15 m. This demonstratesda high quality dataset that is considered
reliable for the purposes of flood modelling.
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Diagram 1: Histogram of the difference between the 2019/2020 LiDAR dataset and the SCIMS
points

For comparison purposes, the same analysis was undertaken for the 2013 LIiDAR dataset. The
histogram of the differences is shown in Diagram 2. This indicates a similar level of reliability, but
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a slight skew toward the negative side, indicating a bias for the LIDAR data to be slightly lower
than the survey marks. While both datasets appear to be similar in their reliability against the
survey marks, the 2019/2020 LiDAR dataset is considered to be more representative of current
conditions and development. There are a number of developments that have occurred since 2013,
such as the subdivision around Grey Horse Close and several other developments scattered
throughout the study area. These would only be represented in the 2019/2020 LiDAR and hence
the 2019/2020 LIiDAR was adopted for this study.
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Diagram 2: Histogram of the difference between the 2013 LIiDAR dataset and the SCIMS points

2.2.2. Detailed Topographie Survey

Due to the limitations of LiDAR data in“heavily vegetated areas, detailed topographic survey of
several channels was commissioneds..These channels were selected due to their proximity to
development, poor quality,of the LIDAR data and the requirement for accurate representation of
channels. There is a need toaccurately represent the channels and their capacity through these
residential areas. The location of these channels can be seen in Figure 3. The culverts upstream,
downstream and within these reaches were also surveyed. One bridge structure on Troon Place
was also surveyed.

The survey was undertaken by Degotardi Smith and Partners in July/August 2023. A copy of the
data is provided in Appendix B. It consisted of 37 cross sections, 9 culverts and 1 bridge. The
survey covered 7 different reaches.

2.3. Aerial Imagery

Aerial imagery was provided by KRGC in tif format. This dataset consists of 12 cm resolution
aerial imagery captured in 2020. A 2011 LPI dataset was also provided by KRGC. Aerial imagery
was also available on platforms such as Google Maps (www.maps.google.com.au), Nearmap
(www.nearmap.com) and SIX Maps (six.maps.nsw.gov.au).

121054: 240408 _Lane_Cove_Northern_Catchments_Flood_Study.docx: 9 April 2024 6


http://www.maps.google.com.au/
http://www.nearmap.com/
http://six.maps.nsw.gov.au/

Yo
k_, wma Lane Cove — Northern Catchments Flood Study

2.4. Land Use Zoning

The Ku-ring-gai Local Environment Plan (LEP) 2015 applies to the study area. The LEP zoning
was provided by KRGC for the study area as well as cadastral boundaries. This information
identifies lot boundaries and the zoning (such as residential, commercial, industrial and
recreational areas). The study area is mostly composed of R2 Low density residential lots with the
lower part of the catchments categorised as E1 — National Park or E2 — Environmental
Conservation. The upper eastern part of the study area is R3 - Medium Density Residential or R4
- High Density Residential. Other GIS boundaries, such as catchments, railway corridors, road
corridors and easements were also provided.

2.5. Hydraulic Structures

KRGC provided GIS layers of their stormwater database for the study area. A total of 2,634 pipes
and 2,902 pits are located within the study area. The dimension of the pitsand pits lintel were
typically available as well as the pit depth and surface level. The dimension of pipes and culverts
were also available. These appear to align with the _.nformation in the DRAINS models
(References 1 and 2).

2.6. Buildings

Buildings are a major hydraulic feature in the study, area. Their presence within overland flow
paths can cause flow constrictions and/or divert floodwater. KRGC provided a building layer
indicating building footprints. Approximatively 8,000 buildings are within the study area.

2.7. Site Visit

A site visit was conducteddon 20" December 2021 by WMAwater staff. The site visit was
conducted of the whole study, area, with a focus on the major creeks and where these intersect
with urban development.iThe aimdof the site visit was to gain an appreciation of the study area
including the topographyswaterways.and urban development. In particular, features that are not
readily seen‘in,aerial imagery, LIDAR data or stormwater datasets was able to be observed. Two
examples aré'shown in Photo 2 and Photo 3 below.
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Photo 2: Flowpath down a shared driveway Photo 3: Creek downstream ofiMonteith Street
upstream of Norman Griffiths Oval on Lofberg through residential properties
Road

2.8. Historic Rainfall Data

2.8.1. Overview

Rainfall data is recorded either daily (24-hour rainfall totals t@ 9:00 am) or continuously
(pluviometers measuring rainfall in small increments — less than'l mm). Daily rainfall data has
been recorded for over 100 years at many locations within the Sydney basin. However,
pluviometers have generally only been installed for widespread use since the 1970s. Together
these records provide a picture of when and how often large rainfall events have occurred in the
past.

Care must be taken when interpretingistorical rainfall measurements. Rainfall records may not
provide an accurate representation of pastflooding due to a combination of factors including local
site conditions, human error.or limitations inherent to the type of recording instrument used.

Examples of limitations that, may .impact the quality of data used for the present study are
highlighted in thé following:

¢ <Rainfall'gauges frequently fail to accurately record the total amount of rainfall. This can
occur for a range of reasons including operator error, instrument failure, overtopping and
vandalism. In particular, many gauges fail during periods of heavy rainfall and records of
large events are often lost or misrepresented.

o Dailyread information is usually obtained at 9:00 am in the morning. Thus, if a single
storm is experienced both before and after 9:00 am, then the rainfall is “split” between two
days of record and a large single day total cannot be identified.

¢ In the past, rainfall over weekends was often erroneously accumulated and recorded as a
combined Monday 9:00 am reading.

e The duration of intense rainfall required to produce overland flooding in the study area is
typically less than 6 hours (though this rainfall may be contained within a longer period of
rainfall). This is termed the “critical storm duration”. For a larger catchment (such as the
Parramatta River) the critical storm duration may be greater (say 9 hours). For the study
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area a short intense period of rainfall can produce flooding but if the rain starts and stops
quickly, the daily rainfall total may not necessarily reflect the magnitude of the intensity
and subsequent flooding. Alternatively, the rainfall may be relatively consistent throughout
the day, producing a large total but only minor flooding.

¢ Rainfall records can frequently have “gaps” ranging from a few days to several weeks or
even years.

e Pluviometer (continuous) records provide a much greater insight into the intensity (depth
vs. time) of rainfall events and have the advantage that the data can generally be analysed
electronically. This data has much fewer limitations than daily read data. Pluviometers,
however, can also fail during storm events due to the extreme weather conditions.

Intense rainfall events which cause overland flooding in highly urbanised catchments are usually
localised and as such are only accurately represented by a nearby gauge, preferably withinithe
catchment. Gauges sited even only a kilometre away can show very differentintensities and total
rainfall depths.

The rainfall data described in the following sections pertains to information that was used in model
calibration.

2.8.2. Daily Rainfall Stations

There are a number of daily rainfall stations available aroundithe study area operated by the
Bureau of Meteorology (BoM). Stations within @ppreximately 5 kilometres of the study area were
analysed. Only stations with useful data for recent years (from 1991, the earliest calibration event)
have been selected. This resulted in a total of 23 stations that were analysed, and these are listed
in Table 2 and shown in Figure 4. Diagram 3 also shows the operating period of these stations.
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Table 2: Dalily rainfall stations within and around the study area

Ave)

Station . Length of %
Number Station Name Start Date End Date Recorc?(years) Complete
66010 | Chatswood Council Depot 1/01/1897 | 31/12/1993 97.1 60.0
66011 | Chatswood Bowling Club 1/07/1951 Open 71.1 44.8
66020 | Epping Chester Street 22/01/1886 | 10/10/2002 116.8 76.5
66028 Hornsby (Pretoria Parade) 1/12/1923 | 31/05/1995 715 84.6
66032 | Lindfield West 1/04/1950 | 30/06/1992 42.3 96.2
66047 Pennant Hills (Yarrara Road) 8/06/1900 1/01/2021 120.7 65.1
66080 | Castle Cove (Rosebridge Ave) 1/10/1958 Open 63.8 99.6
66087 | Eastwood Bowling Club 1/01/1955 | 30/04/2004 49.4 80.8
66114 | North Turramurra (Dryden Rd) 1/05/2005 | 31/12/2009 4.7 99.2
66120 | Gordon Golf Club 6/08/1906 | 30/04/2022 1158 89.1
g6156 | Macquarie Park (Willandra 1/11/1970 Open 51.7 82.4
Village)
66157 Pymble (Canisius College) 1/12/1947 | 31/07/2011 63.7 98.1
go158 | uramurra (Kissing Point 1/01/1936 | 31/10/2018 82.9 99.9
Road)
66185 Carlingford (Barellan Av) 1/01/1986 | 30/09/2011 25.8 98.0
66189 | West Pymble (Wyuna Road) 1/04/1992 | 31/05/2011 19.2 90.6
66205 | Wahroonga (Boundary Road) 1/03/1998 | “31/12/2005 7.8 99.2
66206 | Stlves (Richmond Avenue) 10/04/1998 | 16/02/2021 22.9 88.5
66211 | Wahroonga (Ada Avenue) 6/03/2010 Open 12.3 99.3
66213 | North Ryde Golf Club 10/08/2011 Open 10.9 98.8
67062 Cherrybrook (Casuarina Drive) 1/09/2007 | 30/09/2015 8.1 99.4
67065 Hornsby (Swimming Pool) 6/02/2008 Open 14.4 79.0
West Pennant Hills
67089 1/06/1949 5/02/2015 65.7 89.0
(Cumberland State For
West Pennant Hills (Oratava
67098 1/01/1943 | 30/04/2006 63.4 94.5
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Available Daily Rainfall Data

=—=66010 CHATSWOOD COUNCIL DEPOT

. =—=66011 CHATSWOOD BOWLING CLUB

e 66020 EPPING CHESTER STREET
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. e====66032 LINDFIELD WEST
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. e==66156 MACQUARIE PARK (WILLANDRA
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@ tation records for the study area

Diagram 3: Available daily r
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2.8.3. Sub-Daily Rainfall Stations

A number of continuous rainfall stations (pluviometers) that record data at a sub-daily level are
available around the study area. These include stations operated by BoM and Sydney Water
(SW). Both Automatic Weather Stations (AWS) that provide rainfall data at a minute resolution
and traditional pluviograph stations that provide data at a 6-minute resolution are available from
BoM. The only available sub-daily rainfall station operated by the BoM is for Wahroonga
Reservoir, which ceased recording sub-daily rainfall in 1973 and the station was closed in January
1991. The next closest stations are more than 8 km away, at Parramatta North and Duffys Forest.
No BoM sub-daily rainfall stations were included in the current analysis for this reason.

SW operates eight tipping bucket rainfall stations within approximately 5 kmiof thé study area
boundary. These gauges are summarised in Table 3 and shown in Figure 4.

Table 3: Sub-daily rainfall stations within and around the study area

Station . Start Operating Distance from centroid
Station Name End Year .
Number Year Authority of Study Area (km)
566008 | North Ryde Gc 2014 Open SW 6.3
Chatswood Bowling
566017 1980 Open SW 9.3
Club
566037 | Ryde Pumping Station 1980 Open SW 7.1
566073 | Pymble Bowling Club 1987 Open SW 3.2
Pennant Hills Bowling
566076 1989 Open SW 3.2
Club
566083 | North Epping 1990 Qpen SwW 15
North St | Poli
566084 o_r_ ves (Police 1990 Open SW 8.6
Driving School)
East Lindfield Bowling
566085 Club 1990 Open SW 8.5

2.8.4. Calibration Events

The SW rainfall stations®f Pymble Bowling Club (566073), Pennant Hills Bowling Club (566076)
and North Epping (566083)were selected to analyse the major rainfall events that have occurred
in thedstudy area. These stations are the closest gauges with high resolution (sub-daily) rainfall
data! The tendargestdaily rainfall totals for each of the stations are shown in Table 4.
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Table 4: Ten largest rainfall events at selected stations

Pymble Gauge 566073 Pennant Hills Gauge 566076 North Epping Gauge 556083
Depth of Depth of Depth of
Date rainfall in 24 Date rainfall in 24 Date rainfall in 24
hours (mm) hours (mm) hours (mm)
3/02/1990 296 3/02/1990 221.5 11/06/1991 230
11/06/1991 218.5 11/06/1991 2135 10/02/2020 176.5
10/02/2020 196 31/08/1996 166 9/02/1992 171.5
4/02/1990 195.5 21/04/2015 161.5 5/06/2016 154.5
7/02/2010 189 10/02/2020 157.5 21/04/2015 148.5
6/07/1988 184 4/02/1990 156.5 6/06/2016 136
17/01/1988 182 9/02/1992 148 31/08/1996 133.5
9/02/1992 168.5 6/06/2016 145 10/02/1992 124°5
30/04/1988 163 5/06/2016 137 6/01/2016 117
1/05/1988 160.5 22/04/2015 131.5 22/04/2015 126.5

The 11" of June 1991 is in the top two events at all three gauges. There, were no specific
community responses relating to this event, however, it is likelysone of the largest events to have
occurred in the catchment.

The 10" of February 2020 is in the top five events at all three/gauges. There were also 5
community responses relating to this event, the‘most responsesfor a single event (see Section 3).
The depth of rainfall is above 150 mm at all gauges with almost 200 mm recorded at North Epping
and for this reason this event was selected as a calibration event.

The March 2021 event is not in the top,10 events at each site. The storm for this event lasted
several days, which resulted in flooding across the study area. There are two community
responses related to this event (see Section 8). This was selected as a calibration event.

The 9" of March 2022 is not in the top.10 events at each site. It is respectively the 11™, 17" and
19" storms recorded at'each of thé gauges 566073 (152.5mm), 566076 (102mm), and 566083
(88.5mm). There are three community’ responses related to this event (see Section 3). This was
selected as a ealibration event.

The events selectedifer the calibration were 11" of June 1990, 10" of February 2020, 215t March
2021 and 9" of March 2022. The depths of rainfall recorded at the closest rainfall stations to the
catchment for these events are shown in Table 5.
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Table 5: Rainfall depths at the closest rainfall stations for calibration events

Station Station Name 11™ June 10" February | 215t March 9" March
Number 1991 2020 2021 2022
566076 | ponnant s Bowling 2135 157.5 110 102
566083 | North Epping 230 176.5 106 88.5
566073 | Pymble Bowling Club 2185 196 122.5 152.5
66211 | Wahroonga (Ada Avenue) - 207.2 70.4 137.4
Macquarie Park
66156 (Willandra Village) 195.2 201.2 99 69.8

Q&

*@Qo
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3. COMMUNITY CONSULTATION

At the commencement of the project, the community were informed of the study and provided the
opportunity to contribute their observations of flooding within the catchment. Information on the
study was provided on KRGC'’s ‘Flooding’ webpage, where a ‘Survey Monkey’ questionnaire could
be accessed to share experiences of flooding as well as uploading photos and videos. The ‘Loving
Living Ku-ring-gai’ Facebook page also informed the community of the study and questionnaire.
A newsletter was sent to 856 owners and occupiers to inform them of the study and the
guestionnaire. The community consultation materials can be seen in Appendix C.

The questionnaire was open between 25 January 2022 and 29 March 2022 and was,kept open
longer than planned due to the March storm events across Sydney, which impacted the study
area. 192 responses were lodged with 82 residents indicating they had experienced flooding in
the past. Figure 5 shows a graphical summary of the responses received. Theresponses
indicated that:

e The respondents are typically residents of the study areapwith @n owner-occupied
property (92%) and a large proportion having resided in the areafor more than 10
years (60% of respondents).

o Approximately 43% of respondents experienced some flooding on or outside their
property.

o Of those that experienced flooding, approximately 45%fexperienced flooding in their
backyard, with approximately 30% ‘experiencing flooding in their front yard and on the
road. Approximately 10% had experienced flooding within their building.

e Of those that experienced flooding,| approximately 60% described the flooding as
shallow (up to mid-calf level), indicating the dominant flood mechanism being overland
flooding (i.e. not from an @peniehannel or creek).

e Of those that experienced flooding, approximately 35% described the speed of flood
waters as running pace, with approximately 40% stating that it was slower than this.

e Of those that experienced flooding, almost half said that it was overflow from
neighbouring properties.

o There were 9 responses (from 8 respondents) indicating that a flood mark was available
on their property.

The responses and, comments submitted were analysed to ascertain information that would be
useful for.ealibrating the flood model. There were 80 responses that contained information that
was considered useful. These responses are shown in Figure 6, and a summary of each response
is provided indAppendix E, which details the model calibration results.

Apart from residents with a creek at the rear of their property (or front, that is crossed by a driveway
bridge/culvert), the majority of respondents described overland flow flood behaviour. A large
proportion of these also mention blockage of street drainage pits as contributing to flooding. Many
of the respondents did not mention a specific date of flooding. It is considered that the type of
overland flooding observed by the community happens relatively frequently, when the capacity of
the stormwater system is exceeded (which may be approximately a 20% AEP event).

The flood events mentioned by the community are varied, with some referencing floods in the

121054: 240408 _Lane_Cove_Northern_Catchments_Flood_Study.docx: 9 April 2024 15



&., Wima Lane Cove — Northern Catchments Flood Study

1970’s and 1980’s. Specific events that were mentioned by more than one resident are
summarised in Table 6. There were also three respondents that indicated flooding happens
frequently, on a yearly basis.

Table 6: Flood events mentioned by the community

Year Comment

2022 | March 2022 was mentioned in 3 responses, with one indicating the 8th. There were
also 2 respondents that mentioned January 2022.

March 2021 was mentioned in 2 responses, with one of them indicating the period
14™-23, There was also one respondent indicating December 2021. There were an

2021 additional 3 respondents indicating ‘2021, which is most likely to besfeferring to the
March 2021 event.
9 February 2020 was mentioned in 5 responses. December 2020 was also

2020 mentioned by 2 respondents, suggesting that there were two storm events that

year. There were an additional 2 respondents indicating ‘2020’, which may be
referring to either event.

2016 | January 2016 was mentioned by 2 respondents, with onglindicating the 16".
2010 | January 2010 was mentioned by 2 respondents.

Photographs of flooding were provided by 8 residents, and these are shown in Photo 4 to Photo
14 below. The respondent ID is provided in the caption.

‘‘‘‘‘

L | AR,
Photo 4: 1984 floading of a workshop at the Photo 5: 6 February 2010 flood damage of a
rear of @ property on Binalong Street, Pymble property on Doncaster Avenue, West Pymble

(ID 076) (ID 111)

}
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a wooden bridge in Sheldo ember 2014 flooding through
Forest that was washed away in a flood in | theiront yard of a property on Campbell Drive,

2010 - 2012. ahroenga (ID 082)

*@Qo
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Photo 8: 5 June 2 oup ﬁ ooding at the rear of a property on Strone Avenue,
Wahroonga (ID 04

X
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Photo 9: Flooding (date unknown, perhaps 2016?) in the backyard of a property on Troon
Place, Pymble (ID 184)

Photo 10: Flooding (date unknown, perhaps 2019?) in the backyard of a property on Troon
Place, Pymble (ID 184)
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o

February 2020 flooding in the

™

5 ¢ ‘ ; ; ; N : ’_';x
Photo 12: 9 February 2020 flooding in the Forwood Avenue sag point, Turramurra (ID 110)
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e : ﬁ" B (5 W ” \ N
Photo 13: 9 February 2020 Coups Creek Photo 14: March 2021 flood damage of a
flooding at the rear of a property on Strone | property on Forwood Avenue, Turramurra (1D
Avenue, Wahroonga (ID 045) 16%)
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4. HYDROLOGIC MODELLING

4.1. Background

A hydrological model is a computer-based software tool for estimating the amount of runoff that
flows from a catchment for a given amount of rainfall, and the timing of this runoff flow. Stream
gauges (which measure water level in a stream) are a means of measuring this information, but
they are expensive to setup and maintain. They also require a long record (several decades) and
measurements of the velocity of flow during flood events (known as gaugings) to be of most value
for flood estimation.

Most of the smaller creeks in NSW are not gauged, and there are no suitable streamhgauges
within the study area. In this case, using a computer-based hydrologic model is the best practice
method for determining how much flow occurs from rainfall information (which is“more widely
available from rain gauges). This type of hydrologic model is referred to as@ runoff-routing model.

A range of runoff-routing hydrologic models is available as described in Australian Rainfall and
Runoff (ARR) 2019 (Reference 6). These models allow thegainfall to vary in both space and time
over the catchment and will calculate the runoff generated by each sub-catchment. The generated
flow hydrographs then serve as inputs at the boundaries‘of,the hydraulic model, which provides
details about flood levels and velocities.

DRAINS is widely used throughout Australia ta estimate runoff, primarily from urban areas, and
was selected for use in this study. DRAINS alse includes the ability to simulate the stormwater
network, including pits, pipes and channels. While the representation of these elements is
simplistic in nature, it can be used forrapid assessments of the stormwater network capacity.
Further details regarding the DRAINSsoftware are provided in the DRAINS User Manual
(Reference 7).

4.2. Existing DRAINS Models

The existing DRAINS madels, develeped as part of Reference 1 and 2, were reviewed for their
suitability for'the Flood Study and were not considered to be adequate in their representation of
the catchment conditions. This primarily related to the catchment-wide adoption of a standard
pervious/impervious fraction and time of concentration regardless of the sub-catchment size or
land use."Sub-catchment boundaries were not available and hence these parameters could not
readily be updated. In consultation with Council, it was decided that the existing DRAINS models
were to be updated for use in the Lane Cove Northern Catchments Flood Study.

4.3. Updated DRAINS Models

The updates made to the DRAINS models are outlined below. A separate memo describing the
updates is also provided in Appendix C, which contains further information.
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4.3.1. Sub-catchment Delineation

There are approximately 2,400 sub-catchments in the existing DRAINS models. It was not
considered feasible to manually delineate each of these sub-catchments. Instead, a semi-
automated approach was adopted using GIS techniques.

The terrain data used to delineate sub-catchments was based on the TUFLOW model. The
TUFLOW model included topographic modifications to represent various hydraulic features. This
included gutters, which are significant for the capture and directing of flows to individual pits.
These gutters are generally not adequately represented evenin the 1 m LiDAR grid. Consequently
the gutters were enforced as continuous flow paths in the TUFLOW model. Thesterrain‘'was also
‘hydrologically treated’ to fill sinks and provide continuous flow paths through the study area.

