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1.0 INTRODUCTION 
Footprint (NSW) Pt. Ltd. (Footprint) has been engaged by ‘The Hare Bay Consortia’ as 
owners of Lot 5 Sealark Road, Callala Bay to undertake a flood study to be lodged in 
support of a planning proposal to re-zone part of the land to enable residential 
development. 

The purpose of the flood study is to address Ministerial Direction 4.3 (flood prone land) 
issued under Section 9.1 of the EP&A Act and to define flood levels and velocities, flood 
hazard and hydraulic categories over the land in accordance with the NSW Floodplain 
Development Manual (2005). 

1.1. Scope of Works 
The scope of works for the project includes: 

1. Review available background information including LiDAR data, topographic maps, 
existing planning proposal, existing site survey. 

2. Undertake a detailed inspection of the site, adjacent watercourses and associated 
catchments. 

3. Undertake hydrologic modelling to determine critical storm durations for the 1% 
AEP and PMF events only. 

4. Undertake two-dimensional hydraulic modelling (using HEC-RAS) to determine the 
depth and extent of flooding over the proposal area for each of the above rainfall 
events using a flood envelope approach to account for both riverine and coastal 
dominated flooding in accordance with NSW OEH guidelines. 

5. Consider the impacts associated with climate change on flood behaviour including 
increased rainfall and sea level rise. 

6. Undertake a comparison between ARR1987 and ARR2019 IFD data. 
7. Undertake post-development hydraulic modelling to determine the impact of 

flooding on the proposed development or the impact of the proposed 
development on flood behaviour. 

8. Preparation of a detailed flood study report defining any assumptions, outlining the 
modelling methodology and presenting the findings of the investigations.  
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2.0 SUBJECT SITE 
2.1. Site Description 
The subject site is described as Lot 5 DP 1225356, Sealark Road, Callala Bay and comprises 
an area of approximately 6.46 hectares. 

The subject site adjoins Sealark Road on its’ western boundary, the Jervis Bay National Park 
on its’ northern boundary, Wowly Creek (Gully) on its’ eastern boundary and existing 
residential development in Monarch Place to its southern boundary as shown in Figure 1.  

 

 
Figure 1: Site Locality Plan (source: Six Maps) 

 

Lot 5 

Jervis Bay National Park 

Jervis Bay  
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Figure 2: Site Locality Plan with Aerial 

The site generally slopes in a north-westly to south-easterly direction towards Wowly 
Creek.  Elevations over the site range from approximately RL6.0m AHD at the north-
western corner to approximately RL2.0m AHD along the eastern boundary adjacent to 
Wowly Creek.  

The site is traversed by an open drain which discharges from two stormwater outlets under 
Sealark Road.  This open drain discharges to Wowly Creek near the north-eastern corner of 
the site. 

A copy of the detailed site survey is included in Appendix A. 

2.2. Development Proposal 
The current proposal consists of rezoning the north-western portion of the land for 
residential development due to existing site constraints elsewhere on the site including 
the presence of an Endangered Ecological Community (EEC) and flooding. 

Concept plans for the proposed development are included in Appendix G. 
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3.0 HYDROLOGICAL MODELLING 
3.1. Purpose 
Hydrological modelling for the broader Wowly Creek catchment was conducted to inform the HEC-
RAS two-dimensional direct rainfall hydraulic model.  The primary purposes of the hydrological 
model were to: 

i. determine the critical storm duration for the subject site, and 
ii. determine the median storm within the ensemble of modelled storms 

such that the hydraulic modelling could be limited to only one storm for each storm event (i.e. 1% 
AEP, PMF). 

Hydrological modelling was also undertaken separately for the existing residential catchment west 
of the subject site to determine the critical duration and quantum of flows arriving at the subject 
site via both the pipe network and as overland flows across Sealark Road. 

3.2. Model Adoption 
Hydrological modelling was conducted in DRAINS using a RAFTS storage routing model for the 
broader Wowly Creek model and ILSAX hydrology for the existing residential catchment.  

Storage routing models can model larger catchments using a lumped approach by assuming 
heterogeneity within the sub-catchment to account for the storage and retardence of flows that 
occurs within the sub-catchment.  Such models account for slope and roughness and use a loss 
model to produce a hydrograph at the sub-catchment outlet.   

The RAFTS hydrological model was chosen because it is widely used and accepted across Australia 
within the industry and has been shown to be insensitive to initial conditions. 

3.3. Catchment Areas 
The total catchment area contributing to Wowly Creek at the outlet to Jervis Bay is 
estimated to be approximately 559 hectares and was determined using 1m Digital 
Elevation Models (DEM’s) covering the catchment which were obtained through the 
Australian Foundation Spatial Data web portal. 

The Wowly Creek catchment was dissected into 7 sub-catchments to represent changes in 
catchment topography and land-use and ranged in size from approximately 23.5 hectares 
to 168 hectares as shown in Figure 3.   

The existing residential catchment to the west of the subject site, represented by 
catchments 6 and 7 in the Wowly Creek model was further dissected into 45 catchments in 
the detailed model for this area, typically based on existing drainage structures as shown 
in Figure 4.   

Parameters adopted for modelling of each Wowly Creek sub-catchment are included in 
Table 1. 
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Figure 3: Catchment Plan 

 

Table 1: Summary of Catchment Areas  

Catchment Area          
(ha) 

Impervious 
Percentage  

Ave. Slope 
Gradient (%) 

Manning’s   ‘n’ 
1 

1 125.5 0 3.1 0.100 

2 158.1 0 2.7 0.100 

3 167.8 0 2.7 0.100 

4 67.8 0 3.0 0.100 

5 23.5 5 3.6 0.100 

6 9.7 40 2.3 0.025 

7 6.6 40 2.0 0.025 

TOTAL 559    

1 Refer to Section 3.3.1 
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Figure 4: Catchment Plan – Existing Residential Catchment (Catchments in Green, Pipes as Solid  

Blue Lines, Drainage Nodes as Blue Dots, Open Channels and Blue Dashed Lines) 

3.3.1. Manning’s Roughness 
The adopted Manning’s n value specified in Table 1 are consistent with those noted in 
Tables 6.2.1 and 6.2.2 of Australian Rainfall and Runoff (ARR) 2019.   

Table 6.2.1 of ARR2019 specifies a range of Manning’s n values of 0.050 to 0.160 for heavily 
timbered floodplains, with a normal value of 0.10.  The adopted value of 0.100 is 
considered representative of the typically heavily forested areas with the Jervis Bay 
National Park which covers most of the catchment. 

Table 6.2.2 specifies a range of Manning’s n values of 0.020 to 0.040 for estuaries and 
oceans and the adopted value of 0.025 is within this range and is considered 
representative of the typically sandy bed throughout the estuary. 

Further, it is noted that the Currambene Creek and Moona Moona Creek Flood Study 
(2006) adopted values of 0.030 and 0.120 for the lower part of Currambene