Pit inlet locations and nodes from the existing DRAINS models were exported.into a'GIS dataset.
The dataset was filtered to leave only those nodes with sub-catchment inflows ‘associated with
them (i.e. removing ‘junction’ pits). This resulted in 2,394 nodes. Sub-catchments t@ each of these
nodes were automatically delineated in GIS software. The sub-catechments ‘weré reviewed and
node locations adjusted in order to best represent the catchment, draining to each point. These
sub-catchments were further ‘cleaned’ and manuallyfadjusted (where required) to obtain a
detailed sub-catchment network, as shown in Figure 7.

4.3.2. Sub-catchment Parameters

The ‘detailed’ catchment data approach was adopted,for the updated DRAINS model. Sub-
catchment areas were calculated within the GIS software, in addition to the longest flow path and
slope. DRAINS allows the land useginpeach sub-catchment to be modelled in terms of an
impervious fraction (termed ‘paved’, representing directly connected impervious areas), a
pervious fraction (termed ‘grassed’)’ and /a supplementary fraction (representing indirectly
connected impervious areas). This approach is described in ARR 2019 (Reference 6). The
TUFLOW model surface roughness was used to define the impervious fractions within each sub-
catchment. The adopted impervieus percentages for each land use type are provided in Table 7
and can be seen in Figure 8.

Table#Z:Land useitypes and impervious fractions

Land Use Type Paved (%) Supplementary (%) Grassed (%)
Road corridors? 80 0 20
Residential 40 10 50
Bushland / Vegetated 0 0 100
Grassed (e.g. parks) 0 5 95
Commercial 50 20 30
Waterways? 100 0 0

L Including verges
2 Open water assumed to be 100% impervious

An additional time of 2 minutes was assigned for paved areas (representing concentration time
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from pervious areas such as roofs) and 1 minute for supplementary and grassed areas. The
retardance coefficient (n*) of 0.015 was assigned for paved areas (representing concrete) and 0.1
for supplementary and grassed areas. These values were adopted based on consideration of
guidance in the DRAINS manual. It should be noted that the retardance coefficient (n*) is similar
to, but not the same as the traditional Manning’s ‘n’ parameter.

The Horton/ILSAX hydrologic model was adopted, with the relevant parameters outlined in
Table 8. Depression storage was assumed to be 1 mm for impervious and supplementary areas

and 5 mm for pervious areas. A soil type of 3 was adopted, representing a slow infiltration rate.

Table 8: ILSAX Parameters Adopted

Parameter Value
Paved area (impervious) depression storage (mm) 1
Supplementary area depression storage (mm) 1
Grassed (pervious) area depression storage (mm) 5
Soil Type 3
Overland Flow Approach Kinematic Wave Equation
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5. HYDRAULIC MODEL

5.1. Background

Hydraulic modelling is the simulation of how flow moves across the terrain. A hydraulic model
can estimate the flood levels, depths, velocities and extents across the floodplain. It can also
provide information about how the flooding changes over time. The hydraulic model can simulate
floodwater both within the creek banks, and when it breaks out and flows overland, including flows
through structures (such as bridges and culverts), over roads and around buildings.

Two-dimensional (2D) hydraulic modelling is currently the best practice standard<for flood
modelling. It requires high resolution information about the topography, which is available for this
study from the LIiDAR aerial survey (Section 2.2.1). Various 2D software packages, are available
(SOBEK, TUFLOW, RMA-2, MIKE FLOOD). The TUFLOW package was adopted as it meets
requirements for best practice and is currently the most widely used flood model of this type in
Australia.

The TUFLOW modelling package includes a finite difference’or finite volume numerical model for
the solution of the depth averaged shallow water equations in two dimensions. The TUFLOW
software has been widely used for a range of similar floodplain projects both internationally and
within Australia and is capable of dynamically simulating cemplex overland flow regimes. The
TUFLOW model version used in this study was 2023-03-AB-w64 (using the finite volume HPC
solver in single precision mode). The TUFLOW Heauvily, Parallelised Compute (HPC) solver can
run on a Graphics Processor Unit (GPU) and aressignificantly faster than TUFLOW Classic
models, which rely on a Central Processing Unit (CPU). HPC models can be run across thousands
of cores within a GPU. This scheme _ismalso more robust, being a finite volume scheme. Further
details regarding TUFLOW software cande found in the User Manual (Reference 8).

In TUFLOW the ground topegraphy is represented as a uniform grid with ground elevations and
Mannings ‘n’ roughness value,assigned,to each grid cell. The grid size is determined as a balance
between the model result definition required and the computer processing time needed to run the
simulations. The greaterdhe definition (i.e. the smaller the grid size) the greater the processing
time need to run the simulation. TUFLOW also has the ability to dynamically link to the 1D ESTRY
enging; making itwseful for simulating both overland flow in the 2D domain, and flows through
underground.pipes and culverts in the 1D domain.

5.2. Hydraulic Model Extent and Resolution

The hydraulic model covers the entire study area including the suburbs of West Pymble, Pymble,
Turramurra, South Turramurra and Wahroonga that are within the Lane Cove River catchment
(see Figure 9). The model extends from the catchment boundary (approximately the Pacific
Highway and railway line) down to the Lane Cove River. The Lane Cove River itself is not
contained in the model. A small portion of the model covers the Coups Creek catchment within
Hornsby Shire Council LGA (Normanhurst). The model covers an area of approximately 18.2 km?
and utilises a 1 m by 1 m grid resolution. This resolution fully utilises the LIiDAR data, which is also
almbylmgrid.
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5.3. Model Topography

The hydraulic model reliability is heavily dependent on the underlying terrain data. The 2D
topography for the TUFLOW model was based on the 1 m DEM derived from LIDAR data,
captured in May/June 2020 (see Section 2.2.1 for details, shown in Figure 2). The LIiDAR data is
most accurate on hard surfaces exposed to the sky (for example roads). The data is less accurate
where there is dense vegetation covering the ground (such as within vegetated creek channels).
Flow paths within urban areas are typically along streets, and the vegetated creeks within the
study area are typically located downstream of the urban areas. For several areas where
vegetated creeks traverse urban areas, detailed topographic survey was obtained (seé Section
2.2.2). The cross-section information in this survey was used to modify the terrain inthe TUFLOW
model to represent these channels as part of the 2D domain. Additional topographic,modifications
were made to the terrain to ensure correct representation of hydraulic features, as outlined in the
following sections.

5.4. Hydraulic Structures

5.4.1. Road Kerbs and Gutters

The road gutter network plays a key role for overland flow in the urbanised parts of the study area.
Roadways typically capture the runoff from properties and“convey flow within the gutter.
Representation of the kerb and gutter systemin the model is therefore an important feature to
accurately simulate overland flows.

LiDAR typically does not have sufficientsresolution to adequately define the kerb and gutter system
within roadways. The kerb/gutter feature is of a scale that is smaller than the underlying 1 m LiDAR
grid used in the model, and even usefof the/LiDAR return points does not pick up a continuous
line of low points defining the drainage line along the edge of the kerb. Project 15 of ARR 2019 —
Two Dimensional Modelling'in Urban.and Rural Floodplains (Reference 9) provides the following
guidance:

“Stamping adpreferred flow path into a model grid/mesh (at the location of the physical
kerb/gutter system) may produce more realistic model results, particularly with respect to
smaller flood events that are of similar magnitude to the design capacity of the kerb and
gutter.” Stamping of the kerb/gutter alignment begins by digitising the kerb and gutter
interval in a/GIS environment. This interval is then used to select the model grid/mesh
elementsthat it overlays in such a way that a connected flow path is selected (i.e. element
linkage is orthogonal). These selected elements may then be lowered relative to the
remaining grid/mesh.”

In order to model the road drainage system effectively, the gutters were stamped into the mesh
using the method described above. The pavement layer provided by KRGC was used to create a
gutter line which was reviewed using aerial imagery and modified where required to ensure a
reasonable alignment. A total of 186 km of gutter lines were included in the model.
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The method used was to inspect the LIDAR by automatically generating points a maximum of
every 4 metres along the gutter lines and sampling the lowest elevation value within a 1 metre
radius of the point. The elevation of those points was lowered by 0.1 m to simulate a continuous
flow path in the gutter. Checks of the resulting gutter inverts were undertaken and it was found
that in some locations the GIS algorithm had picked up a minimum elevation that was substantially
lower than the road. This occurred in areas where the road was adjacent to steep cliffs. Where
this was the case, the elevation of the gutter was revised accordingly.

5.4.2. Pits and Pipes

Urban areas that are developed over natural watercourses typically have a drainagé system that
consists of pit inlets to capture surface water and a pipe system to convey that water,tnderground
to a downstream outlet location, such as a natural creek. The hydraulic model incorporatesythis
stormwater, or ‘pit and pipe’ network.

The stormwater drainage network was modelled in TUFLOW as a 1D networK dynamically linked
to the 2D overland flow domain. This stormwater network includeséonduits 'suech as pipes / box
culverts, and stormwater pits including inlet pits and junction“manholes., The schematisation of
the stormwater network was undertaken using the stormwater GIS layers supplied by KRGC (see
Section 2.5). Pipe sizes were obtained from the GIS layer, along with pit inlet sizes. The majority
of pits contained information about the invert level (such as a gratedevel and pit depth), however,
where no invert elevation was available, han estimate. was made based on the
upstream/downstream invert, the size of the pipe and,the LIDAR elevation. For the Quarry Creek
catchment, the existing TUFLOW model (Referenee 5) stormwater layers were utilised. The
alignment of the pipes and location of the stormwater pits were reviewed against the provided
aerial imagery and no discrepancies were, found. Figure 10 shows the location of pits and pipes
included as 1D elements in the hydraulic model and a summary of pipes by size is provided in
Table 9. A total of 2,139 pits were included in the model.

Table 9: Stormwater pipes included insthe model

Pipe Size (mm) Number of Pipes in Model

< 375 96
375 1,245
450 473
525 125
600 112
675 41
750 73
825 18
900 187
Total 2,370

5.4.3. Culverts

Cross drainage culverts were identified in the KRGC stormwater database (see Section 2.5) and
included in the hydraulic model as 1D elements. The alignment, size and structure invert were
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reviewed against the available aerial imagery and LIDAR data. The location of headwalls was
modified to align with the terrain low points. Local terrain modifications were made at culvert inlets
and outlets to ensure the transfer of water between the 2D domain and 1D culverts. Culverts
included in the existing Quarry Creek model (Reference 5) were used in the current model.

There were nine culverts surveyed as part of the detailed topographic survey (see Section 2.2.2).
These culverts were included in the model based on the survey information (dimensions and invert
levels). These structures were either not included in Council’s asset database or contained
different information to that surveyed. An example of one of these culverts is a large box culvert
under St Andrews Drive, Pymble (Photo 15). The culverts included in the model are shown in
Figure 10.

— / - v /\ A

=

Photo 15::St'Andrews Place Culvert (Degotardi Smith & Partners)

5.44Bridges

There is one substantial bridge structure within the study area, located on Troon Place, Pymble.
This bridge was subject to a detailed survey (see Section 2.2.2) and the structure was included in
the 2D domain of the hydraulic model. The bridge is a clear spanning structure, and as such form
losses were only applied from the soffit of the super structure. Losses were applied in accordance
with recent research from TUFLOW (Reference 10). The Troon Place bridge is shown in Photo 16.
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Photo 16: Troon Place Bridge (Degotardi Smith & Partners)

There are numerous other bridge structures that span minor waterways throughout the study area.
These are typically small single-spanning footbridges, such as those shown in Photo 17. These
bridges are likely to only have very localised hydraulic effects and there are too many to quantify
and model at the catchment-wide scale. Jhe hydraulic effects would only be initiated when the
flow comes into contact with the structure. At this level, the flow breaks out of the main channel
and the overbank flow_is,of mere cancern rather than the specifics of the flow within the channel
and any interaction with small structures.
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There are several areas where dwellings are located at thesreéariof the property and a creek runs
through the front of the property, with driveway accessfprovided aver the creek. For these lots,
due to the proximity of the creek to the dwelling and the 'size of the vehicle crossings, they have
been included in the model. Three driveway crossings off Quadrant Close were included and
seven driveway crossings off Wyomee Avenué were included. An example of these structures is
shown in Photo 18.

i

Photo 18: Example Driveway Bridge
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5.4.5. Channels

As outlined in Section 5.3, the topographic survey obtained for channels within urban areas was
incorporated into the 2D domain. The cross sections were used to generate topographic
modifications to represent the channels. The surveyed points were used to represent the channel
invert and width, ensuring that the bank levels aligned with the LIDAR data outside of the channel.
Typical channels that were surveyed can be seen in Photo 19.

¥

= ©

Photo 19: Typical channels that were surveyed (Degotardi,.Smith & Partners)

There is one concrete lined channel upstream of Norman Griffiths Oval (east of Lofberg Road)
which was represented as a 1D channel in the ‘existing TUFLOW model (Reference 5). This
channel was retained in the current model.

For the remaining natural creek channels within the study area, breaklines were used to represent
the channel inverts. The lowest eleyations from the LIDAR data were sampled at a 20 m interval
to generate a breakline to ensure a continuous flow path is represented along the creek. This was
done for all major natural creek channelsin'the study area that were not subject to detailed survey.
For Quarry Creek, the channel topography downstream of Norman Griffiths Oval developed as
part of the existing TUFLOW model (Reference 5) was used. The channels included in the model
are shown in Figure 10.

5:4.6.Buildings

Buildings in-overland flow paths can have a significant influence on surrounding flood levels and
can redirect floodwater. Buildings and other significant features likely to obstruct flow were
incorporated-into the model based on a building footprint layer provided by KRGC (see Section
2.6). The building footprints were reviewed using aerial imagery and Google Street View in key
overland flow areas, and modified where required. Approximately 8,000 buildings were included
in the model and are shown in Figure 11.

5.4.7.Fences

Smaller localised obstructions (such as fences) can be represented in TUFLOW in several ways
including as impermeable obstructions, a percentage blockage or as an energy loss. The
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obstructions may also be approximated generally by increasing Mannings roughness for certain
land use areas (such as residential) to represent the typical type of fencing used in such areas.

Individual fences in the catchment were not explicitly modelled, as they are difficult to identify and
relatively impermanent (since people can change their fences without Council approval). Fences
in urbanised areas were therefore accounted for by applying a slightly higher Mannings roughness
for the residential land-use type to simulate the obstruction to flow.

5.4.8. Avondale Dam

Avondale Dam is a small dam located on Avondale Creek, upstream of the Comenarra Parkway
in bushland adjacent to the Avondale Golf Club. It is assumed that this was an\old,water, supply
dam, however, it is no longer operational. No details of the dam were able to be abtained. Forthe
purpose of flood modelling, a dam wall was included in the 2D topography. and the, dam was
assumed to be full, such that any inflow into the dam would overtop the dam walband continue to
flow along Avondale Creek.

5.4.9. Norman Griffiths Oval

It is understood that the Normal Griffiths Oval at West Pymble is currently being upgraded. The
upgrades include a new synthetic surface, lighting, pathways and an improved drainage system.
The existing oval configuration was retained for the calibration events, however, for design flood
events, the proposed oval upgrades were included in the model, as per information provided in
Reference 11. For the purpose of flood modelling, these,upgrades consisted of:
e Diversion structure to take flow from the 4 x 750 mm diameter pipes under Lofberg Road
into new twin 600 mm diameterpipes that run underneath the oval, with the existing
1050 mm pipe under the oval als@ being retained;
¢ Anunderground ‘detention basin’ structure consisting of porous chambers in an aggregate
fill that allows water o fillithe chambers and void space in the aggregate fill. The stage-
storage relationship wasdmplemented based on DRAINS modelling that was undertaken
for the designd(Appendix 97in Reference 11); and
e An outlet_structure that consists of a 375 mm diameter pipe that discharges into the
existing'2050 mm, diameter pipe, noting that the pipe is actually 825 mm in diameter at the
point it exits from under the field, with this constriction included in the model.

The configuration of the proposed system is shown in Diagram 5 and Diagram 5, with the existing
pipe constriction shown in Diagram 6.
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5.5. Hydraulic Roughness

Roughness, represented by the Mannings‘n’ coefficient, is a key parameter in hydraulic modelling.
It models the resistance that floedwaters experience when flowing over a surface. For example,
floodwater flows more easilyfovera concrete carpark surface than through dense vegetation in a
natural creek channel. As part of the calibration process, roughness values are adjusted within
the ranges defined indheiliterature’ so that the model better matches observed peak flood levels
at a variety of locations./The,typicalranges of the Mannings ‘n’ coefficient for different surface
types are discussed in/Project 15 of ARR 2019 — Two Dimensional Modelling Urban and Rural
Floodplains (Reference 9). Chow (Reference 12) also provides some information with regards to
the setting of the roughness values for hydraulic calculations.

The Mannings /n’ values adopted for the study area are shown in Table 10. These values have
been adopted based on the site inspection, past experience in similar floodplain environments,
consideration of the above references and the model calibration process. The spatial variation in
Mannings ‘n’ is shown in Figure 11. The land use planning layer was used to determine the land
use type across the study area and was reviewed against the available aerial imagery. The creek
channel extents were derived using preliminary TUFLOW results, which indicated the areas of
conveyance and relatively deep floodwaters (over a metre) that is associated with creek channels.
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Table 10: Mannings ‘n’ values adopted in the TUFLOW model

Land Type Mannings ‘n’
Grass and open space 0.04
Dense vegetation and bushland 0.15
Creek channel 0.05
Road corridor 0.03
Residential areas 0.06
Commercial and Industrial 0.025

5.6. Boundary Conditions
5.6.1. Inflows

The DRAINS hydrologic model (Section 4) simulates the runoff that occurs for@ particular rainfall
event. Local runoff hydrographs are produced for each sub-catchment area. These hydrographs
are applied at the downstream end of each sub-catchment within the FUFLOW 2D domain (see
Figure 9). These inflow locations correspond with stormwater inletypits (2,712 inflow points) or
drainage reserves and open watercourses (686 inflow points). These inflow points typically
receive inter-allotment drainage and sheet runoff flows from upstream catchment areas. Flows for
three sub-catchments were distributed acrossfseven inflow points, to obtain better resolution of
flooding within the sub-catchment. The flows were assigned based on the proportion of the sub-
catchment area that drains to each inflow location.

5.6.2. Downstream Boundary Condition

The western edge of the study area isdocated along the Lane Cove River. This is located within
the Lane Cove National Park or othersheavily forested areas of the Ku-ring-gai LGA. The
boundaries for each of the ereeks discharging into the Lane Cove River were based on a stage-
discharge curve, adopting, a 1% slope. This allows water to flow out of the model, assuming a
normal flow depth. Thereds no development in this lower section of the creeks and the flooding
conditions omyprivate properties are not considered to be sensitive to the assumed tailwater
conditien» Thése downstream boundaries are shown in Figure 9.
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6. MODEL CALIBRATION

6.1. Approach

The aim of the calibration process is to ensure the modelling system can replicate historical flood
behaviour. There are assumptions in the modelling inputs, such as the effect of vegetation on flow
and the amount of infiltration into the soil, which can be adjusted to improve the match between
observed and modelled flood levels. A good match to historical flood behaviour provides
confidence that the modelling methodology and schematisation can accurately represent the
important flood processes in the catchment.

The choice of calibration events for flood modelling depends on a combination of the severity of
the flood event and the quality of the data available. Ideally, data would be available \from
streamflow and rainfall gauges in addition to records of flood marks or_inundation extents.
Typically, in urban catchments both gauge records and reliable calibration‘information is’lacking.
The following limitations prevent a comprehensive calibration of theshydrologiciand hydraulic
models for this study.

e There is only a limited amount of historical flood informatien available for the study area.
There are no stream flow gauges and much of the flood information is based on flood
observations and estimates of flood depths, etc. rather than surveyed flood marks.

e Rainfall records and particularly pluviometer records for, past floods within the catchment
are limited. Rain gauges are sparsely distributed and “may not accurately capture the
spatial and temporal distribution of rainfall during,the storm event.

e Changes to the catchment over time due torban development may result in significant
changes to land uses and drainage structures. The models have been developed for
current conditions, and the simulation of historic events too far into the past may not be
accurate due to changes in the catchment.

These limitations are typical of the majority of urban catchments across Sydney and the calibration
exercise undertaken here constitutes recommended practice as outlined in Reference 9. This
involves a ‘validation’ of theyxmodelstbased on what data is available, rather than a detailed
‘calibration’. In lieu of‘this,)a detailed sensitivity analysis (Section 9) is undertaken to understand
how variations to the adepted:modeljparameters influence the modelled flood behaviour.

62. Summary of Historical Event Rainfall Data

6.2.1. The 10" of June 1991 Storm Event

The storm of 10" of June 1991 impacted the study area and a spatial analysis of the daily rainfall
gauges was undertaken, using daily and sub-daily rainfall recorded at 9am on the 11" of June
1991. This is shown in Figure 12. This indicates that the storm was more intense across the
northern half of the study area (Wahroonga and Turramurra) with over 220 mm of rain falling within
a 24-hour period, while the southern part of the study area received between 195 mm and 220 mm
of rain. An analysis of the nearby sub-daily rainfall data was also undertaken, and indicated a
reasonably consistent rainfall from 9 am on the 10" to 3 am on the 11", as shown in Figure 13.
The peak rainfall burst occurred at approximately 7 pm on the 10". The sub-daily rainfall records
were compared to the ARR 2019 design Intensity Frequency Durations (IFDs) at the study area

121054: 240408 _Lane_Cove_Northern_Catchments_Flood_Study.docx: 9 April 2024 36



Yo
k_, wma Lane Cove — Northern Catchments Flood Study

centroid with the comparison shown in Figure 14. This indicates that the rainfall burst for durations
above approximately 6 hours was between a 5% AEP and 2% AEP.

6.2.2. The 9" of February 2020 Storm Event

An analysis of the community consultation responses (see Section 3), showed that the February
2020 storm was the most commonly identified by the community. The 24-hour rainfall totals for
the 2020 event (recorded at 9am on 10™ of February) are fairly consistent across the study area
as shown in Figure 15. The 24-hour rainfall depth is between 170 mm and 210 mm across the
study area, with the eastern portion of the site receiving the highest rainfalls, reducing to a
minimum of 170 mm at the Lane Cove River on the western boundary. Thegssub-daily rainfall
records show a similar temporal pattern for all three nearby gauges, with Pymble Bowling Club
recording a rainfall total close to 200 mm while the Pennant Hills Bowling Club recorded
approximately 160 mm, as shown in Figure 16. Approximately 65% of the rainfall velume fell in
the first 6 hours of the storm. A comparison of the sub-daily rainfall records with ARR 2019 IFD at
the catchment centroid shows a similar peak burst intensity at 6 hoursas a 2% AEP)event at the
Pymble gauge, while the other two gauges are between a 10% and 2% AEP forthe same duration,
as shown in Figure 17.

6.2.3. The 20" of March 2021 Storm Event

The March 2021 storm event was mentioned By 2,residents, with one indicating the 14" — 23 as
the dates. Daily rainfall totals were analysed and the daily rainfall recorded to 9 am on the 21%
March 2021 was the largest daily total. The 24shour rainfall totals for this event vary across the
study area, with Pymble recording over 120 mmwhile just 70 mm was recorded at Wahroonga,
as shown in Figure 18. The sub-dailysainfall records show a similar temporal pattern for all three
nearby gauges, with Pymble Bowling Clab recording the highest rainfall total and the Pennant
Hills Bowling Club and North Epping'gaugessecording lower (and very similar) rainfalls, as shown
in Figure 19. A comparison of the sub-daily rainfall records with ARR 2019 IFD at the catchment
centroid shows the rainfalls for.this event were less than a 20% AEP event, as shown in Figure 20.

6.2.4. The'8™" of March»2022 Storm Event

Duringsthe community consultation phase of this study, the 8" of March 2022 storm hit Sydney.
There were widespread reports of flash flooding, although only 3 responses for the community
consultation forithis study identified this storm as a particular issue. The rainfall total to 9 am on
9" March 2022/was used to analyse the spatial distribution of the rainfall event, with the results
shown in Figure 21. The rainfall varies across the study area, following the gradient of the land.
The highest rainfall totals were around Pymble (approximately 150 mm), reducing to around
90 mm in the vicinity of the Lane Cove River. The distribution of this rainfall over time was fairly
consistent across the nearby sub-daily rainfall gauges, as shown in Figure 22, although the rainfall
totals varied significantly. A comparison of the sub-daily rainfall records and the ARR 2019 IFD at
the study area centroid indicated that the Pymble Bowling Club gauge may have reached between
a 5% AEP and 2% AEP storm for durations between 2 hours and 7 hours, while the other two
gauges, with much lower rainfall totals, were more frequent than the 20% AEP. This is shown in
Figure 23.
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6.3. Recorded Flood Observations

As part of the community consultation phase of this project (see Section 3), residents shared their
knowledge and photos of flooding in the study area. Of the 192 responses, 80 were considered
to be useful for the purposes of calibration, with descriptions of flood behaviour and/or
photographs.

The responses selected for the calibration process contained information related to flooding that
could be verified in the model. This information related to flood behaviour observations such as
depths, extents and the source of the water. These observations are not considered toe be of an
accuracy that would warrant detailed model calibration, however, can be used te ‘validate the
modelled flood behaviour. The location of these responses is shown in Figure 6. Residents were
also able to upload photographs of flooding in their questionnaire response, and these were also
used to validate the model.

6.4. Hydraulic Model Validation

The historic rainfall events were simulated in the DRAINS hydrolegic medel using the spatial
distributions of rainfall presented in Figure 12, Figure 15, Figure 18 and Figure 21 for the June
1991, February 2020, March 2021 and March 2022 storm events. The rainfall total for each of the
DRAINS sub-catchments was sampled from theyrainfall grid praeduced. A rainfall multiplier was
used within DRAINS for each sub-catchment ta scale the total rainfall.

This rainfall depth was distributed temporally using the available sub-daily rainfall data, with the
Pymble Bowling Club gauge being adepted for each of the calibration events. It was observed
that the temporal pattern did not change significantly between the three nearby gauges for the
calibration events. There was natsufficient data to calibrate the hydrologic model or rainfall losses.
As such, along with the parameters outlined'in Section 4.3.2, an antecedent moisture condition of
3 was adopted for each of, the calibration events, representing ‘rather wet’ conditions, or
approximately 12.5 mm 10,25 mm«oOf rainfall in the 5 days preceding the storm (Reference 7).

The resultant ranoff hydrographs produced by the DRAINS model were then applied to the
TUFLOW" hydraulic model to simulate the flood behaviour for the duration of each event (24
hours). In the TUFLOW model, it was assumed that stormwater pits were blocked by 20% for on-
grade pits'and 50% for sag pits. Culverts with headwalls were assumed to be blocked by 20%.
These blockage factors were applied due to the high number of residents that mentioned blockage
as a factor'in recent flood observations. The model results were then compared to the
respondent’s photographs and comments in order to validate the model. The modelled flood
depths for the 1991, 2020, 2021 and 2022 events can be seen in Figure 24, Figure 25, Figure 26
and Figure 27, respectively.

6.4.1. Validation to Photographs

The photography received as part of the community consultation were compared to the model
results, where the photographed flood event was simulated. The modelled depth and flood extent
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in Image 1 to Image 3 match the observed flood behaviour in Photo 20 to Photo 22. The colour
scale used for the modelled depth is shown in Diagram 7.
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Diagram 7: Colour scale used for flood depth images
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Photo 21: 9 February 2020 flooding in the Forwood Image 2: Hydraulic modehsfesults at, Forwood
Avenue sag point, Turramurra (ID 110) Avenue, Turramurra in February 2020 event.

Photo 22: 9 Fébruary 2020/Coups Creek flooding at Image 3: Hydraulic model results at Strone
the srear of ‘ayproperty on Strone Avenue, Avenue, Wahroonga in February 2020 event.
Wahroongas(ib. 045)

6.4.2. Validation to Observations

A comparison between flood observations reported by the community and the modelled flood
behaviour is provided in Table E1 in Appendix E. The modelled peak flood depth on the property
(or road, if the road is the subject of the response) is provided for each of the historic events, with
a comparison to the modelled flood behaviour. In most cases, the modelled peak flood depth on
a property is recorded in an isolated area, such as adjacent to a building where high velocity flows
may be stopped by the building and result in higher flood depths as water builds up before flowing
around the building. Where this is the case, it was noted in the comments as the modelled peak
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flood depths across the property may be more representative of the observed flood depths than
immediately adjacent to a building or some other isolated location.

The modelled flood behaviour's match to the observed flood behaviour is given along with a
comment. The following categories are used to indicate how good the match is:

¢ No: This indicates that no match was obtained. This is primarily due to the observations
relating to local catchment runoff that have not been modelled, and hence a match is not
possible. In some cases, judgement has been used to assess whether the observed
flooding is local runoff or not.

e Poor: This indicates that a poor match was achieved to observed flood depths or extents.
The difference between the modelled and observed flood depths may be*0.3 m or more,
or flooding on the property may not be modelled at all. Possible reasonsfor the poor,match
are provided.

e Fair: This indicates that a fair match was achieved. The observed fleod behaviour was
generally replicated, however, the modelled flood depths may not match, the observed
depths (although typically within £0.2 m) and further reasoningfis provided.

e Good: This indicates that a good match was achieved. The modelled flood behaviour
matches the observation well, with flood depths typically within £0.1 m of the observed
depths and the area of affectation replicated.

Overall, the comparisons indicate that generally a good match was achieved. In some cases,
where a fair match was obtained, the observations were not detailed enough to identify exactly
why the flood behaviour was not replicated exactly. In'some cases the topography did not support
the observations or it was thought that ‘localidrainage’ runoff may be a factor in observed
inundation. There are also highly localised features (such as private bridge crossings) that have
not been modelled that may have a loe€alised influence on flood behaviour. Overall, the model was
considered to represent flood behaviouf across the study area at the catchment-scale that the
model is intended to representd Major flow paths, creeks and flood problems areas have all been
represented in the model.
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7. DESIGN FLOOD EVENT MODELLING

7.1. Overview

ARR 2019 guidelines (Reference 6) for design flood modelling were adopted for this study. The
new guidelines were first published in 2016, finalised in 2019 and present a significant update on
the previous version published in 1987 (Reference 13). Since 1987, there have been numerous
advances in the understanding of rainfall-runoff processes, technological advances and a larger
set of recorded rainfall data available. This additional 30 years of data (from approximately 1985
to 2015), particularly for continuously recorded rainfall (pluviometers), allows for Australia-specific
techniques and regionalised information to be used across the country. Specifically.selated to
design flood modelling there is updated IFD information, design temporal patterns, aréalreduction
factors and rainfall losses to consider.

ARR 2019 guidelines were used to estimate the 20%, 10%, 5%, 2%, 1%, 0.5%and 0.2% AEP
events. The PMF flows were derived using the BoM’s Generalised Short,Duration Method (GSDM,
Reference 14) to estimate the probable maximum precipitation (PMP). A detaileddcritical duration
analysis was undertaken to determine the most representativeyduration and temporal pattern
across the catchment. The selected storm for each AEP event was thempused to simulate the
design flood behaviour.

This section outlines the design flood inputs' and parameters<that were used and the critical
duration analysis.

7.2. IFD

7.2.1. Design Rainfall Depths

IFD information was obtained from,the BoM using the 2016 rainfall data. It was noted that the IFD
varies slightly across the study area, with higher design rainfalls occurring along the north eastern
boundary (around Wahroonga, Warrawee and Turramurra) and lower rainfalls occurring along the
western boundary (LLane Cove River).The difference between the maximum and minimum rainfall
depths is appreximately 10% across a range of AEPs and durations inspected. Due to the gridding
of the AFD data; the very northern portion of the catchment (near Wahroonga) has the highest
rainfalls and a smallyportion of the catchment (near South Turramurra) has the lowest rainfalls.
The majority of the catchment, however, has a similar rainfall. A summary of rainfall depths at the
catchment centroid (near the boundary of Turramurra and South Turramurra, at the Comenarra
Parkway) is ‘provided in Table 11, noting that the rainfall depth for any particular sub-catchment
may vary within £5% of this. The design rainfall at the centroid is representative of rainfalls across
most of the catchment and was adopted for all the sub-catchments across the study area in the
DRAINS model.
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Table 11: Design rainfall depths (mm) at the centroid of the Lane Cove Northern Catchments
study area

Duration AEP
(min) 20% 10% 5% 2% 1% 0.5% 0.2%
10 19.1 22.7 26.4 31.3 35.2 37.7 42.6
20 27.4 32.5 37.8 44.8 50.4 54.0 61.1
30 32.3 38.5 44.7 53.1 59.8 64.4 72.8
45 37.4 44.6 51.8 61.8 69.9 75.4 85.3
60 41.3 49.2 57.2 68.5 77.6 83.8 94.9
90 47.3 56.5 65.9 79.2 90.1 97.2 110
120 52.3 62.5 73.1 88.1 100 108 122
180 60.9 73.0 85.6 104 118 127 143
270 72.0 86.6 102 123 141 151 170
360 81.9 98.7 116 141 162 172 194

7.2.2. PMP Rainfall Depths

The design rainfalls for the PMP were derived using the BoM's\GSDM (Reference 14). The
catchment terrain was estimated to be ‘rough’ with an elevation adjustment factor of 1 and a
moisture adjustment factor of 0.7. The GSDM requires rainfall to be distributed spatially using
ellipses. Ellipse ‘A’, at the centre, has an areatof 2.6 km? and represents the region of highest
rainfall. Given the nature of the study area and the,focus on overland flow paths through urban
areas, it was assumed that all the flow paths‘and creeks of interest would have an upstream
catchment area less than this, and as such the ellipse ‘A’ rainfall was applied to all sub-
catchments. Even the largest catchment draining to the Comenarra Parkway (Avondale Creek)
was estimated to be approximately 2.4 km?, less than the Ellipse A area of 2.6 km2. It would only
be in the downstream forested reachesfof theamajor creeks that this approach may overestimate
the rainfall runoff using this appreach.

7.2.3. At-sitesRainfall Analysis

An at-site rainfalbfrequency analysis was undertaken to compare with the BoM’s design rainfall
data. This was undertaken'to assess if there was any significant bias between them. It is not
unexpected that individual gauges will show some bias as the approach used to pool data for the
2016'IFDsestimates will generally be more correct than any one individual gauge, since it draws
on information from surrounding gauges as well. While this process increases the certainty of
estimates, itg€an cause over-smoothing of site data and introduce bias in locations where there
are steep rainfall gradients. Based on past experience, it is only those areas with steep
escarpments close to the coast that the 2016 IFD’s have been shown to vary from the information
at local rainfall gauges.

This analysis was undertaken for the closest three pluviometer gauges (see Section 2.8.3):
Pymble Bowling Club (566073), Pennant Hills Bowling Club (566076) and North Epping (566083).
These gauges are owned by SW and are not located within the study area, however, are close to
the boundary of the study area. The annual maximum rainfall for a range of durations from 5
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minutes to 2 hours was extracted from the available data from each gauge to produce an annual
maximum series (AMS) for each duration. The derived AMS was subject to some filtering,
however, it is difficult to undertake a rigorous filtering of sub-daily rainfall data. In particular, the
AMS should:

e Contain the maximum recorded rainfall in each year (for the duration of interest). Due to
the nature of sub-daily rainfall records, it is difficult to determine if the maximum was
actually captured without cross-checking with other nearby gauges (Reference 15).

e Sub-daily rainfall records are also difficult to quality control, meaning that there may be
erroneously high rainfall recorded over short periods of time. Continuous rainfall stations
are more susceptible to malfunction than the standard daily rain gauge (Reference 15).
Erroneous rainfalls, which are difficult to detect, may enter the AMS.

e Have along enough record for extraction of statistically significant rainfalhmaximums. The
BoM adopted rainfall stations with more than 8 years of data (Reference¢15).

The following rainfall records were adopted for the AMS:

e For Pymble Bowling Club (566073), the rainfall record from 1988 to 2021 (inclusive) was
adopted (34 years).

e For Pennant Hills Bowling Club (566076), the rainfall' record,from 1990 to 2021 (inclusive)
was adopted, removing the years 2001 to 2013(inclusive) due to nil data being recorded.
This resulted in 19 years of data in the AMS from a'discontinuous record.

o For North Epping (566083), the rainfall record from 1991t02021 (inclusive) was adopted,
removing the years 2001 to 2013 (inclusive) due to nil data being recorded. This resulted
in 18 years of data in the AMS from a discontindous record.

The Cunnane plotting position was applied to the AMS, which is typically undertaken to fit a
probability distribution to a dataset. The AMS was then plotted against the 2016 IFD data, obtained
for the location of the rainfall gauge. The results are shown in Figure 28, Figure 29 and Figure 30
for the Pymble Bowling Club, Pennant HillsBowling Club and North Epping Gauges, respectively.
The results indicate the 2016 IFDs are generally higher than the at-site record for a 5 minute
duration at each of the_ gaugesrAt.the 125 minute duration, the at-site data is very similar to the
IFD’s, with no bias present at the'two bowling club gauges. Above the 15 minute duration there is
a slight bias for the at-site datayto beslightly higher than the IFDs at these gauges. For the North
Epping gauge, the bias forthe at-site data to be slightly under the IFD data persists through to the
90 minute durationjwhere the at-site analysis aligns with the IFD.

It is noted that the critical duration for the study area is dominated by the 10 minute event (see
Section 7.8)g@nd hence there is no significant bias at this duration for the bowling club gauges,
and the North Epping gauge only shows a slight bias for the at-site data to be lower than the IFD.
For the adopted duration of 45 minutes, the at-site data is slightly higher than the IFD for the
Pymble Bowling Club, and slightly lower for the Pennant Hills Bowling Club and North Epping
gauges. The study area sits in between these gauges. The bias present is minimal and not
consistent between gauges. Based on this analysis and consideration of the limitations of the
available data, it was considered appropriate to adopt the ARR 2016 IFDs. Reference 16 provides
further reasoning as to why the regionalised approach of the 2016 IFDs generates a more robust
estimate of rainfall frequency than using a single site:
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Although at-site frequency analysis of the Annual Maximum Series (AMS) of
observed rainfall was an integral part of the method adopted for the 2016 design
rainfalls, it was only one of many steps used to produce the new gridded,
regional design rainfall estimates.

A regionalisation method was applied to give more weight to longer record
stations within each region. This improved the estimates of rare (less frequent)
events. A spline interpolation method was then applied to the regionalised
rainfall data from across Australia to estimate gridded values for the whole
country. Factors including latitude, longitude, elevation and consistency with
neighbouring sites were used, in addition to rainfall characteristics at recording
sites, thus allowing more reliable interpolation of rainfall depths in data sparse
areas.

Rainfall values from a Generalised Extreme Value (GEV) distribution fitted’to
the AMS at a specific duration for a particular site will vary from the pointwvalues
extracted from the grid of design rainfall values. Although each independent
event in the AMS is a record of the actual rainfall recorded by afrain‘gauge,
these measured rainfall values are effectively point samples of thefrainfall
distribution across Australia. Each point sample has its own’ unhcertainty /and
does not represent completely the underlying population of rainfall values. The
extracted grid values, created from the regionaliseddrainfalhinputs; will generally
fall within the 95% confidence limits of the GEV distribution for the specific
duration at each location.

The length and period of record at a site makes a significant difference in the
level of uncertainty of any at-site comparisons. Regionalisation was applied to
the measured rainfall data to effectively smooth out the effects of sampling
uncertainty.

7.3. Temporal Patterns

Temporal patterns are a hydrolegic toel that describe how rain falls over time and are used in
hydrograph estimation. Previously, with ARR 1987 guidelines (Reference 13), a single temporal
pattern was adopted for each™rainfallyevent duration. However, ARR 2019 (Reference 6)
discusses the potential inaccuracies with adopting a single temporal pattern and recommends an
approach where an ensemble of different temporal patterns is investigated.

Temporal patternsifor this study were obtained from the ARR 2019 data hub (Reference 17,
http://data-arr-seftware.org/). A summary of the data hub information at the catchment centroid is
presented in Attachment A. The revised ARR 2019 temporal patterns attempt to address the key
concerns praetitioners found with the ARR 1987 temporal pattern approach. It is widely accepted
that there are a large variety of temporal patterns possible for rainfall events of similar magnitude.
This variation in temporal pattern can result in significant effects on the estimated peak flow. As
such, the revised temporal patterns have adopted an ensemble of ten different temporal patterns
for a particular design rainfall event and duration. Given the rainfall-runoff response can be quite
catchment specific, using an ensemble of temporal patterns attempts to produce the median
catchment response.

As hydrologic modelling has advanced, it is becoming increasingly important to use realistic
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temporal patterns. The ARR 1987 temporal patterns only provided a pattern of the most intense
burst within a storm, whereas the ARR 2019 temporal patterns look at the entirety of the storm
including pre-burst rainfall, the burst and post-burst rainfall. There can be significant variability in
the burst loading distribution (i.e. depending on where 50% of the burst rainfall occurs an event
can be defined as front, middle or back loaded). The ARR 2019 method divides Australia into 12
temporal pattern regions, with the Lane Cove Northern Catchments falling within the East Coast
South region.

ARR 2019 provides 30 temporal patterns for each duration which are sub-divided into three
temporal pattern bins based on the frequency of the events. Diagram 8 shows the three categories
of bins (frequent, intermediate and rare) and corresponding AEP groups. The “very raré” bin is in
the experimental stage and was not used in this flood study. There are ten temporal patterns for
each AEP/duration in ARR 2019 that have been utilised in this study for the 20%,AEP to 0:2%
AEP events.

Freguent Intermediate

Wery Rare (top 100

+ +—t t t -
S0 1 0% 20% S0 00y 2007 AR
20% 105 5, 2% 1% 0.5% AEP

Diagram 8: Temporal Pattern Bins

The method employed to estimate the PMP utilises.a single temporal pattern (Reference 14).

7.4. Rainfall Losses

For design flood modelling, the DRAINS model adopted the ILSAX parameters previously outlined
in Table 8. This includes the depression storage values for each of the land coverage types and
the soil type. Each of the designstorms,in DRAINS adopted an antecedent moisture condition of
3, representing a ‘rather'wet’ catchment, or 12.5 mm to 25 mm of rain in the preceding 5 days.
These parameters together represent the way that rainfall losses (both initial and continuing) are
accounted for.'Considering/the adopted parameters, no pre-burst rainfall was included in the
design storms andionly,the storm burst was simulated.

7.5. Areal Reduction Factors

The design rainfall estimates are based on point rainfalls and in reality, the catchment-average
rainfall depth will be less. Areal Reduction Factors (ARFs) allow for the fact that larger catchments
are less likely than smaller catchments to experience high intensity storms simultaneously over
the whole catchment area. Given the nature of the study area and the focus on overland flow
paths through urban areas, ARFs were not applied in the DRAINS model. In accordance with ARR
2019 (Reference 6), catchments with an area up to 1 km? should not apply ARFs, and there is
limited research on the applicability of ARFs to catchments that are less than 10 km?2. The largest
catchment to an urban area was assessed and found to be less than 1 km?. Even the largest
catchment draining to the Comenarra Parkway (Avondale Creek, downstream of the urban area)
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was estimated to be approximately 2.4 km?. It was therefore reasonable to not apply ARFs for the
study area based on the size of the catchments draining to the areas of interest.

7.6. Downstream Boundary and Initial Conditions

As outlined in Section 5.6.2, a stage-discharge curve was adopted for the downstream boundaries
where the creeks and tributaries discharge to the Lane Cove River. This simulates a normal flow
depth condition and was adopted for all design flood events.

The study area was assumed to be dry at the start of the storm, with the exception of Avondale
Dam, which was assumed to be full to the assumed crest level of the dam.

7.7. Blockage

ARR 2019 (Reference 6) recommends applying blockage to hydraulic structures, and outlines a
methodology to determine inlet blockage factors by considering debris availability, debris mobility,
debris transportability and waterway opening of the structure. This assessment was undertaken
considering the typical culvert structures found in the study.area. These structures fell into two
categories, for which AEP dependent blockages were estimated-in, accordance with ARR 2019
procedures. The blockage factors from this analysis can'be seen inTable 12.

Table 12: Blockage assessment results of key hydraulic structures

AEP Blockage of small® structures Blockage of large? structures
More frequent than 5% 25% 10%
5% to 0.5% 25% 20%
Rarer than 0.5% 50% 20%

1 Generally smaller structures with a diameter or width less than 1.2 m (the assumed Lio), with typically a
low 1% AEP debris potential as they aredocated in the upper catchment (e.g. culverts under the railway
line).

2 Generally larger structures with a diameter or width greater than or equal to 1.2 m (the assumed L10), with
typically a high 1% AEP debris potential as they are located in the lower catchment (e.g. culverts under The
Comenarra Parkway at major creek crossings).

A single.blockage factorwas considered appropriate across the range of design flood events, with
the adopted blockage factors outlined in Table 13. This includes the culverts discussed above, in

addition,terpitinlets.

Table 13: Adopted Blockage Factors

Structure Design Blockage (%)
Culverts with headwalls 20%
Sag Pit 50%
On-grade Pit 20%
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7.8. Critical Duration Assessment

7.8.1. Approach

ARR 2019 requires an ensemble of temporal patterns to be run for each AEP and duration
combination, and the ‘occasional’ approach was adopted for Lane Cove Northern Catchments, as
shown in Diagram 9.

Diagram 9: Design modelling techniques for an ensemble of temporal patterns (Reference 6)

ARR 1987 ARR 2016
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This approach requires the ensemble of temporal patterns to-be«un in both the hydrologic and
hydraulic models. This approach was adopted dueito the complex nature of the shallow overland
flow paths through the urban areas, which is of interest to the study. Total flows at key locations
cannot readily be extracted from the DRAINS hydrologic model due to the nature of these flow
paths.

7.8.2. Critical Duration

The critical duration is the storm'duration that best represents the flood behaviour (e.g. flow or
level) for a specific design“magnitade,at a particular location. It is generally related to the
catchment size, as flow takes longer to/concentrate at the outlet from a larger catchment, as well
as other considerationssuch as land'use, shape, stream characteristics, etc.

With ARR 2019 methodology, the mean flow (or level) is computed from the ensemble of temporal
patterns forseach duration. The critical storm duration for a location of interest is then the design
storm duration that produces the highest mean flow (or level). Where there are multiple locations
of interest withdifferent contributing catchment sizes, there can be multiple critical durations that
need to be considered.

7.8.3. Representative Storm Burst

Once the critical duration is established, it is usually desirable to select a representative design
storm temporal pattern that reproduces this behaviour for all points of interest. This representative
storm can then be used for determining design flood behaviour and for future modelling to inform
floodplain management decisions. This is typically the storm that produces the next highest flow
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(or level) above the average (from the ensemble of temporal patterns) for the critical duration. In
most cases, however, a representative storm does not necessarily need to be of the same duration
as the critical duration, and there may be a number of storms that can represent the critical
duration behaviour, potentially at multiple locations and even where the critical duration varies.

Adopting a range of critical durations across a catchment can complicate future analysis and the
use of modelling tools if multiple storms need to be simulated to obtain the design flood behaviour
for a particular event. Thus, it is preferable to adopt a single representative storm that is similar to
the critical duration behaviour across the entire catchment for each event where possible.

7.8.4. Representative Storm Selection

To select the representative storm for each AEP for the Lane Cove Northern Catchments study
area, the DRAINS hydrologic model was run for durations from 20 minutes to.4.5 hours, with the
ensemble of temporal patterns for the 20% AEP, 5% AEP and 1% AEP eyents (representative of
each temporal pattern bin). Each of these storms was then simulated injthe TUFLOW model. For
each duration, a grid of the mean peak level at each grid cell was calculated. A'maximum envelope
grid was then calculated taking the highest mean peak level‘forneach grid cell. This shows the
critical duration mean peak level at all flooded cells acrass the study area.The source of the peak
mean level for each grid cell was mapped to show the variation in critical duration across the
catchment. The critical duration maps are shown in Figure 3%, Figure 33 and Figure 35 for the
20% AEP, 5% AEP and 1% AEP events, respectively. The majority of overland flow areas in the
upper catchment had a critical duration of 10 minutes,which transitions to 20 minutes when creeks
begin to form. At the downstream end of the major creeks the critical duration is 30 to 45 minutes.
There are several small flood storage areas that'have a longer critical duration although typically
still less than 2 hours.

A histogram of the number of cells (frequency) for each duration is shown in Diagram 10 for each
of the events simulated. This indicates that the majority of the study area is dominated by the 10
minute storm, due to the large areasthat shallow overland flows cover in the upper catchment
areas compared to the confinedyereek channels. Durations above 45 minutes only cover a very
small portion of the'study area, withsthe critical duration primarily being represented by the 10
minute to 45'minute storms.
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Diagram 10: Histogram of critical durations across the study area

Through a comparison of the peak flood level grid for eachistorm with the critical duration mean
peak level across the entire study area, a representative stormywas selected for each AEP event
simulated. This was a temporal pattern from the 45 minute storm duration and was able to
represent the critical duration in downstream areas (such as The Comenarra Parkway crossings),
while also being representative of flooding in upstream-areas. Although the critical duration in the
upstream areas was 10 minutes, the shallow overland nature of flooding in these areas means
that there is very little change in peakiflood levels across different durations or even different
AEPs. The selection process focussed on accurately representing the critical duration behaviour
in the urban areas, while getting'as close as possible to the critical duration behaviour through the
creeks down to The Comenarra RParkway. The selected storms result in minimal variation in peak
water level from the criticaldurationsmean peak level. The selected storm typically results in
slightly higher levelsdoy up. to '0:05 m, however this is primarily in the creeks through forested
areas. This difference isShown in“Figure 32, Figure 34 and Figure 36 for the 20% AEP, 5% AEP
and 1% AEP events, respectively.

A similar, butssimplified approach was undertaken for the PMF event, whereby a single storm was
run for durations from 15 minutes to 1 hour. The results indicated that the 15 minute storm was
critical across.the majority of the urbanised study area, with the 30 minute and 45 minute storms
dominating in the downstream forested creek areas, as shown in Figure 37. For the purpose of
this study, the 15 minute and 45 minute storms were selected as being representative of flooding
across the study area. The maximum envelope of these two durations was taken to produce the
PMF results across the study area.

The selected storms were considered representative for all design events within that temporal
pattern bin (Diagram 8). The selected storms were adopted for modelling of the design flood
events and processing of flood results (as described in Section 8). The adopted representative
design storms are summarised in Table 14.
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Table 14: Adopted Representative Design Storms

Temporal Pattern Bin Events Duration (mins) Te(rgﬁg;?rl] ElittNegn) D
Frequent 20% AEP 45 4554 (10)
10% AEP
Intermediate 45 4536 (2
5% AEP @
2% AEP
Rare 1% AEP
45 4535 (10
(2% AEP to 0.2% AEP) 0.5% AEP (10)
0.2% AEP
N/A PMP 15, 45

*@Qo
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8. DESIGN FLOOD RESULTS

8.1. Introduction

The 20%, 10%, 5%, 2%, 1%, 0.5% and 0.2% AEP events were simulated using the adopted
representative design storms. The PMF event was also simulated using the 15 minute and
45 minute PMP storms. The storms were run in the hydrologic model and the resulting flows were
input into the hydraulic model to simulate flood behaviour across the study area. The results for
the design flood events are presented in the following maps:

o Peak flood depths and levels in Figure F1 to Figure F8;

e Peak flood velocities in Figure F9 to Figure F16;

e Hydraulic hazard in Figure F17 to Figure F19; and

e Hydraulic categories in Figure F20 to Figure F22.

These results are available in electronic GIS and tabular format. The digital data should be used
in preference to the figures in this report as they provide more detail. £he figures are intended to
provide an overview of the results and should not be relied upon for detailed information at
individual properties.

Additional results are presented in the following tables and graphs:
e Stage hydrographs at road crossings in Figure G1 to Rigure G37; and
o Peak flood levels, depths and flows at toad crossings ‘and key locations in Table G1,
Table G2 and Table G3, respectively.

A discussion of these results is provided in the following sections.

8.2. Summary of Results

The flood behaviour across/the Lane Cove Northern Catchments study area can be seen in the
peak flood depth / level mapsy(Figuré'F1 to Figure F8) and peak velocity maps (Figure F9 to
Figure F16). These resultsiare presented for the range of design flood events modelled from the
20% AEP to_the, PMF gvent)A tabulated summary of peak flood levels, depths and flows at
selected locations, as 'shown in Figure 38, are detailed in Table G1, Table G2 and Table G3,
respectively.

In frequent events, flow is generally shallow (<0.15 m) and contained within the gutters and
dedicated drainage reserves in the urban areas. There are some areas, however, where shallow
overland flow paths form through properties. Within the major creeks and tributaries, flow is
typically contained within the channel. In rarer events, more of the overland flow paths form
through urban areas as the stormwater network and kerb and gutter system reach capacity. Given
the steep nature of the study area, many of these flow paths remain shallow. Along water courses
and key flow paths, affectation of property becomes more evident in rarer events such as around
Tanderra Street in Wahroonga, Cynthia Street and Hesperus Street in Pymble, and between
Binalong Street and Lofberg Road in West Pymble. Ponding at sag points becomes more
prominent in these events as well as creeks overtopping road crossings, with key locations
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including crossings of Yanko Road, Doncaster Avenue and The Comenarra Parkway at major
creek crossings, in addition to local roads such as Exeter Road in Wahroonga, Holmes Street in
Turramurra and Forwood Avenue in Turramurra.

In the PMF event a large portion of the study area is inundated, although much of this is still
shallow overland flow, with deeper areas restricted to channels, concentrated flow paths and sag
points. Development, however, has occurred on some of these flow paths.

8.3. Hydraulic Hazard Categorisation

Hydraulic hazard is a measure of the potential risk to life and property damage from'flooding.
Hydraulic hazard is typically determined by considering the depth and velocity. of floedwaters. In
recent years, there have been several developments in the classification of flood hazard.
Research has been undertaken to assess the hazard to people, vehicles and. buildings based on
flood depth, velocity and velocity depth product. ARR 2019 (Referenceé 6) contains-updated
recommendations regarding the categorisation of flood hazard. A summary of this|categorisation
is provided in Diagram 11. This categorisation is based on an extensive literature review and
laboratory testing. It considers hazard to people, vehicles@nd buildings,to develop 6 categories
of flood hazard based on flood depth, velocity and depth-velocity product.
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Diagram 11: General flood hazard vulnerability curves (Source: Reference 6)

The following 6 classes of hazard are defined:
e H1 — Generally safe for,vehicles; people and buildings;
e H2 — Unsafe for small vehicles;
¢ H3 - Unsafefor y¥ehicles, children and the elderly;
e H4 — Unsafe forivehicles and people;
¢ ( 'H5 — Unsafe for,vehicles and people. All building types vulnerable to structural damage.
Some less robust building types vulnerable to failure; and
e H6 — Unsafe for vehicles and people. All building types considered vulnerable to failure.

The hazard categories using the ARR 2019 classification are mapped in Figure F17, Figure F18
and Figure F19 for the 1% AEP, 0.2% AEP and PMF events. In the 1% and 0.2% AEP events,
much of the urban area is affected by H1 hazard, with areas of higher hazard (H3 and above)
generally restricted to creek channels. There are some areas of higher hazard where creeks
overtop roads or where high velocity water flows down streets. In the PMF event many of the
roads and flow paths that convey a substantial amount of water are classified as H5, with H6 being
common within the creek channels.
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8.4. Hydraulic Categorisation

Hydraulic categorisation involves mapping the floodplain to indicate which areas are most
important for the conveyance of floodwaters and the temporary storage of floodwaters. This can
help in planning decisions about which parts of the floodplain are suitable for development, and
which areas need to be left as-is to ensure that flooding impacts are not worsened compared to
existing conditions.

The NSW Government’s 2005 Floodplain Development Manual (Reference 18) defines three
hydraulic categories which can be applied to different areas of the floodplain depending on the
flood function:

o Floodways;

¢ Flood Storage; and

e Flood Fringe

Floodways are areas of the floodplain where a significant discharge of'\water/occurs’during flood
events and by definition, if blocked would have a significant effect on flood levels and/or
distribution of flood flow. Flood storages are importantfareas»for the temporary storage of
floodwaters and if filled would result in an increase in néarby flood levels and the peak discharge
downstream may increase due to the loss of flood attenuation. The remainder of the floodplain is
defined as flood fringe.

There is no quantitative definition of these three categories or accepted approach to differentiate
between the various classifications. The delineation©fthese areas is somewhat subjective based
on knowledge of an area and flood behaviour, hydraulic modelling and previous experience in
categorising flood function. A numbeg@fapproaches, such as that of Howells et al (Reference 19),
rely on combinations of velocity and depth criteria to define the floodway.

For this study, hydraulic catégories were defined by the following criteria and is considered to be
a reasonable representation‘ofithe flood,function of this catchment:
e Floodway is defined,as areas where:
o the peakaalue of velo€ity multiplied by depth (V x D) > 0.3 m?%/s, AND peak velocity
> 0.3 m/s, OR
o peak velocity > 1.0 m/s AND peak depth > 0.2 m;
Thesemainderof the floodplain is either Flood Storage or Flood Fringe;
e Flood Storage comprises areas outside the floodway where peak depth > 0.3 m; and
e Flood-Fringe comprises areas outside the Floodway where peak depth < 0.3 m.

The hydraulic categories have been mapped in Figure F20, Figure F21 and Figure F22 for the 1%
AEP, 0.2% AEP and PMF events, respectively. As expected, the creeks and major flow paths are
classified as floodways in the 1% AEP and 0.2% AEP events, with flood storage areas where
there is ponding on road sag points, on the upstream side of buildings and other isolated areas.
In the PMF event, the majority of flow paths are floodways, with only shallow overland flow
remaining as flood fringe.
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8.5. Flood Emergency Response Planning

8.5.1. Property Inundation

Due to the nature of the catchment, it is difficult to determine if properties are inundated in certain
events. With the steep topography present, many houses interface with high side of the terrain
and are elevated above lower areas including waterways. However, in plan view, the creek often
appears to impact the building. An example is provided in Photo 3. There are also humerous
properties with creeks that flow through them. In some cases, the dwelling is located at the rear
of the property, with the driveway crossing the creek to access the road, such as those located on
the western side of Wyomee Avenue.

There are two key areas where development has taken place on flow paths and islikely to be at
risk of inundation in a flood event due to the depth of flooding at the buildings. These areas are:
¢ Gilda Avenue, Ada Avenue and Tanderra Street, Wahroonga;
e Cynthia Street and Hesperus Street, Pymble.

In other parts of the catchment there are individual propetrties (fonexample those located directly
on a flow path) that may also be at risk of inundationgd There are‘also several areas subject to
shallow overland flows (less than 0.15 m deep), however, the risk of building inundation is typically
lower, due to the shallow nature of flows.

8.5.2. Road Inundation

There are numerous local roads throughout the study area that are subject to inundation. The
inundation is typically shallow as overland flows are conveyed along road corridors. In some
areas, where major flow paths cross roads, however, the depth of flow can be significant. At some
of the major road crossings (typically wheredhe 1% AEP depth reaches over 0.3 m), water level
hydrographs were provided in Figure G1to Figure G37 of Appendix G. Peak flood levels, depths
and flows at key locations are also previded in Table G1, Table G2 and Table G3 respectively.
The locations of theseg' road crossings are shown in Figure 38.

Some of the deepest flooding experienced is where major creeks cross local roads. The 1% AEP
flood .[depth reaches over 1 m at Exeter Road, Wahroonga; Homes Street, Turramurra and
Forwood Avenue, Turramurra. Flood depths on other roads reported on throughout the study area
range between 0.3 m and 1 m in the 1% AEP event. While there are some road crossings not
inundated in the 20% AEP event, most road crossings were inundated by the 5% AEP event (with
the exception of The Comenarra Parkway at Peppermint Creek and Water Dragon Creek, St
Andrews Drive and Troon Place, which have a higher level of flood immunity).

The rate of rise at each of the road crossings is very quick, typically within 20 to 30 minutes of the
onset of rainfall. This is driven by the quick catchment response and the selected critical duration
storm (45 minutes). The rate of rise may be quicker than this, noting much of the urban areas had
a critical duration of just 10 minutes. While the rate of rise is rapid, the duration of inundation is
also short, with flooding typically lasting less than 1 hour. Again, the duration of inundation may
be longer for a longer storm duration, although likely to reach a lower peak level.
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8.5.3. Flood Emergency Response Classification

The Floodplain Development Manual (Reference 18) requires flood studies to address the
management of continuing flood risk to both existing and future development areas. As continuing
flood risk varies across the floodplain, so does the type and scale of the emergency response
problem and therefore the information necessary for effective Emergency Response Planning
(ERP). Classification provides an indication of the vulnerability of the community in flood
emergency response and identifies the type and scale of information needed by the NSW State
Emergency Service (SES) to assist in ERP.

The Flood Emergency Response Classification (FERC) for the study area was undertaken in
accordance with the Australian Disaster Resilience Handbook 7 Managing the FloodplainaA guide
to best practice flood risk management in Australia (Reference 20). FERC classifications consider
flood affected communities as those in which the normal functioning of services is altered, either
directly or indirectly, and results in the need for external assistance. This{impactyrelates directly
to the operational issues of evacuation, resupply and rescue, which iseoordinated hy the SES.

The ERP classification for urban regions within the hydradlic'medel extent have been defined
using the PMF flood event and can be seen in Figure F28. The classificationhas been undertaken
on a precinct basis rather than lot-by-lot and is targeted at, highlighting those areas which may
require evacuation or assistance during a flood event. However, these classifications may vary
depending on local flood characteristics and (resultant flood behaviour, i.e. in flash flooding or
overland flood areas. These categories are described. in,Diagram 12 below.

Yes Is the area No
p ¢————fiood affected ——————) Not Flooded [N)
inthe PMF?

!

No Are you able to Yes
exit the area in
the PMF? |
Are there indirect

“lsolated Area(l] Area has Exit consequences of
Route (€] flooding e.g. are
__ electricity, water,
l l sewerage, gas,
telecommunications
or transport links cut

Is the isolated Is the exit due to flooding?
area fully route a nsing B

submerged in road vehicular Yes No
the PMF? access?

v v
m Overland Escape Rising Road Indirect

- Route [FEO] Egress (FER) Consequences (IC) 10 Food impacts

Diagram 12: Flow Chart for Determining Flood Emergency Response Classifications

(Reference 20)
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Some of the key areas with evacuation difficulties (flooded isolated and submerged (FIS) and
flooded isolated elevated (FIE) areas) include the following:
e Campbell Drive, Wahroonga;
e Jordan Road, Wahroonga;
e Howson Avenue, Turramurra;
¢ Warragal Road, Turramurra;
¢ Yamba Street, Forwood Avenue and Hudson Close, Turramurra and South
Turramurra;
¢ Quadrant Close, St Andrews Drive and Troon Place, Pymble;
e Around Barwon Avenue, South Turramurra;
e The southern end of Kissing Point Road, South Turramurra;
¢ Avon Road, Pymble;
e Around Greenway Drive, Wyomee Avenue and Yanko Road, Pymble and, West
Pymble;
e Gloucester Avenue, West Pymble.

8.6. Flood Planning Area

8.6.1. Background

Land use planning is an effective means of minimising flood risk and damages from flooding. Land
use planning for flooding can be achieved through the use of:
e A Flood Planning Area (FPA), whichiidentifies land that is subject to flood related
development controls; and
e A Flood Planning Level (FPL), which identifies the minimum floor level applied to
development proposals withif'the FPA.

Defining FPAs and FPLs in urban areasyean be complicated by the variability of flow conditions
between mainstream and local overland flow. Traditional approaches developed for riverine or
“‘mainstream” flow areas often cannot be applied in steeper urban overland flow areas.
Additionally, defining the area of flood affectation due to overland flow (which by its nature includes
shallow flowninvolves determining at which point flow is significant enough to be classified as
“flooding® ratherithan justia drainage or local runoff issue. In some areas of overland flow, the
difference in peakflood'level between events of varying magnitude can be so minor that applying
the typical freeboard can result in an FPL greater than the PMF level.

The FPA shauld include properties where development would result in impacts on flood behaviour
in the surrounding area and in areas of high hazard where there is a risk to safety or life. The FPL
is determined in addition to this with the purpose of decreasing the likelihood of damage such as
over-floor flooding of buildings.

The Floodplain Development Manual (Reference 18) suggests that the FPL generally be based
on the 1% AEP event plus an appropriate freeboard (typically 0.5 m). However, it also recognises
that different freeboards may be deemed appropriate due to local conditions provided adequate
justification is provided.
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Further consideration of flood planning areas and levels is typically undertaken as part of the
Floodplain Risk Management Study to determine what should be included in the Floodplain Risk
Management Plan.

8.6.2. Methodology

The methodology used for defining the flood planning area is consistent with that adopted in a
number of similar studies throughout the Sydney metropolitan area. It divides the flood area
between “mainstream” and “overland” flooding areas using the following criteria:

¢ Mainstream flooding: Areas along the main creeks or trunk drainage alignment,where flow
is sufficiently deep and there is sufficient relief that freeboard can be added tothe flood
surface and the extent then “stretched” to include adjacent land. The mainstream part of
the study was defined as those creeks and flow paths where water.concentrates into a
defined water course. The FPA along this reach was defined as the 1% AEP peak flood
level plus 0.5 m freeboard, with the level extended perpendiculanto theflow direction either
side of the flow path.

e Overland flooding: For overland flow areas, addition'of freeboardiand stretching generally
produces an over-estimate of the land subject t@ flood risk. This is‘because the stretching
extends across land in a way that would not actuallyxoccur even with significant additional
flow from a much larger storm. It may even extend beyond.the modelled PMF extent. It is
therefore appropriate to not apply freeboard for the purpose of defining the FPA for
overland flooding. The 1% AEP event was adopted with the following filtering applied (to
remove shallow overland flows not associated with a continuous flow path):

o Depth Filter — Exclude results below 150 mm depth; and
o Small Pond Filter — Remove isolated ‘puddles’ or ‘orphans’ smaller than 150 m?.

The resultant extent of both thefmainstream#PA and overland FPA can be seen in Figure F24.
8.6.3. PMF Event

In July 2021, the NSW Gevernment.implemented updates to the Flood Prone Land Package. The
purpose of theypackage is to/increase flood resilience in New South Wales, reduce loss of life and
property damages The package provides Councils additional land use planning tools to manage
flood risk beyond thes1% AEP flood event and strengthen evacuation consideration in land use
planning.”“The ‘updates included amendments to Schedule 4 of Environmental Planning and
Assessment Regulation including changes to Clause 7A(1), Clause 7A(2). These amendments
(now contained in Clause 9 of Schedule 2) now require Councils to note on Section 10.7
certificates if the land is within the FPA (Clause 9(1)) or between the FPA and PMF (Clause 9(2))
and subject to flood related development controls.

For the purpose of identification of those properties that are outside the FPA, but within the PMF
and subject to flood related development controls (for development comprising hazardous
materials / industry, sensitive, vulnerable or critical uses), the PMF extent was filtered in a similar
manner to the derivation of the overland FPA. The following filtering was applied:

o Depth Filter — Exclude results below 300 mm depth; and
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o Small Pond Filter — Remove isolated ‘puddles’ or ‘orphans’ smaller than 300 m2.

The resultant extent of the PMF for flood planning controls can be seen in Figure F25.

8.7. Flooding Hotspots

8.7.1. Tanderra Street, Wahroonga

This area is located on a tributary flow path of Coups Creek in Wahroonga. Water flows down past
Rhonda Close and then through several private properties on Gilda Avenue and Walpole Place.
Water can overtop Ada Avenue and runs through several properties on Tand . Water
then flows in a southwest direction and crosses Amaroo Avenue, where it t more
channelised before joining Coups Creek immediately upstream of Mahratta Ave

The peak flood depths and hydraulic hazard for the 1% AEP event can S in re F26.
Although the flow path commences as shallow overland flow, it beco ee 0 a trapped
depression between Gilda Avenue and Ada Avenue, with the 1% A lood eaching 0.8 m
upstream of Ada Avenue, triggering H3 hazard. Downstrez Street, the primary flow

0.5 m with the flood hazard being H2. Flood depths on the
right of Photo 23) can reach higher than this, up to H3 hazard. The 1200 mm diameter pipe
that conveys flow under this flow path is at capaci ents as frequent as the 20% AEP.
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8.7.1. Monteith Street, Turramurra

The confluence of two major flow paths occurs at the Holmes Street cul-de-sac in Turramurra.
The cul-de-sac is located within a local depression, which, once filled, spills through private
properties to the south. This water flows overland to the Monteith Street sag point (Photo 24). On
the downstream (southern) side of Monteith Street, water is channelised between buildings (see
Photo 3) and is conveyed to Rothwell Road. Water Dragon Creek officially forms through the
bushland area downstream of Rothwell Road.

The peak flood depths and
The water ponds in the Hol

for the 1% AEP event can be seen in Figure F27.
[-de-sac with depths of over 1.5 m in the 1% AEP event.
wnstream of Holmes Street, the floodwater is primarily

e 1% AEP event are modelled to be approximately 0.8 m and 0.6 m
d Rothwell Road crossings, respectively.

The confluence of two flow paths between Cynthia Street and Hesperus Street in Pymble. One
flow path comes from Golfers Parade and crosses through private properties to Cynthia Street. A
smaller flow path arrives at Cynthia Street from Ward Street and Yarrara Road that also crosses
through private property. There are two sag points on Cynthia Street that receive flows from the
two flow paths, although the road is relatively flat and these sag points are not well defined (Photo
25).
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Photo 25: Cynthia Street sag point, looking southeast (So

From Cynthia Street, floodwater in excess of the storm can be conveyed overland

flow through private property and converge at a single sag point esperus Street. Downstream
of Hesperus Street an open channel takes flo he stormwater network (the main culvert
under Hesperus Street is a 1050 mm diameter d overland flows. This channel only runs
the length of one property. Flow is then conveyedwvia a 2000 mm (W) x 1200 mm (H) box culvert
and then twin 1050 mm diameter pipessas it runs around the Latona Street cul-de-sac. It then
discharges into another open char @ he end of Latona Street and then into a 1500 mm
diameter pipe under Greenway. at the sag point (Photo 26). There is then another portion of
open channel before bein er Warrowa Avenue via a 1800 mm diameter pipe.
Downstream of Warrowa is conveyed in an open channel adjacent to Wyomee
Avenue. Along this fl h, nthia Street and Warrowa Avenue as water enters into
and out of culverts and verland flow occurs that affects properties.
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Photo 26: Greenway Drive sag point, looking southwest (SetrcenGoogle Street View)

The peak flood depths and hydraulic hazard for the 1% AEP event can be seen in Figure F28.
There is widespread inundation of properties on Cynthia Street, with flood depths reaching up to
0.5 m in the 1% AEP event. The flood hazard is\typically H2 far the disperse and shallow flow
path, although can reach higher around structures where there are larger depths and/or velocities.
Downstream of Hesperus Street there are properties affected, with overland flows the deepest
between the two sections of open channel on thefnorthern side of the Latona Street cul-de-sac,
with flood depths also typically reaching:0.6 m in the 1% AEP event and H5 hazard. At Greenway
Drive, the peak flood depth in the 1% AEP event reaches 0.7 m with H4 and H5 hazard over the
road sag point near the intersectionywith Par Close. The Greenway Drive culvert capacity is
exceeded in the 20% AEP eyvent.

8.7.3. Kendall'StreetyWest Pymble

This flow pathnis a tributary of Quarry Creek in West Pymble. Stormwater drainage and overland
flows upstream of, Grayling Road discharge into a channel through Grayling Street Reserve on
the downstream sidegof the road. From this channel, water is conveyed through a 900 mm
diameter culvert, with flows in excess of this overtopping Binalong Street and running through
private property. The flow path crosses the Kendall Street sag point (the culvert now a 1200 mm
diameter pipe at this location) and runs through Our Lady of Perpetual Succour Catholic Primary
School (Photo 27). Overland flows downstream of the school are conveyed along a private shared
driveway (see Photo 2) before crossing Lofberg Road (the culvert now a 1350 mm diameter pipe
at this location). Overland flow from the Lofberg sag point is conveyed through an area with cricket
nets adjacent to Lofberg Oval within Bicentennial Park and discharges into a creek channel within
the park. At the southern corner of Bicentennial Park, it is joined by flow from Norman Griffiths
Oval and forms Quarry Creek.
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e: Google Street View)

The peak flood depths and hydraulic hazard for the 1% [ can be seen in Figure F29.
Although the flow path remains relatively narrow, the peak depth occurs directly adjacent to the
buildings downstream of Binalong Street, incl
flood depth reaches 0.7 m with H3 hazard in t
reaches H5 and H6. Flooding over Lofberg Roa
AEP event. The capacity of the drainage pipe a is flow path is exceeded in the 10% AEP
event.

8.1. Advice on Land-WUs nning Considering Flooding

It is considered good prac Q permit land use and development that is compatible with the
nature of flooding in a i
that is classified as
risks to hum uta lopment in these areas can shift flood risks to other areas.

xisting Flood Planning Controls

KRGC implements flood-related planning controls in the study area via the Ku-ring-gai Local
Environme lan 2015 (LEP, Reference 21) and Ku-ring-gai Development Control Plan 2024
(DCP, Reference 22). The LEP specifies that land is subject to flood-related restrictions if it is
within the flood planning area for any type of development (Clause 5.21).

The LEP outlines the overall objectives and nature of these restrictions, the DCP specifies flood-
related development controls that apply to land affected by flooding (DCP 2024, Section C, 24D.2

and 24R.3), or land where a catchment flood study has not been completed.

The flood-related development controls specified in the DCP cover flood impacts (not making
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flooding worse for neighbouring properties), building components and structural soundness (to
ensure buildings can withstand flood forces), minimum floor levels and consideration of safety for
people and vehicles. Council considers flood risk based on the FPA extent (where there is an
existing Flood Study) or where council deems the development could influence a nearby drainage
system (where there is no existing Flood Study).

The DCP controls are adequate, allowing for:

e Consideration of flood affectation of the site or development, as ‘overland’ or ‘mainstream’,
including the application of a variable freeboard.

e Application of key floodplain management principles with regard to land use planning and
development. This includes flood impacts and flood resilience of theproposed
development.

e Fencing is a key consideration for overland flow, and controls for fencing-are outlined in
24D.7.

However, the DCP does not allow for further consideration of flood gisk beyond ‘overland’ and
‘mainstream’ classifications (for example low, medium or high risk) or consideration of the
development type (for example an industrial developmentalersus ayresidential development). The
DCP only specifies minimum floor levels for habitable floors and garages. The breakdown of land
use categories would further consider different land use vulnerability to flooding and the
breakdown of the floodplain would further consider flood constraints on land. A matrix approach
of flood-related development controls is considered current best practice that factors in land use
and flood risk.

The flood study requirements (24R.3) appear to be geared toward smaller developments where
flood studies do not exist. For example, itydiscusses catchment sizes and flow rates, use of the
rational method, use of Mannings eguation, use of HEC-RAS modelling and references to cross-
sections, etc. Given KRGC new_has detailed 2D overland flood modelling across much of the
LGA, the approach to a flood study\for a development is very different. The consideration of using
the flood study model to assessia proposed development is absent from this section of the DCP.

The DCP does not make provisionsifor:

o Design guidelines,for basement car parking in flood affected areas.

¢/ Control of'development in high hazard or floodway areas.

¢ Consideration of the latest research for vehicle stability for car parking criteria. The DCP
refers to)velocity x depth product, whereas considering a hydraulic hazard category (see
Section 8.3) provides a simpler way to map and visualise vehicle stability criteria and
demonstrate compliance.

o Emergency response considerations including reliable access, evacuation, flood warning,
rate of rise and duration of inundation, emergency response strategies or shelter-in-place
requirements.

e Ongoing management of flood risk such as storage of hazardous materials, flood
management plans or subdivisions with potential future development.

The current DCP provides some breakdown of flood risk and constraints, however, does not
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clearly highlight all flood related development constraints described in the flood planning
constraint category (FPCC) approach, which is outlined below. An approach such as the FPCCs
is considered current best practice for land use planning.

8.1.2. Flood Planning Constraint Categories

Guideline 7-5 of the Australian Disaster Resilience Handbook Collection (Reference 20)
recommends using FPCCs to better inform land use planning activities. These categories
condense the wealth of flood information produced in a flood study and classify the floodplain into
areas with similar degrees of constraint. These FPCCs can be used in high level assessments of
land use planning to inform and support decisions. For detailed land use planning activities, it is
recommended that the flood behaviour across the range of flood events be considered, depending
on the level of constraint.

The Australian Disaster Resilience Handbook Collection (Reference 20) recommends the use of
four constraint categories. It is recommended that isolation potential also be’considered for the
high constraint category. This could include areas classified as ‘iSolated’ (seefSection 8.5 for
details). Isolation has not been considered in the FPCCs definedfor the study area, since it is not
considered to be a significant constraint in this catchment due to the short duration of flooding. In
areas that are already developed, the isolation potential hasibeen defined using Flood Emergency
Response Classifications (see Section 8.5), and land use planning activities should consider these
in addition to the FPCCs.

The constraints have been adapted to suit the Lane«Cave Northern catchments and are outlined
in Table 15. The associated FPCC map is provided in Figure F30.
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Table 15: Flood Planning Constraint Categories for the Lane Cove Northern catchments

FPCC Constraints Implications Considerations

Floodway and _flood Any development is likely to affect Majority of developments and

storage areas in the | flood beha\(lour in the 1% AEP event | ses have adverse impacts

1% AEP event and cause impacts elsewhere. on flood behaviour or are

FPCC 1 vulnerable. Consider limiting

H6 hazard in the Hazardous conditions considered uses and developments to

1% AEP event unsafe for vehicles and people, all those that are compatible
types of buildings considered with flood function and
vulnerable to structural failure. hazard.

Floodway in the People and buildings in these areas Many uses and

0.2% AEP event may be affected by dangerous developments will be
floodwaters in rarer events. vulnerable. Consider limiting

new uses to these
_ . . compatible with flood
H5 flood hazard in Hazardous cor_1d|t|ons considered function and hazard
the 1% AEP event ulrllsé)af_? dfor vehllcles ?)rlld tpeotple,tancli (includingyrarer flood flows)
FPCC 2 gaml:gelngs vulnerable to structura or consider treatments to
' reduce the hazard (such as
filling). Consider the need for

H6 flood hazard in | Hazardous conditions develop in rare| additional'development

the 0.2% AEP events which may have impli€ations, | control conditions to reduce

event for the development and.its the'effect of flooding on the
occupants. development and its

occupants.

Within the FPA Hazardous conditions may exist Standard land use and
creating issues for vehicles and development controls aimed
people. Structural damage to at reducing damage and the
buildings is unlikely. exposure of the development

to flooding are likely to be

FPCC 3 suitable. Consider additional
conditions for emergency
response facilities, key
community infrastructure and
land uses with vulnerable
users.

Within the PMF Emergency response may rely on

extent key community facilities such as Consider the need for
emergency hospitals, emergency conditions for emergency

EPCC 4 management headquarters and response facilities, key
evacuation centres operating during community infrastructure and
an event. Recovery may rely on key land uses with vulnerable
utility services being able to be users.
readily re-established after an event.
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9. SENSITIVITY ANALYSIS

9.1. Overview

A number of sensitivity analyses were undertaken to establish the variation in design flood levels
and flows that may occur if different parameter assumptions were made. These sensitivity

scenarios are summarised in Table 16.

Table 16: Overview of Sensitivity Analyses

Scenario

Condition 1

Condition 2

Antecedent moisture condition (AMC)

Rather dry (AMC 2)

Saturated (AMC 4)

Rainfall loss

Reduced 50%

Increased 50%

(1]

Mannings “n” roughness

Reduced 25%

Increased 25%

Structure Blockage Unblocked Increased 50%
Pit Blockage Increased 50% -
Downstream boundary condition (curve slope) x 0.1 X 10
Climate Change (for the 1% AEP event) 0.5% AEP 0.2% AEP

The change in flood level across the study area for each seenario compared to the adopted design
5% or 1% AEP flood events are provided in Appendix H.

9.2. Antecedent Moisture Condition (AMC)

DRAINS uses the AMC parameter, in conjunctionfwith the soil type parameter, to determine the
initial infiltration capacity of the soil. AME,is the representation of the soil conditions due to rainfall
in the 5 days preceding the modelled event. The design flood events utilised a ‘Rather Wet’
condition, representing 12.5-25mm eof rainfall in the preceding 5 days. Two conditions were
modelled to check the sensitivity:to the'soil moisture conditions, ‘Rather Dry’ (0-12.5 mm) and
‘Saturated’ (>25 mm). The change in_peak flood levels is shown in Figure H1 to Figure H4.

The peak flood level moderately ‘decreases for drier conditions. For both the 5% and 1% AEP
events, the peakflood level decreases by typically up to 0.05 m throughout the urban areas where
overland“flow begins to concentrate. In the downstream creek areas, the decrease is greater,
typically in the order'efl0.2 m, although can be up to 1 m upstream of hydraulic structures.

The increase in soil saturation results in the inverse, with an increase in peak flood levels. The
increases throughout the urban areas are typically up to 0.05 m, with higher increases in the
downstream areas. Flood levels in the creeks increases by approximately 0.2 m and up to 0.4 m
upstream of hydraulic structures.

9.3. Rainfall Losses

Initial rainfall losses in DRAINS are modelled as depression storages across each of the areas
within a sub-catchment. They have been altered to simulate both an increase and decrease in
rainfall losses by 50%. For both impervious and pervious areas, the change in storage depression
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will affect the quantity and timing of run-off generated. Continuing rainfall losses (infiltration into
the soil) in DRAINS are determined by the soil type, with four different types to choose from,
ranging from high infiltration rates (sands and gravel) to very slow infiltration rates (clays with a
high water table). The soil type was also varied to simulate the change in rainfall infiltration. These
scenarios and the corresponding parameter values are shown in Table 17.

Table 17: Rainfall Loss Sensitivity

Parameter Adopted
. -50% +50%
Design
Paved area (impervious) depression storage (mm) 1 0.5 15
Supplementary area depression storage (mm) 1 0.5 1.5
Grassed (pervious) area depression storage (mm) 5 2.5 7.5
Soil Type (infiltration rate) 3 4 2
(slow) (very slow), | (maderate)

The change in peak flood levels is shown in Figure H5 to Figure H8gfor both the, 5% AEP and 1%
AEP events. The results from modelling the variations in rainfall'lesses indicate a similar outcome
to the AMC scenarios, although the magnitude of the regpective increases and decreases in flood
depth were slightly larger than for the AMC parameter, \The decrease in rainfall losses was
comparable to saturated soils (AMC 4) and the increase in rainfall losses was comparable to
rather dry conditions (AMC 2).

9.4. Mannings ‘n’ Roughness
The Mannings ‘n’ roughness coefficienti(see Section 5.5) was increased and decreased by 25%

respectively for all land types across the study area. The change in adopted values is provided in
Table 18.

Table 18: Mannings ‘n’ Roughness Sensitivity

Land Type " ;dn?r‘:;id‘n, -25% +25%
Grass and open space 0.04 0.03 0.05
Dense vegetation‘and bushland 0.15 0.1125 0.1875
Creek channel 0.05 0.0375 0.0625
Road¢corridor 0.03 0.0225 0.0375
Residential areas 0.06 0.045 0.075
Commercial and Industrial 0.025 0.01875 0.03125

The changes in peak flood levels with decreasing and increasing the Mannings ‘n’ roughness
values for the 5% AEP and 1% AEP events are shown in Figure H9 to Figure H12.

The results indicate that increasing the surface roughness results in higher peak flood levels
across much of the study area. However, the increase in velocity of the runoff in the upper
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catchment areas results in more water ponding upstream of hydraulic structures that constrict
these flows, such as road culverts. Increases in peak flood levels across the urban areas are
typically up to 0.05 m, and in the order of 0.1 m in the downstream creek areas. The higher surface
roughness means that runoff from the upstream areas is delayed, resulting in a lower volume of
water arriving at key constriction points such as culverts at any one time. This reduces the volume
of ponding upstream of these structures, with peak flood levels lower by up to 0.05 m.

Conversely, reducing the surface roughness results in lower peak flood levels across much of the
study area. This is up to approximately 0.05 m within the urban areas and in the order of 0.2 m
within the downstream creek areas. At hydraulic structures there can be an increase in peak flood
level up to 0.05 m. The increase in the velocity of the runoff (with lower roughness) indhe upper
catchment areas results in water arriving quicker, and resulting in more ponding,upstream of
hydraulic structures that constrict these flows, such as road culverts.

9.5. Structure Blockage

The design flood events adopted a blockage factor of 20% for all cros§s-drainagesculvert structures
(see Section 7.7). Two blockage scenarios were modelled@and applied to all culvert structures —
one with 0% blockage and one with 50% blockage. The change inypeak flood level with these
scenarios is shown in Figure H13 to Figure H16 for the 5% AEP and 1% AEP events.

The unblocked scenario resulted in a reduction in peak flood level of up to 0.1 m immediately
upstream of a structure, with an increase in the downstream reaches. The magnitude of increase
on the downstream side was typically about half thedmagnitude of the increase on the upstream
side. The changes in flood level are highly localised, although the most extensive impacts are
seen along The Comenarra Parkway_ eressings.

The increase in structure blockage resultsdn a corresponding increase in peak flood level of
typically up to 0.1 m immediately upstream of a structure. For major crossings on The Comenarra
Parkway, the increase can be,up‘to 0:8,m in the 5% AEP and 0.3 m in the 1% AEP event. There
are corresponding decreases in peak flood level in the downstream reaches, although typically of
a much lower magnitudedhanithe'inereases.

The study area is eonsidered to have low sensitivity to the changes in structure blockage as most
changes to fleed levels-are highly localised.

9.6. PitBlockage

The influence of the adopted stormwater pit blockage factor was investigated. The design flood
events adopted a blockage factor of 20% for on-grade pits and 50% for sag pits (see Section 7.7).
These blockage factors were reduced to 0% for all pits and increased to 60% and 75% for on-
grade and sag pits, respectively (representing an additional 50% blockage of inlet area that was
clear). The change in peak flood level for these two scenarios is provided in Figure H17 to
Figure H20 for the 5% AEP and 1% AEP events.

For the unblocked scenario, there is very little change to peak flood levels, even throughout the
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urban areas where pits are located. The change in peak flood level across the catchment is within
+0.05 m and the changes are not extensive. Typically, the reductions are found at the upstream
ends of the stormwater network, where slightly more water can enter the system. Increases can
be found at the lower portions of the network, where the capacity of the pipes is reached quicker
due to the additional upstream inflows.

For the blocked scenario, it is not anticipated that all pits in a catchment would be simultaneously
blocked to this degree, but rather the impact of blocked structures at individual locations can be
investigated. Again, there are only small changes in peak flood level, typically within £0.05 m.
There are minor changes within the major creeks in the downstream areas, with the 5% AEP
event displaying an increase within the creeks (up to 0.02 m), and the 1% AEPsevent,showing a
decrease within the creeks (up to 0.02 m).

The study area is relatively insensitive to pit blockage assumptions.

9.7. Downstream Boundary Conditions

For the design flood events, a stage-discharge relationshipawvas applied to the outlet of the creeks
where they discharge to the Lane Cove River. This relationship is determined within the TUFLOW
software based on an adopted slope of 1%. To test the sensitivity of this stage-discharge
relationship, the slope was decreased by a factor of 10 andhincréased by a factor of 10. The
change in peak flood level for these two scenarios was negligible, and hence these scenarios
were not mapped. Thus, the model was insensitive te.dewnstream boundary conditions.

9.8. Climate Change

Climate change is expected to increase sea levels and also short duration rainfall intensities from
east coast convective storm events. ltis typical practice in catchment flood studies under the NSW
flood program to model scenariosiincorporating the effects of these impacts from climate change
to understand the potential changes in flood behaviour.

Various projections (0f the likely increaSes to sea levels are available, however, receiving waters
of the Lane Cove River are not influenced by sea level in this area. The Lane Cove River is only
tidal upsto Lane Cove Weir, located downstream of the study area. As such, sea level rise will not
affect the study areanAny increase in design flood rainfall intensities will increase the frequency,
depth,“and extent of inundation across the catchment. The design rainfall information currently
provided by the BoM is based on historical climate data and does not currently include any
allowance for likely increases to convective storm rainfall intensity in the future. ARR 2019
(Reference 9, Book 1 Chapter 6) provides some guidance about consideration of the impacts of
climate change on design rainfall intensities. It suggests assuming that rainfall intensities can be
assumed to scale up by about 5% per degree of average surface warming.

The current NSW State Government’s advice recommends sensitivity analysis on flood modelling
should be undertaken to develop an understanding of the effect of various levels of change in the
hydrologic regime on the project at hand (Reference 23). To understand potential changes to flood
behaviour due to increased intensity of rainfall, the 0.5% AEP and 0.2% AEP events were
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compared with the 1% AEP event (per the relevant guideline, Reference 23). These events
provide an indication of how 1% AEP flood levels would change if the rainfall intensity increased
to the point that it matches either the current 0.5% AEP (a 7.9% increase in intensity for the 45-
minute critical storm event) or 0.2% AEP (a 22% increase in intensity for the 45-minute critical
storm event). The change in peak flood level, comparing the 0.5% AEP event and 0.2% AEP with
the 1% AEP event can be seen in Figure H21 and Figure H22, respectively.

Comparing the 0.5% AEP event with the 1% AEP event, flood levels are typically increased by up
to 0.05 m throughout the urban areas, particularly on overland flow paths where concentration of
flow occurs. Peak flood levels increase by approximately 0.1 m to 0.2 m in the downstream creeks
through forested areas, with impacts in the range of 0.2 m to 0.4 m upstream ofskey Crossings of
The Comenarra Parkway. Comparing the 0.2% AEP event with the 1% AEP ‘event, flood levels
are typically increased by approximately 0.1 mto 0.2 m on overland flow paths. In the downstream
creeks, peak flood levels typically increase by 0.2 m to 0.4 m, with impacts_upstream of key
crossings of The Comenarra Parkway in the order of 0.5 mto 1 m.
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APPENDIX A.

GLOSSARY

Taken from the Floodplain Development Manual (April 2005 edition)

acid sulfate soils

Annual Exceedance
Probability (AEP)

Australian Height Datum
(AHD)

Average Annual Damage
(AAD)

Average Recurrence
Interval (ARI)

caravan and moveable
home parks

catchment

consent authority

development

Are sediments which contain sulfidic mineral pyrite which may become extremely
acid following disturbance or drainage as sulfur compounds react when exposed to
oxygen to form sulfuric acid. More detailed explanation and definition can be found
in the NSW Government Acid Sulfate Soil Manual published by Acid Sulfate Soil
Management Advisory Committee.

The chance of a flood of a given or larger size occurring in any one year, usually
expressed as a percentage. For example, if a peak flood discharge of 500 m%/s
has an AEP of 5%, it means that there is a 5% chance (that is one-in-20 chance)
of a 500 m3/s or larger event occurring in any one year (see ARI).

A common national surface level datum approximately corresponding to mean sea
level.

Depending on its size (or severity), each flood will cause a different amount of flood
damage to a flood prone area. AAD is the average damage per year that would
occur in a nominated development situation from flooding over a very long period
of time.

The long term average number of years between the occurrence of a flood as big
as, or larger than, the selected event. For example, floods with a discharge as
great as, or greater than, the 20 year ARI flood event will occur on average once
every 20 years. ARI is another way of expressing the likelihood of occurrence of a
flood event.

Caravans and moveable dwellings are being increasingly used for long-term and
permanent accommodation purposes. Standards relating to their siting, design,
construction and management can be found in the Regulations under the LG Act.

The land area draining through the main stream, as well as tributary streams, to a
particular site. It always relates to an area above a specific location.

The Council, government agency or person having the function to determine a
development application for land use under the EP&A Act. The consent authority
is most often the Council, however legislation or an EPI may specify a Minister or
public authority (other than a Council), or the Director General of DIPNR, as having
the function to determine an application.

Is defined in Part 4 of the Environmental Planning and Assessment Act (EP&A Act).

infill development: refers to the development of vacant blocks of land that are
generally surrounded by developed properties and is permissible under the current
zoning of the land. Conditions such as minimum floor levels may be imposed on
infill development.

new development: refers to development of a completely different nature to that
associated with the former land use. For example, the urban subdivision of an area
previously used for rural purposes. New developments involve rezoning and
typically require major extensions of existing urban services, such as roads, water
supply, sewerage and electric power.

121054: 240408 _Lane_Cove_Northern_Catchments_Flood_Study.docx: 9 April 2024 Al



Wima

Lane Cove — Northern Catchments Flood Study

disaster plan (DISPLAN)

discharge

ecologically sustainable
development (ESD)

effective warning time

emergency management

flash flooding

flood

flood awareness

flood education

flood fringe areas

flood liable land

flood mitigation standard

redevelopment: refers to rebuilding in an area. For example, as urban areas age,
it may become necessary to demolish and reconstruct buildings on a relatively large
scale. Redevelopment generally does not require either rezoning or major
extensions to urban services.

A step by step sequence of previously agreed roles, responsibilities, functions,
actions and management arrangements for the conduct of a single or series of
connected emergency operations, with the object of ensuring the coordinated
response by all agencies having responsibilities and functions in emergencies.

The rate of flow of water measured in terms of volume per unit time, for example,
cubic metres per second (m?%s). Discharge is different from the speed or velocity
of flow, which is a measure of how fast the water is moving for example, metres per
second (m/s).

Using, conserving and enhancing natural resources so that ecological processes,
on which life depends, are maintained, and the total quality of life, now and in the
future, can be maintained or increased. A more detailed definition is included in the
Local Government Act 1993. The use of sustainability and sustainable in this
manual relate to ESD.

The time available after receiving advice of an impending flood and before the
floodwaters prevent appropriate flood response actions being undertaken. The
effective warning time is typically used to move farm equipment, move stock, raise
furniture, evacuate people and transport their possessions.

A range of measures to manage risks to communities and the environment. In the
flood context it may include measures to prevent, prepare for, respond to and
recover from flooding.

Flooding which is sudden and unexpected. It is often caused by sudden local or
nearby heavy rainfall. Often defined as flooding which peaks within six hours of the
causative rain.

Relatively high stream flow which overtops the natural or artificial banks in any part
of a stream, river, estuary, lake or dam, and/or local overland flooding associated
with major drainage before entering a watercourse, and/or coastal inundation
resulting from super-elevated sea levels and/or waves overtopping coastline
defences excluding tsunami.

Flood awareness is an appreciation of the likely effects of flooding and a knowledge
of the relevant flood warning, response and evacuation procedures.

Flood education seeks to provide information to raise awareness of the flood
problem so as to enable individuals to understand how to manage themselves an
their property in response to flood warnings and in a flood event. It invokes a state
of flood readiness.

The remaining area of flood prone land after floodway and flood storage areas have
been defined.

Is synonymous with flood prone land (i.e. land susceptible to flooding by the
probable maximum flood (PMF) event). Note that the term flood liable land covers
the whole of the floodplain, not just that part below the flood planning level (see
flood planning area).
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floodplain

floodplain risk
management options

floodplain risk

management plan

flood plan (local)

flood planning area

Flood Planning Levels
(FPLs)

flood proofing

flood prone land

flood readiness

flood risk

flood storage areas

The average recurrence interval of the flood, selected as part of the floodplain risk
management process that forms the basis for physical works to modify the impacts
of flooding.

Area of land which is subject to inundation by floods up to and including the
probable maximum flood event, that is, flood prone land.

The measures that might be feasible for the management of a particular area of the
floodplain. Preparation of a floodplain risk management plan requires a detailed
evaluation of floodplain risk management options.

A management plan developed in accordance with the principles and guidelines in
this manual. Usually includes both written and diagrammetic information describing
how particular areas of flood prone land are to be used and managed to achieve
defined objectives.

A sub-plan of a disaster plan that deals specifically with flooding. They can exist at
State, Division and local levels. Local flood plans are prepared under the
leadership of the State Emergency Service.

The area of land below the flood planning level and thus subject to flood related
development controls. The concept of flood planning area generally supersedes
the Aflood liable land@ concept in the 1986 Manual.

FPL=s are the combinations of flood levels (derived from significant historical flood
events or floods of specific AEPs) and freeboards selected for floodplain risk
management purposes, as determined in management studies and incorporated in
management plans. FPLs supersede the Astandard flood event@ in the 1986
manual.

A combination of measures incorporated in the design, construction and alteration
of individual buildings or structures subject to flooding, to reduce or eliminate flood
damages.

Is land susceptible to flooding by the Probable Maximum Flood (PMF) event. Flood
prone land is synonymous with flood liable land.

Flood readiness is an ability to react within the effective warning time.

Potential danger to personal safety and potential damage to property resulting from
flooding. The degree of risk varies with circumstances across the full range of
floods. Flood risk in this manual is divided into 3 types, existing, future and
continuing risks. They are described below.

existing flood risk: the risk a community is exposed to as a result of its location
on the floodplain.

future flood risk: the risk a community may be exposed to as a result of new
development on the floodplain.

continuing flood risk: the risk a community is exposed to after floodplain risk
management measures have been implemented. For a town protected by levees,
the continuing flood risk is the consequences of the levees being overtopped. For
an area without any floodplain risk management measures, the continuing flood risk
is simply the existence of its flood exposure.

Those parts of the floodplain that are important for the temporary storage of
floodwaters during the passage of a flood. The extent and behaviour of flood
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floodway areas

freeboard

habitable room

hazard

hydraulics

hydrograph

hydrology

local overland flooding

local drainage

mainstream flooding

major drainage

storage areas may change with flood severity, and loss of flood storage can
increase the severity of flood impacts by reducing natural flood attenuation. Hence,
it is necessary to investigate a range of flood sizes before defining flood storage
areas.

Those areas of the floodplain where a significant discharge of water occurs during
floods. They are often aligned with naturally defined channels. Floodways are
areas that, even if only partially blocked, would cause a significant redistribution of
flood flows, or a significant increase in flood levels.

Freeboard provides reasonable certainty that the risk exposure selected in deciding
on a particular flood chosen as the basis for the FPL is actually provided. Itis a
factor of safety typically used in relation to the setting of floor levels, levee crest
levels, etc. Freeboard is included in the flood planning level.

in a residential situation: a living or working area, such as a lounge room, dining
room, rumpus room, kitchen, bedroom or workroom.

in an industrial or commercial situation: an area used for offices or to store
valuable possessions susceptible to flood damage in the event of a flood.

A source of potential harm or a situation with a potential to cause loss. In relation
to this manual the hazard is flooding which has the potential to cause damage to
the community. Definitions of high and low hazard categories are provided in the
Manual.

Term given to the study of water flow in waterways; in particular, the evaluation of
flow parameters such as water level and velocity.

A graph which shows how the discharge or stage/flood level at any particular
location varies with time during a flood.

Term given to the study of the rainfall and runoff process; in particular, the
evaluation of peak flows, flow volumes and the derivation of hydrographs for a
range of floods.

Inundation by local runoff rather than overbank discharge from a stream, river,
estuary, lake or dam.

Are smaller scale problems in urban areas. They are outside the definition of major
drainage in this glossary.

Inundation of normally dry land occurring when water overflows the natural or
artificial banks of a stream, river, estuary, lake or dam.

Councils have discretion in determining whether urban drainage problems are
associated with major or local drainage. For the purpose of this manual major
drainage involves:
- the floodplains of original watercourses (which may now be piped,
channelised or diverted), or sloping areas where overland flows develop
along alternative paths once system capacity is exceeded; and/or

- water depths generally in excess of 0.3 m (in the major system design storm
as defined in the current version of Australian Rainfall and Runoff). These
conditions may result in danger to personal safety and property damage
to both premises and vehicles; and/or
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mathematical/computer
models

merit approach

minor, moderate and major
flooding

modification measures

peak discharge

Probable Maximum Flood
(PMF)

Probable Maximum
Precipitation (PMP)

- major overland flow paths through developed areas outside of defined
drainage reserves; and/or

- the potential to affect a number of buildings along the major flow path.

The mathematical representation of the physical processes involved in runoff
generation and stream flow. These models are often run on computers due to the
complexity of the mathematical relationships between runoff, stream flow and the
distribution of flows across the floodplain.

The merit approach weighs social, economic, ecological and cultural impacts of
land use options for different flood prone areas together with flood damage, hazard
and behaviour implications, and environmental protection and well being of the
State=s rivers and floodplains.

The merit approach operates at two levels. At the strategic level it allows for the
consideration of social, economic, ecological, cultural and flooding issues to
determine strategies for the management of future flood risk which are formulated
into Council plans, policy and EPIs. At a site specific level, it involves consideration
of the best way of conditioning development allowable under the floodplain risk
management plan, local floodplain risk management policy and EPIs.

Both the State Emergency Service and the Bureau of Meteorology use the following
definitions in flood warnings to give a general indication of the types of problems
expected with a flood:

minor flooding: causes inconvenience such as closing of minor roads and the
submergence of low level bridges. The lower limit of this class of flooding on the
reference gauge is the initial flood level at which landholders and townspeople
begin to be flooded.

moderate flooding: low-lying areas are inundated requiring removal of stock
and/or evacuation of some houses. Main traffic routes may be covered.

major flooding: appreciable urban areas are flooded and/or extensive rural areas
are flooded. Properties, villages and towns can be isolated.

Measures that modify either the flood, the property or the response to flooding.
Examples are indicated in Table 2.1 with further discussion in the Manual.

The maximum discharge occurring during a flood event.

The PMF is the largest flood that could conceivably occur at a particular location,
usually estimated from probable maximum precipitation, and where applicable,
snow melt, coupled with the worst flood producing catchment conditions.
Generally, it is not physically or economically possible to provide complete
protection against this event. The PMF defines the extent of flood prone land, that
is, the floodplain. The extent, nature and potential consequences of flooding
associated with a range of events rarer than the flood used for designing mitigation
works and controlling development, up to and including the PMF event should be
addressed in a floodplain risk management study.

The PMP is the greatest depth of precipitation for a given duration meteorologically
possible over a given size storm area at a particular location at a particular time of
the year, with no allowance made for long-term climatic trends (World
Meteorological Organisation, 1986). It is the primary input to PMF estimation.
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probability

risk

runoff

stage

stage hydrograph

survey plan

water surface profile

wind fetch

A statistical measure of the expected chance of flooding (see AEP).

Chance of something happening that will have an impact. It is measured in terms
of consequences and likelihood. In the context of the manual it is the likelihood of
consequences arising from the interaction of floods, communities and the
environment.

The amount of rainfall which actually ends up as streamflow, also known as rainfall
excess.

Equivalent to Awater level@. Both are measured with reference to a specified
datum.

A graph that shows how the water level at a particular location changes with time
during a flood. It must be referenced to a particular datum.

A plan prepared by a registered surveyor.

A graph showing the flood stage at any given location along a watercourse at a
particular time.

The horizontal distance in the direction of wind over which wind waves are
generated.
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Table E1: Comparison of observed and modelled flood behaviour based on community questionnarie responses

Modelled Peak Flood Depths . . .
) Comparison with Modelled Flooding?
ID! Summary of Observation at Property or Road? (m)
1991 | 2020 | 2021 | 2022 | Match Comments
8 March 2022. Very shallow ankle depth water, in front | 0.35 | 0.34 | 0.30 | 0.38 Good | Depth is typically less than 0.1 m deep across front yard.
002 | yard due to water ponding. Deeper water simulated on downstream side due to ponding
on neighbour’s property.
March 2022. Shallow calf deep water, caused by 0.29 | 0.28 | 0.27 | 0.33 Good | Shallow overland flows simulated from neighbours and Roland
003 overland flow from neighbouring properties and Roland Avenue. Flooding on both sides of the property is evident.
Avenue down both sides of property. Water depths typically shallow, maximum of 0.3 m deep at rear
in channel.
Deep (greater than knee depth) flooding occurring 159 | 155 | 0.83 | 201 | Good | Overland flows modelled from Strone Avenue through to
004 | yearly. Caused by blocked gutters and strong overland Coups Creek. Maximum depths in Coups Creek at the rear of
flow to water course at boundary. the property.
2013. Very shallow water depth in backyard. Caused - - - - No Property address not provided. No properties inundated in the
014 by inadequate drainage in neighbouring properties. vicinity of lona Avenue and Yarrara Road intersection. Based
on description it could be a ‘local drainage’ issue rather than
‘flooding’.
March 2022. Very shallow water depth in backyard due | 0.00 | 0.00 | 0.00 | 0.00 No Only shallow inundation in the gutter of Ashburton Avenue.
024 to runoff from neighbouring properties. Observed inundation likely due to very localised catchment not
modelled in this study. This is likely to be a ‘local drainage’
issue rather than ‘flooding’.
First half of 2012. Shallow water depth (mid-calf 0.22 | 0.21 | 0.15 | 0.28 Good | Flow path modelled along the rear of properties on Albion
026 height) through backyards of multiple properties in Avenue, with depths in the order of 0.1 m to 0.3 m.
Albion Avenue and Jubilee Avenue. Creek at rear of
properties overflowed into these properties.
14-23 March 2021. 10cm deep water cut off access to 062 | 0.61 | 042 | 0.61 Good | Modelled peak flood depth is against the building. Typical flood
027 | property and neighbouring properties. Caused by depths are in the order of 0.1 m on property (and neighbouring
blocked stormwater drains from tree roots and leaves. properties) from overflows from Lucinda Avenue South.
Evans Street collects and channels water onto the - - - - Good | Flood behaviour replicated in the model — water is modelled on
037 | footpath of The Comenarra Parkway, causing erosion. Evans Street and this is directed down to the Commenara
Parkway. From the Comenarra Parkway it then flows into
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Modelled Peak Flood Depths

Comparison with Modelled Flooding?®

ID! Summary of Observation at Property or Road? (m)
1991 | 2020 | 2021 | 2022 | Match Comments
Avondale Creek.
Ponding in low lying residential pockets adjacent to - - - - Good | While no specific locations were provided, the model simulates
039 | creeks in Bicentennial Park. inundation on a flow path between Kendall Street and Lofberg

Road, upstream of Bicentennial Park.

Stormwater drain running through front yard increases 1.45 1.41 1.21 1.59 Fair
its depth but has never reached capacity.

Unclear whether this refers to on-site stormwater or the street
drainage. The street drainage is estimated to overtop the kerb,
with shallow flows through this property. Maximum flood

044 depths are recorded in the upper reaches of Water Dragon
Creek that traverses the rear of the lot. Photos provided of the
creek (eg. Photo 13).
9 February 2020. Shallow depth within immediate 218 | 214 | 155 | 251 Fair | Overland flow simulated to flow through the property, from both
045 vicinity to house. River which runs adjacent to property Strone Avenue and Cyrus Avenue. Coups Creek, which runs
broke its banks. Blocked drains and overflowing river along the rear of the property reaches considerable depths (as
caused significant overland flow. shown in Photo 8).
No impact on property. Stormwater drains do not seem | 0.10 0.08 0.04 0.13 Good | Flow path is evident at the rear of the property, but remains
048 | to cope with some heavy rainfall events. shallow and does not affect dwelling or any substantial amount
of land.
Flooding occurring on a frequent basis. Shallow depth 1.17 1.03 | 0.53 1.56 No Flooding only simulated at the front of the property due to
water through backyard caused by water diversion and watercourse — contained within banks. Runoff from the golf
051 | runoff from neighbouring golf course. course is captured by another minor creek and does not reach
the property. Any inundation of the back yard may be a ‘local
drainage’ issue rather than ‘flooding’.
No date provided. Deep water flow over road and 0.03 | 0.03 | 0.03 | 0.03 Fair | Shallow inundation modelled on Solander Close and at the
through neighbouring parks. Roads cut off due to front of the property. May be referring to deep ponding on
057 | blocked drains. Forwood Avenue sag point, which reaches up to 1 m deep in
the 2022 event. Shallow flooding also modelled through
Comenarra Reserve.
061 9 February 2020. Very shallow water depth in 0.27 | 0.23 | 0.00 | 0.34 | Good | Shallow flow modelled from Yarrara Road through property,
backyard. Caused by tree roots blocking drains and affecting front and back yards in 2020. Peak depths are at the
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i Modelled Peak Flood Depths Comparison with Modelled Flooding?
ID! Summary of Observation at Property or Road? (m)
1991 | 2020 | 2021 | 2022 | Match Comments
forcing overland flow. rear of the property, where flow is obstructed by neighbouring
building. Modelled flooding aligns with photograph provided of
the 2020 event (Photo 20).
Creek drains well, no flooding issues. 090 | 0.81 | 044 | 1.00 Good | Modelled flooding remains within the channel through the
062 property in all events. There are shallow overland flows
simulated from Timaru Street, however, this is on the opposite
side of the creek to the dwelling and unlikely to be observed.
No date provided. Flooding frequently occurring. Front 0.19 0.19 0.00 0.23 Good | There is a minor flow path through this property, from Chisholm
064 yard shallow water depth, backyard very shallow. Street to Barwon Avenue. Shallow depths modelled to affect
Flooding caused by run off from neighbouring the southern side of this property. Water would appear to come
properties. from neighbouring properties.
No date provided. Very shallow water depth caused by | 0.00 | 0.00 | 0.00 | 0.00 Fair | Overflow from Mitchell Crescent is modelled to affect the
blocked stormwater drains in Mitchell Crescent. neighbouring property to the south — it is not modelled to affect
066 this property. There may be local features which may divert
water onto this property, however, it is at a higher elevation
than Mitchell Crescent.
2021. Very shallow water depth in backyard caused by - - - - Fair House number not provided. There are a number of properties
069 | leaves blocking water courses and drains. on Finlay Road with shallow flooding in yards. These are
primarily in the vicinity of Mildred Street.
Frequent flooding in backyard to a very shallow water 0.15 0.15 0.14 0.16 Good | Shallow inundation modelled across property, flowing from
070 | depth caused by inadequate/old stormwater drains and neighbouring lots along the eastern side of the property to
overland flow from neighbouring properties. Acacia Close.
January 2022. Flooding to a very shallow depth 029 | 0.27 | 0.18 | 0.36 | Good | Reasonably shallow inundation modelled across the front of
caused by overland flow from neighbouring properties this property. The flow path comes from upstream properties,
073 | (especially Turramurra Shops). Blocked drains and an including Turramurra shops on the Pacific Highway. Depths
inadequately sized overland flow easement contribute are typically less than 0.2 m along overland flow path.
to the problem.
074 No date provided. Deep water caused by overflow of 1.22 1.10 | 0.37 1.45 Good | A major tributary flows through property, with deep water
creek, and from neighbouring properties and roads. modelled as described. Water flows across Exeter Road
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i Modelled Peak Flood Depths Comparison with Modelled Flooding?
ID! Summary of Observation at Property or Road? (m)
1991 | 2020 | 2021 | 2022 | Match Comments
Water overtopping road where drainage is located (overtopping road as described) and then through properties.
underneath roadway. Water below driveway bridge, Specific bridge details not in model to check, but modelled
but overtops neighbour's bridge. depths appear to reasonably align with observations.
1984. Shallow flooding occurred in backyard where 048 | 0.23 | 0.00 | 0.66 Good | Water modelled to affect property from both neighbouring
076 easement is located. Caused by runoff from property to the east and overflows from Binalong Street. These
neighbouring properties and roadway. are typically shallow, although deeper water modelled at
dwelling itself. Aligns with Photo 4.
077 Water remains within creek banks at rear of property. 0.95 0.85 0.31 1.71 Good | Water modelled to remain within creek banks for all events
simulated.
No date provided. Shallow flooding caused by overflow | 0.02 | 0.00 | 0.00 | 0.03 Good | Shallow flooding modelled to affect property in the 1991 and
from neighbouring properties and inadequate street 2022 events. This water is from an overland flow path from
080 | stormwater drainage capacity. Boronia Avenue to Yeramba Street. Water would appear to
come from neighbouring properties and just affects the south
eastern side of the lot.
No date provided. Shallow flooding through garage. 0.24 0.19 0.12 0.26 No Water on Fox Valley Road is modelled to be contained within
Caused by overflowing street gutters and water flowing the gutters. There is a shallow overland flow path at the rear of
081 down driveway. the property, from Seymour Close through to the bushland,
with shallow depths over the property. Given the steep nature
of Fox Valley Road at this location, inundation of the garage is
likely to be from ‘local drainage’ rather than from the road.
3 December 2014. Shallow flooding in front yard 042 | 041 | 0.38 | 0.45 Fair | The property receives overflow from Campbell Drive when
caused by overflow from blocked street drainage pits. street drainage is at capacity, and also overflows from the
082 Drains nearly 90% blocked. channel located in the median of Cooper Crescent.
Reasonably deep water modelled to pond at the upstream side
of the dwelling likely due to trapped floodwaters. Aligns with
Photo 7.
No date provided. Water to knee depth affecting the 0.25 | 0.26 | 0.15 | 0.32 Good | House number not provided. Description of flooding aligns with
083 | back yard (NW corner) and inside home - depth of model — flow originates from property at the end of Warrowa
300-400mm in basement. Debris from adjacent golf Avenue and down eastern boundary of 3 Avondale Place and
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i Modelled Peak Flood Depths Comparison with Modelled Flooding?
ID! Summary of Observation at Property or Road? (m)
1991 | 2020 | 2021 | 2022 | Match Comments
course blocking drains and forcing water into property; then onto Avondale Place itself. Flood depths given on
flow from neighbouring property also causing flooding. Avondale Place. Likely to be property opposite this, in which
water from Avondale Place flows through.
9 February 2020. Very shallow water depth affecting - - - - Fair House number not provided. There are several properties
084 the inside of home and front yard. Caused by pooling located on Campbell Drive that experience shallow inundation
of water in front yard and blocked drainage pits. in the front yards in the vicinity of Cooper Crescent.
Location estimated (Campbell Drive).
December 2021. Blocked stormwater drains on street 1.34 1.23 0.52 1.57 Good | A major tributary flows through property, with deep water
085 causing water to pool and spill out of roadway modelled overtopping Exeter Road. This water then flows
containment. Drains blocked to between 70% and through properties downstream.
90%.
No date provided. Very shallow flooding in backyard 0.10 | 0.00 | 0.00 | 0.40 | Good | Very shallow flows modelled affecting back yard of property
087 | caused by overland flow from neighbouring properties. (from neighbouring lots) in the 1991 and 2022 events. Deeper
ponding in 2022 is modelled around the house itself.
No date provided. Water to a depth of 30cm flows 0.23 0.22 0.00 0.28 Good | Shallow flow modelled from Yarrara Road through property,
093 through both front and backyards during heavy affecting front and back yards in all events except 2021. Peak
downpours. Boundary stormwater pipe reaches depths are at the rear of the property, where flow is obstructed
capacity and forces water through property. by neighbouring building.
April 2018. Very shallow flooding underneath house. 0.24 | 0.13 | 0.04 | 0.33 Good | Overflows from Barwon Avenue sag point modelled to flow
094 | Cause by flow from higher neighbouring properties. through properties to Canoon Road. Typically very shallow
flows, although water ponds against building in some events.
No specific date provided. Water depths between 0.20 | 0.18 | 0.11 | 0.26 | Good | Flow path modelled along the rear of properties on Albion
097 | 10cm and 20cm in backyard are caused by ponding in Avenue, with depths in the order of 0.1 m to 0.3 m.
low areas.
101 1984. Water to a depth of 1m to be flowing across 061 | 058 | 0.30 | 0.57 Fair Flow path modelled across front of property to Kimbarra Road
access road to property. low point.
18 Jan 2012 & 21 Jan 2016. Very shallow flow along 0.74 | 0.61 | 0.24 | 0.84 Fair | Creek just intersects rear corner of property (maximum flood
102 | boundary of property caused by blocked drains and depths recorded for this location), however, the front of the
flow from neighbouring properties. property also experiences shallow inundation from
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i Modelled Peak Flood Depths Comparison with Modelled Flooding?
ID! Summary of Observation at Property or Road? (m)
1991 | 2020 | 2021 | 2022 | Match Comments
Blytheswood Avenue along the northern boundary.
1983. Water above knee depth in front yard caused by | 1.88 1.85 1.62 | 2.01 Good | A major tributary flows through property at the front, with deep
105 | overflowing of river which runs through front of water modelled as described.
property, and leaves blocking street drainage.
Multiple flooding events in the 1990s. Ankle deep 043 | 037 | 0.21 | 0.57 Good | There is a flow path through the rear of the property (where
109 water through front yard and house caused by maximum flood depths are recorded), however, shallow
inadequate street drainage forcing water down inundation (less than 0.1 m deep) from Allawah Road is also
driveway. modelled down the southern side of the lot.
9 February 2020. Knee deep water flowing through 0.31 0.18 0.12 0.46 Good | Water modelled to break out of Nimbrin Street and flow
front yard and ponding on road caused by inadequate through property toward Forwood Avenue. This would inundate
110 | road drainage at bottom of hill. Water coming from the front yard. Substantial ponding on Forwood Avenue
neighbouring properties and road. modelled in the 2020 event (to 1 m deep), alighing with
photograph provided (Photo 12).
6 February 2010. Shallow water flowing through front 2.07 | 2.03 1.03 | 2.40 Fair House number not provided. Estimated to be at Doncaster
111 and back garden. Caused by diversion of water into Avenue low point. Shallow overflow from Doncaster Avenue
inadequate drainage pits. Location estimated. through front of property and inundation from creek in back
yard as well.
112 No date provided. Creek at bottom of backyard 0.29 0.26 0.13 0.36 Good | Creek runs along rear boundary of property — generally
reported to be blocked with debris. reasonably shallow flows.
1986. Shallow water depth in front and back yards of 0.04 0.02 0.01 0.04 Good | There is a minor flow path through this property, from Barwon
113 property caused by inadequate drainage at the street. Avenue through to the Lane Cove River. Shallow depths
Water flowing down driveway/side of house. modelled to affect the southern side of this property — along
driveway and side of house.
1994 and 2001. Shallow water depths flowing through 0.17 | 0.16 | 0.13 | 0.18 | Good | There is a minor flow path through this property, from Barwon
1w property (and all neighbouring properties) caused by Avenue through to the Lane Cove River. It affects the rear of
overland flow from Barwon Road toward Cove Street. this property and neighbours on Cove Street. Typically shallow
Blocked drains were reported. flows less than 0.1 m deep.
115 May 2009. Water levels in creek at front property 086 | 0.77 | 0.35 | 0.97 Fair | Creek modelled at front of property, with peak depths upto 1 m
boundary rose significantly during downpour, in the events modelled.
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i Modelled Peak Flood Depths Comparison with Modelled Flooding?
ID! Summary of Observation at Property or Road? (m)
1991 | 2020 | 2021 | 2022 | Match Comments
estimated to be 1.4m deep.
No date provided. Shallow water depth on road caused | 0.47 | 043 | 0.24 | 0.61 Fair | Shallow inundation modelled on Duff Street, with depths at the
by inadequate capacity of street drainage. sag point reaching 0.45 m in the 2022 event. Water overflows
118 from the sag point through the property. This is typically
shallow, however peak depths are within a channel along the
northern boundary of the property.
Frequent flooding in the last 4 years. Shallow water 0.15 0.15 0.00 0.17 Good | There is a minor flow path through this property, from Chisholm
depth through front and backyard and through home Street to Barwon Avenue. Shallow depths modelled to affect
122 caused by overland flow from newly developed the southern side of this property. Water would appear to come
neighbouring properties. from neighbouring properties. Water not simulated near
dwelling — this may be a ‘local drainage’ issue rather than
‘flooding’.
No date provided. Knee deep water flowing through 215 | 211 | 151 | 259 | Good | Coups Creek runs along the rear boundary of the property.
125 | backyard, caused by overflowing of river at property Water is modelled to be contained within the channel, but may
boundary. still be part of the ‘backyard’ that is referred to.
March 2019. Ankle deep water flow through front yard 0.47 0.08 0.06 0.48 Good | Shallow inundation through front yard (less than 0.1 m) due to
caused by blocked street drainage pits and overflow overflow from Lucinda Avenue, although at the property it may
129 | from neighbouring properties. appear to come from neighbouring lots. There is a flow path
through the back yard as well, with an area of ponding where
peak flood depths are modelled to occur.
Pre 2010. Knee deep water flowing through front and 0.70 | 0.61 | 0.15 | 0.88 Fair | Water modelled to affect property from neighbouring property
backyard (up to 10cm in areas). Caused by blocked to the rear. Flow modelled in back and front yards, with flow
130 drainage pipe at property boundary, and inadequate along the eastern side of the house. This is typically shallow,
stormwater capacity. however, deeper water is modelled at the garage location.
Water flows from garage out to Kendall Street sag point with
depths in the range of 0.1 m to 0.4 m.
January 2022. Calf level water depth over road 0.16 | 0.13 | 0.00 | 0.31 Good | Sag point on Amaroo Avenue is located between numbers 20
132 | between #20 and #21 due to inadequate street and 21. Peak flood depths on the road in the 2022 event reach
drainage capacity. approximately 0.4 m, aligning with observations of calf-level
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i Modelled Peak Flood Depths Comparison with Modelled Flooding?
ID! Summary of Observation at Property or Road? (m)
1991 | 2020 | 2021 | 2022 | Match Comments
water depth. Peak flood depths are provided for the property,
which is modelled to experience shallow overland flows
through the front yard from Tandema Street to Amaroo
Avenue.
~1970. Calf level water depth contained within road 0.15 | 0.23 | 0.00 | 0.16 Fair | Shallow inundation modelled on the property. Flooding also
133 boundary, caused by inadequate drainage and modelled on Diana Avenue due to runoff from school fields.
overflow from school oval. Due to the gradient of the road, this remains shallow (less than
0.1 m) and within the road corridor.
No date provided. Ankle depth water in front yard due 0.05 | 0.05 | 0.04 | 0.11 | Good | Water modelled to just break out of Marshall Avenue at the
to runoff from neighbouring properties and street. location of the property and follow the old creek line. Only a
134 | Creek once ran through front of property, now altered small portion of the front yard is affected, with shallow depths
course. simulated. ‘Local drainage’ issues may also contribute to
inundation of front yard.
No date provided. Calf depth flooding over driveway 132 | 1.23 | 0.75 | 1.38 | Good | Driveway access subject to flood depths of up to 1.4 m (likely
135 | caused by overtopping of water course/creek on under bridge structure). Could easily be calf depth on top of
boundary of property. bridge structure.
December 2020. Ankle depth flooding in front yard 1.08 1.00 0.73 1.18 Good | Shallow inundation of yard (less than 0.1 m) modelled adjacent
138 | caused by overtopping of drainage channel due to to watercourse. Blockage of culvert under Forwood Avenue
blocked culvert. Culvert 90% blocked. would also contribute to inundation on lot.
2011. Flooding to 2cm depth in home and front yard 0.18 | 0.15 | 0.08 | 0.24 | Good | Water from Antoinette Close modelled to break out and flow
caused by incorrect placement of drainage pit on through the front yard and around south eastern side of the
139 | street. Water overtopped gutters and spilled down house toward a creek channel. Shallow inundation modelled
driveway. (less than 0.1 m), although peak flood depths occur at the
dwelling (where the garage is located).
No date specified. Calf depth water affecting both front | 0.80 | 0.78 | 0.70 | 0.86 | Good | Flow path is modelled at the rear of the property only, with
and back yard, caused by blocked drains, ponding peak flood depths due to the upstream ponding location. Flows
140 | within road and overflow from neighbouring properties. are typically shallow (0.1 m to 0.3 m deep) downstream of this
where the respondent noted flooding issues in front yards and
back yards. This flow path traverses front and back yards
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i Modelled Peak Flood Depths Comparison with Modelled Flooding?
ID! Summary of Observation at Property or Road? (m)
1991 | 2020 | 2021 | 2022 | Match Comments
along the property numbers mentioned.
No date provided. Knee deep water affecting backyard | 0.31 | 0.34 | 0.00 | 0.46 | Good | Description of flooding aligns with model — flow originates from
143 and roadway. Caused by floodwater diversion property at the end of Warrowa Avenue (from golf course) and
infrastructure from neighbouring golf course, forcing down eastern boundary of 3 Avondale Place and then onto
water inter properties. Avondale Place itself.
No date provided. 5cm water depth across driveway 0.00 0.00 0.00 0.00 No No flooding modelled on Finlay Road at this location, and no
144 and front lawn. Caused by inadequate capacity of inundation on property. May be due to ‘local drainage’ rather
street stormwater drainage, forcing water down than ‘flooding’, given the steep nature of Finlay Road and the
driveway. very small catchment area that drains past the property.
No date provided. No significant issues, although 0.05 | 0.05 | 0.04 | 0.12 Fair | Water modelled to just break out of Marshall Avenue near the
145 | blocked street drainage pits noted. property and follow the old creek line. Only a small portion of
the front yard is affected, with shallow depths simulated.
2021. Knee deep water through backyard and road, 0.00 | 0.00 | 0.00 | 0.00 Fair | Water modelled to only affect Avondale Place at this location.
caused by overgrowth of vegetation surrounding There may be additional runoff from the golf course at the rear
146 | drainage easements, blocking water passage. that is not part of the modelling (‘local drainage’ rather than
‘flooding’). Flooding on Avondale Place itself is in the range of
0.2mto 0.5m.
No dates provided. Nearby creek rises significantly 1.29 1.20 0.49 1.61 Good | Creek at the rear of the property has significant depths
149 | during downpours, but has always been contained simulated (up to 1.6 m in 2022), however is contained within
water within banks. the banks.
Frequent flooding. Knee deep water affecting access 0.17 | 0.16 | 0.09 | 0.23 Fair | Flow path is modelled at the front of the property. Flows are
150 driveway due to blocked drains from debris flowing typically shallow (0.1 m to 0.3 m deep) in the vicinity of the
from Turramurra Plaza. driveway that is noted by the respondent. Wate originates from
Turramurra Plaza upstream of this location.
January 2010. Calf deep water flowing through 0.00 | 0.00 | 0.00 | 0.20 Fair | Water modelled to only affect Avondale Place and creek
backyard and garage due to inability for street adjacent to property at this location. There may be additional
152 | drainage and easement to cope with water redirected runoff from the golf course at the rear that is not part of the
from neighbouring golf course. modelling (‘local drainage’ rather than ‘flooding’). Flooding on
Avondale Place itself is in the range of 0.2 m to 0.5 m.
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Modelled Peak Flood Depths

Comparison with Modelled Flooding?®

ID! Summary of Observation at Property or Road? (m)
1991 | 2020 | 2021 | 2022 | Match Comments
2020. Calf level water over road caused by blocked 1.65 158 | 046 | 2.78 Good | Creek flows along eastern boundary of the property where
street drains (including Doncaster Avenue culvert) and peak flood depths are modelled. Property is also affected by
excess water being diverted from a neighbouring golf shallow overland flows from Coventry Place in the 2022 event.
course. Flows generally remain within the channel, although a small
153 portion of the back yard is modelled to be impacted by shallow
overflows. On Doncaster Road, peak flood depths reach
approximately 0.35 m in the 2020 event, aligning with
observations. Blockage of the Doncaster Avenue culvert would
also contribute to flooding on Doncaster Avenue.
February 2020. Ankle deep water affecting the front - - - - Fair House number not provided. Near the corner of Campbell
154 yard and the inside of the home. Caused by blocked Drive and Rainforest Close there is shallow inundation (less
drains, which led to overflow down the driveway, than 0.1 m) of lots due to overflows from neighbouring
ponding and runoff from neighbouring properties. properties.
No date provided. During heavy downpours, nearby 2.09 1.90 0.42 2.37 Good | Creek at the rear of the property has significant depths
creek rises significantly due to blocked drains and simulated (up to 2.4 m in 2022), however, appears to just
157 water courses. inundate areas outside the channel in the 2020 event, with
1991 and 2022 showing inundation beyond the main creek
channel, but still largely contained and not impacting the
dwelling.
December 2020. Knee deep water flowing across 0.13 | 0.12 | 0.09 | 0.15 Fair Depth is typically less than 0.1 m deep across front yard.
160 driveway due to water flowing from roadway and
neighbouring properties. Drains reported to be 50%
blocked in some cases.
March 2021. Ankle deep water flowing and ponding 0.02 | 0.02 | 0.02 | 0.03 No Water on neighbouring lot modelled to flow from Konda Place
from neighbouring properties (back left), flowing through to Forwood Avenue, not impacting this property. The
161 through house and garage. very northern top of the lot is affected by shallow overland
flows from the neighbouring property, however this does not
affect the dwelling. Above floor flooding experienced likely to
be from ‘local drainage’ rather than ‘flooding’.
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i Modelled Peak Flood Depths Comparison with Modelled Flooding?
ID! Summary of Observation at Property or Road? (m)
1991 | 2020 | 2021 | 2022 | Match Comments
No date provided. Frequent, calf level flooding across 0.00 | 0.00 | 0.00 | 0.00 Fair | No flooding modelled on property, however, the respondent
road caused by blocked drains. Deep ponding within notes flooding on roads and mentions Congham Creek. The
166 | roadway. creek commences downstream of Wallalong Crescent, and
flooding on upstream roads (such as Wallalong Crescent and
Diana Avenue) are modelled to be shallow (less than 0.1 m).
During 2018 and 2019. Ankle deep water flowing down | 0.05 0.05 0.05 0.25 Fair Flow is modelled on properties mentioned by the respondent
driveway and front yard. Caused by blocked street due to overflows from Avon Road. Modelled to continue along
167 | drains, forcing water out of roadway and into property. overland flow path toward a creek channel rather than impact
front yard. This may be contributed to by ‘local drainage’
inundation on the property.
January 2016. Calf level flooding in front yard, back 0.03 | 0.02 | 0.01 | 0.04 No No water modelled on Roland Avenue outside property.
yard and inside home. Caused by inadequate capacity Roland Avenue is on a constant grade. The first drain on the
of street drainage and blocked drainage pits forcing western side of the road is located downstream of the property
171 water into properties. entrance. Water not modelled to break out of the road until the
sag point on Roland Avenue is reached. This may be regarded
as ‘local drainage’ inundation rather than ‘flooding’. There is
shallow inundation at the rear of the property modelled as a
creek line runs along the back property boundary.
No date provided. Creek at boundary of property rises 091 | 0.84 | 054 | 1.14 | Good | Creek line runs through backyard of property, modelled to be
very rapidly during heavy rain events. 2m wide, 1m up to 1.1 m deep in the 2022 event.
177 | deep water through ‘creek’ in backyard. Caused by
blocked street drainage and runoff from neighbouring
properties.
No date provided. Rapid rising of creek in backyard 0.22 | 0.22 | 0.22 | 0.25 Good | There is a flow path that crosses the property, with depths
182 | during heavy downpours. between 0.2 m and 0.3 m. This is the upper reaches of
Peppermint Creek.
3 times since 1997 (incl 25 April 2019). Ankle deep 0.00 | 0.00 | 0.00 | 0.00 No No inundation modelled on property. Photo 9 and Photo 10
184 | water through backyard (from Beechworth Road), and clearly indicate flows entering the back yard. Overflows from
knee deep water ponding across Troon Place. Caused Beechworth Road are modelled to flow west from the cul-de-
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Modelled Peak Flood Depths

Comparison with Modelled Flooding?®

ID! Summary of Observation at Property or Road? (m)
1991 | 2020 | 2021 | 2022 | Match Comments
by significant blockages and inadequate street sac and not impact Troon Place. There is, however, still a
drainage. reasonable area between Beechworth Road and Troon Place,
in which local runoff could be generated and flow rapidly down
the steep slopes, impacting this property. This would be
considered to be ‘local drainage’ issues rather than ‘flooding’.
The Troon Place bridge is not estimated to have been
overtopped in the modelled events, ponding on the road
remains shallow (less than 0.1 m).
No date provided. Nearby Coups Creek rises rapidly 3.62 | 349 | 0.89 | 3.92 Good | Coups Creek crosses the front of this property. The Lucinda
185 during heavy downpours, but does not reach house - Avenue culvert modelled to be at capacity in the 1991 and
passes under Lucinda Avenue. 2022 events, with water flowing over Lucinda Avenue in these
events. The dwelling, however, remains flood free.
No date provided. Calf deep water ponding in backyard | 0.12 | 0.10 | 0.04 | 0.22 Good | Overland flow path modelled from Jubilee Avenue to Kimbarra
186 | due to blocked stormwater drains at rear of property. Road. A second flow path along the rear of the property joins
this one immediately downstream of the property.
No date provided. Frequent flooding across Campbell 0.00 0.00 0.00 0.00 Good | No flooding modelled on property, however, substantial
Drive at Rainforest Crescent due to blocked and flooding on Campbell Drive at Rainforest Crescent is modelled.
inadequate capacity drains. Shallow inundation (less than 0.1 m) is modelled in all events,
187 except for the 2022 event where the culvert capacity under
Campbell Drive is exceeded and water overtops the road, to a
maximum depth of approximately 0.5 m.
No date provided. Knee deep water through front yard 0.14 | 0.13 | 0.11 | 0.18 Fair | Flow modelled from neighbouring lots through backyard toward
and garage, due to water being forced down driveway lona Avenue sag point. This travels along the southern
190 | from blocked street drainage and water coming from boundary of the site, likely to affect the garage at ground level
neighbouring properties. on that side of the building. The modelled depths remain
shallow (less than 0.2 m).
Late 1980s/early 90s. Knee deep water surrounding 0.21 | 0.16 | 0.08 | 0.25 Fair | Street name appears to be a typo — estimated as Ulm Avenue.
191 | house, and ankle deep water through garage. Caused Shallow overland flows affect this lot at the rear. Potential to
by severe street drain blockages and new affect garage at ground level. Overflows from Barwon Avenue
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Modelled Peak Flood Depths

Comparison with Modelled Flooding?®

backyard and roadway. Caused by inadequate drain
capacity during heavy downpours. Flows from Auluba

ID! Summary of Observation at Property or Road? (m)
1991 | 2020 | 2021 | 2022 | Match Comments
developments built over a previous natural water sag point modelled to flow through properties to Canoon Road,
course. Location estimated. although does not typically reach knee deep.
No date provided. Knee deep water flowing through 0.11 | 0.112 | 0.00 | 0.14 Fair | There is a minor flow path through this property, from Chisholm

Street to Barwon Avenue. Shallow depths modelled to affect
the southern side of this property. Water would appear to come

192 | Reserve into Chisholm Street sag, down battle axe from neighbouring properties.
driveway, through rear of properties and Down Cove
St. New pipe from Chisholm Street to Cove Street
helps.
1. Locations shown in Figure 6.
2. Maximum depth over entire property or on road
3. The following depth ranges were adopted based on respondent descriptions:

Ankle Depth = 0 m to 0.2 m deep

Calf Depth = 0.2 m to 0.4 m deep

Knee Depth = 0.4 mto 0.7 m deep

Above knee depth = greater than 0.7 m deep
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Table G1: Peak Flood Levels (mMAHD) at Key Locations

ID! Location 20% AEP 10% AEP 5% AEP 2% AEP 1% AEP 0.5% AEP | 0.2% AEP PMF
Cco1 Exeter Road 159.4 159.5 159.5 159.6 159.6 159.6 159.7 160.3
CcCo2 Koora Avenue 177.1 177.2 177.2 177.2 177.3 177.3 177.3 177.7
CCo3 Ada Avenue 171.6 171.7 171.8 171.8 171.8 171.9 171.9 172.5
CCo4 Tanderra Street 169.2 169.3 169.4 169.4 169.5 169.5 169.5 169.9
CCO05 Amaroo Avenue 165.6 165.7 165.8 165.9 165.9 165.9 166.0 166.5
CCo06 Mabhratta Avenue 161.9 162.0 162.0 162.1 162.2 162.2 162.3 163.6
CcCo7 Lucinda Avenue 158.9 158.9 159.0 159.1 159.1 159.2 159.2 160.0
CC08 | The Comenarra Parkway at Coups Creek 119.0 119.0 119.1 119.2 119.3 1194 119.5 121.1
PCO1 Cooper Crescent North 83.0 83.0 83.2 83.4 83.5 83.6 83.7 84.9
PCO02 Cooper Crescent South 83.1 83.1 83.2 83.4 83.5 83.6 83.7 84.9
PCO03 Campbell Drive at Peppermint Creek 83.1 83.1 83.2 83.4 83.4 83.5 83.6 84.9
PC04 Campbell Drive at Clyde Place 92.3 92.5 92.5 92.5 92.5 92.5 92.6 92.9
PCO05 Campbell Drive at Rainforest Close 74.5 74.6 74.7 74.8 74.9 74.9 75.0 75.7
PCO06 The Comenarra Parkway at Peppermint 70.0 70.0 70.0 70.0 70.0 70.0 70.0 70.9

Creek
WCO01 Cornwall Avenue 124.1 124.2 124.2 124.2 124.3 124.3 124.3 124.7
WCO02 Duff Street 115.4 115.4 1154 115.5 115.5 115.5 115.5 115.9
WCO03 Holmes Street 98.5 98.6 98.8 98.9 99.0 99.0 99.1 101.1
WwCo04 Monteith Street 96.7 96.8 96.9 96.9 97.0 97.0 97.1 100.5
WCO05 Rothwell Road 93.2 93.3 93.5 93.6 93.7 93.8 93.9 94.8
WCO06 | The Comenarra Parkway at Water Dragon 73.0 73.0 73.0 73.0 73.0 73.1 73.1 74.5
Creek
ACO01 Forwood Avenue 66.8 66.9 67.0 67.0 67.1 67.1 67.2 68.2
ACO02 The Comenarra Parkway downstream of 59.0 59.1 59.2 59.2 59.3 59.3 59.4 60.1
Forwood Avenue
ACO03 Warragal Road 123.7 123.8 123.8 123.9 123.9 123.9 123.9 124.4
AC04 Quadrant Close 77.9 78.0 78.0 78.0 78.0 78.1 78.1 78.3
ACO05 St Andrews Drive 72.9 72.9 72.9 72.9 73.0 73.0 73.1 73.7
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ID! Location 20% AEP 10% AEP 5% AEP 2% AEP 1% AEP 0.5% AEP | 0.2% AEP PMF
ACO06 Troon Place 68.9 69.0 69.1 69.3 69.4 69.5 69.6 71.3
ACO07 The Comenarra Parkway at Avondale 36.9 36.9 36.9 36.9 37.6 37.8 38.1 39.3

Creek
ACO08 Greenway Drive 78.1 78.1 78.4 78.6 78.7 78.7 78.8 79.5
AC09 Warrowa Avenue 74.3 74.3 74.4 74.5 74.6 74.6 74.7 75.4
AC10 Avondale Place 71.7 71.8 71.8 71.8 71.8 71.9 71.9 72.3
AC11 Doncaster Avenue 58.0 58.1 58.2 58.4 58.5 58.6 58.7 60.3
HCO1 Patterson Avenue 66.5 66.5 66.7 67.0 67.0 67.1 67.1 67.6
QcCo1 Kendall Street 71.2 71.3 71.4 715 715 71.6 71.6 72.5
QC02 Lofberg Road west 66.2 66.4 66.5 66.7 66.8 66.8 66.9 67.4
QCO03 | Lofberg Road upstream Norman Griffiths 73.6 73.6 73.7 73.7 73.7 73.7 73.7 74.1
Oval
QCo04 Ryde Road 78.0 78.1 78.2 78.2 78.3 78.3 78.3 78.5
QCO05 Yanko Road 53.7 53.8 53.9 54.0 54.1 54.2 54.2 55.1

1. Locations shown on Figure 38
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Table G2: Peak Flood Depths (m) at Key Locations

ID! Location 20% AEP 10% AEP 5% AEP 2% AEP 1% AEP 0.5% AEP | 0.2% AEP PMF
CCo1 Exeter Road 0.8 0.8 0.9 0.9 1.0 1.0 1.0 1.7
CcCo2 Koora Avenue 0.2 0.3 0.3 0.3 0.3 0.4 0.4 0.7
CCo3 Ada Avenue 0.1 0.1 0.2 0.3 0.3 0.3 0.4 1.0
CCo04 Tanderra Street 0.3 0.4 0.4 0.5 0.5 0.5 0.5 1.0
CCO05 Amaroo Avenue 0.3 0.4 0.5 0.5 0.6 0.6 0.6 1.2
CCo06 Mahratta Avenue 0.4 0.4 0.5 0.6 0.7 0.7 0.8 2.1
CcCo7 Lucinda Avenue 0.3 0.3 0.4 0.5 0.5 0.5 0.6 1.4
CC08 | The Comenarra Parkway at Coups Creek - - 0.1 0.2 0.3 0.4 0.5 2.0
PCO1 Cooper Crescent North - - 0.3 0.5 0.6 0.6 0.7 2.0
PCO02 Cooper Crescent South - - 0.2 0.3 0.4 0.5 0.6 1.8
PCO03 Campbell Drive at Peppermint Creek - - 0.2 0.3 0.4 0.5 0.6 1.8
PC04 Campbell Drive at Clyde Place 0.3 0.4 0.4 0.4 0.4 0.5 0.5 0.8
PCO05 Campbell Drive at Rainforest Close 0.3 0.5 0.6 0.7 0.7 0.8 0.8 1.6
PCO06 The Comenarra Parkway at Peppermint - - - - - - - 0.9

Creek
WCO01 Cornwall Avenue 0.5 0.5 0.6 0.6 0.6 0.6 0.7 1.0
WCO02 Duff Street 0.3 0.3 0.3 0.4 0.4 0.4 0.4 0.8
WCO03 Holmes Street 1.3 1.4 1.5 1.6 1.7 1.7 1.8 3.8
WwCo04 Monteith Street 0.6 0.6 0.7 0.8 0.8 0.9 1.0 4.4
WCO05 Rothwell Road - 0.2 0.3 0.5 0.6 0.6 0.7 1.7
WCO06 | The Comenarra Parkway at Water Dragon - - - - - - - 15
Creek
ACO01 Forwood Avenue 1.2 1.3 1.4 15 15 1.6 1.6 2.6
ACO02 The Comenarra Parkway downstream of 0.3 0.4 0.5 0.5 0.6 0.6 0.6 1.4
Forwood Avenue
ACO03 Warragal Road 0.2 0.2 0.3 0.3 0.3 0.3 0.4 0.8
AC04 Quadrant Close 0.4 0.4 0.4 0.5 0.5 0.5 0.5 0.7
ACO05 St Andrews Drive - - - - 0.1 0.1 0.2 0.8
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ID! Location 20% AEP 10% AEP 5% AEP 2% AEP 1% AEP 0.5% AEP | 0.2% AEP PMF
ACO06 Troon Place - - - - - - - 0.8
ACO7 The Comenarra Parkway at Avondale - - - 0.1 0.7 0.9 1.2 2.4

Creek
ACO08 Greenway Drive 0.2 0.2 0.5 0.7 0.7 0.8 0.9 1.6
AC09 Warrowa Avenue 0.1 0.2 0.3 0.4 0.5 0.5 0.6 1.3
AC10 Avondale Place 0.3 0.3 0.4 0.4 0.4 0.4 0.4 0.9
AC11 Doncaster Avenue 0.3 0.4 0.5 0.7 0.8 0.9 1.0 2.6
HCO1 Patterson Avenue - - 0.2 04 0.5 0.5 0.6 1.1
QCo01 Kendall Street 0.3 0.5 0.6 0.6 0.7 0.7 0.8 1.6
QC02 Lofberg Road west - 0.1 0.3 0.4 0.5 0.6 0.6 1.2
QCO03 | Lofberg Road upstream Norman Griffiths 0.2 0.2 0.3 0.3 0.3 0.3 0.4 0.7
Oval
QCo04 Ryde Road 0.2 0.2 0.3 0.3 0.4 0.4 0.4 0.6
QCO05 Yanko Road 0.4 0.5 0.6 0.7 0.8 0.8 0.9 1.8
1. Locations shown on Figure 38
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Table G3: Peak Flows (m?®s) at Key Locations

ID! Location 20% AEP 10% AEP 5% AEP 2% AEP 1% AEP 0.5% AEP 0.2% AEP PMF
Cco1 Exeter Road Culverts 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.3
Exter Road Overtopping 5.3 6.9 8.5 10.2 11.8 12.9 15.0 65.9
CC02 Koora Avenue Overtopping 0.6 1.0 1.3 1.6 1.9 2.1 2.4 15.6
CCo3 Ada Avenue Culvert 2.9 3.1 3.1 3.1 3.1 3.2 3.1 3.0
Ada Avenue Overtopping 0.5 1.4 2.7 4.3 5.6 6.7 8.0 44.5
CCO05 Amaroo Avenue Culvert 4.2 4.4 5.1 5.2 5.2 5.2 53 51
Amaroo Avenue Overtopping 0.5 0.8 1.9 4.0 5.6 6.7 8.5 50.9
CCo6 Mahratta Avenue Culverts 2.9 3.0 3.1 3.2 3.2 3.2 3.2 3.3
Mabhratta Avenue Overtopping 0.5 0.8 1.9 4.0 5.6 6.7 8.5 50.9
ccov Lucinda Avenue Culvert 6.8 7.5 7.4 7.4 7.4 7.5 7.6 7.5
Lucinda Avenue Overtopping 3.1 5.0 7.6 12.1 15.7 18.2 22.4 120.7
CC08 | The Comenarra Parkway at Coups Creek 8.8 11.6 14.9 21.2 27.1 30.9 324 37.1
Culverts
The Comenarra Parkway at Coups Creek 0.3 0.4 0.7 5.2 9.4 12.2 21.8 286.1
Overtopping
PCO03 Campbell Drive at Peppermint Creek 6.0 6.9 7.6 7.8 7.9 7.9 8.0 8.9
Culvert
Campbell Drive at Peppermint Creek - - 1.1 51 7.7 9.5 12.2 80.1
Overtopping
PC04 Campbell Drive at Clyde Place Culverts 0.7 1.4 1.2 1.2 1.1 1.2 1.4 1.9
Campbell Drive at Clyde Place 0.3 0.8 1.4 1.7 2.0 2.3 2.9 21.6
Overtopping
PCO05 | Campbell Drive at Rainforest Close Culvert 3.6 35 3.7 3.6 3.6 3.7 3.6 3.6
Campbell Drive at Rainforest Close 0.1 0.9 2.1 3.7 5.2 6.3 8.2 57.6
Overtopping
PC06 The Comenarra Parkway at Peppermint 15.2 17.6 20.0 23.5 25.4 26.6 28.4 32.4
Creek Culvert
The Comenarra Parkway at Peppermint 0.5 0.7 1.0 15 1.8 2.0 25 124.3
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ID! Location 20% AEP 10% AEP 5% AEP 2% AEP 1% AEP 0.5% AEP 0.2% AEP PMF
Creek Overtopping
WCO01 Cornwall Avenue Culvert 0.3 0.4 0.5 0.6 0.7 0.8 0.8 0.9
Cornwall Avenue Overtopping 0.8 1.0 1.3 1.4 1.6 1.8 21 11.8
WC02 Duff Street Culvert 0.1 0.1 0.2 0.2 0.2 0.2 0.3 0.7
Duff Street Overtopping 1.3 1.8 2.3 2.7 3.1 3.4 4.0 18.0
WCO03 Holmes Street Culverts 2.5 3.9 3.9 3.9 3.9 3.9 3.9 3.9
Holmes Street Overtopping 5.7 8.3 12.4 16.7 20.8 23.7 29.2 160.0
wWCo04 Monteith Street Culvert 3.1 3.4 3.7 4.0 4.2 4.4 4.6 5.1
Monteith Street Overtopping 10.7 13.8 17.2 21.2 25.1 27.8 33.0 161.1
WCO05 Rothwell Road Culvert 13.6 14.8 14.9 14.9 14.9 14.9 14.9 15.2
Rothwell Road Overtopping - 2.4 6.7 11.6 16.3 19.8 25.7 156.2
WCO06 | The Comenarra Parkway at Water Dragon 7.9 8.5 9.0 9.8 10.2 104 10.9 125
Creek Culverts
The Comenarra Parkway at Water Dragon - - - - - - - 171.5
Creek Overtopping
ACO02 The Comenarra Parkway downstream of 8.0 8.9 9.5 10.1 104 10.6 11.0 12.9
Forwood Avenue Culverts
The Comenarra Parkway downstream of 2.3 4.4 7.8 114 14.7 16.9 20.9 120.4
Forwood Avenue Overtopping
ACO03 Warragal Road Culvert 1.4 15 1.6 1.7 1.8 1.8 1.9 3.2
Warragal Road Overtopping 2.5 3.6 4.8 5.6 6.6 7.3 8.6 41.7
AC04 Quadrant Close Culvert 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.2
Quadrant Close Overtopping 0.2 0.3 0.4 0.7 0.7 0.8 1.0 5.3
ACO05 St Andrews Drive Culvert 6.1 7.2 9.8 13.0 15.0 16.5 19.0 27.1
St Andrews Drive Overtopping - - 0.1 0.2 0.3 0.3 0.4 56.0
ACO06 Troon Place Bridge 6.5 7.6 10.5 14.2 16.4 18.0 20.9 90.6
ACO7 The Comenarra Parkway at Avondale 18.2 20.7 23.8 28.4 30.1 30.3 30.3 30.3
Creek Culvert
The Comenarra Parkway at Avondale - - - - 5.9 20.2 451 355.2
Creek Overtopping
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ID! Location 20% AEP 10% AEP 5% AEP 2% AEP 1% AEP 0.5% AEP 0.2% AEP PMF

ACO08 Greenway Drive Culvert 34 3.4 34 3.4 34 34 34 34
Greenway Drive Overtopping 2.2 4.1 7.6 10.4 13.0 14.2 17.5 75.2

AC09 Warrowa Avenue Culvert 6.8 8.0 8.4 8.5 8.5 8.5 8.5 8.5
Warrowa Avenue Overtopping 0.1 0.3 1.7 4.5 7.3 8.6 121 77.0

AC10 Avondale Place Culvert 0.7 0.7 0.8 1.0 1.0 1.1 1.2 2.0
Avondale Place Overtopping 14 20 2.7 3.8 4.6 51 6.2 34.6

AC11 Doncaster Avenue Culvert 11.1 12.9 12.9 14.0 13.0 14.0 13.0 12.8
Doncaster Avenue Overtopping - 0.1 11 5.8 111 14.0 20.5 144.4

HCO1 Patterson Avenue Culvert 0.9 1.1 1.1 1.1 1.1 1.1 1.1 1.2

Patterson Avenue Overtopping - - - 0.1 0.5 0.7 11 9.4

QCo01 Kendall Street Culvert 2.3 2.6 2.8 3.0 3.2 3.3 35 4.1
Kendall Street Overtopping 0.5 1.2 2.1 3.1 4.0 4.6 6.0 37.0

QCO02 Lofberg Road west Culverts 5.3 6.4 7.6 7.8 7.8 7.9 8.1 8.2
Lofberg Road west Overtopping - 0.2 1.3 2.9 4.4 55 7.5 55.5

QCO03 | Lofberg Road upstream Norman Griffiths 15 1.7 1.8 1.9 1.9 1.9 1.9 2.3

Oval Culvert
Lofberg Road upstream Norman Griffiths 1.0 1.5 2.1 2.8 3.3 3.7 4.6 26.4
Oval Overtopping

QCO05 Yanko Road Culvert 5.0 5.4 5.6 6.0 6.2 6.4 6.6 9.2

Yanko Road Overtopping 4.8 6.8 9.6 14.0 17.4 20.3 25.1 120.5
1. Locations shown on Figure 38
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SENSITIVITY RESULTS

Change in Peak Flood Level with Rather Dry AMC — 5% AEP Event
Change in Peak Flood Level with Rather Dry AMC — 1% AEP Event
Change in Peak Flood Level with Saturated AMC — 5% AEP Event
Change in Peak Flood Level with Saturated AMC — 1% AEP Event

Change in Peak Flood Level with Rainfall Loss Increased by 50% — 5% AEP Event
Change in Peak Flood Level with Rainfall Loss Increased by 50% — 1% AEP Event
Change in Peak Flood Level with Rainfall Loss Decreased by 50% — 5% AEP Event
Change in Peak Flood Level with Rainfall Loss Decreased by 50% — 1% AEP Event

Change in Peak Flood Level with Mannings Increased by 25% — 5% AEP Event
Change in Peak Flood Level with Mannings Increased by 25% — 1% AEP Event
Change in Peak Flood Level with Mannings Decreased by 25% — 5% AEP Event
Change in Peak Flood Level with Mannings Decreased by 25% — 1% AEP Event

Change in Peak Flood Level with Structure Blockage 0% — 5% AEP Event
Change in Peak Flood Level with Structure Blockage 0% — 1% AEP Event
Change in Peak Flood Level with Structure Blockage 50% — 5% AEP Event
Change in Peak Flood Level with Structure Blockage 50%— 1% AEP Event

Change in Peak Flood Level with Pit Blockage 0% — 5% AEP Event
Change in Peak Flood Level with Pit Blockage 0% — 1% AEP Event
Change in Peak Flood Level with Pit Blockage Increased — 5% AEP Event
Change in Peak Flood Level with Pit Blockage Increased — 1% AEP Event

Climate Change Sensitivity — 0.5% AEP Event vs 1% AEP Event
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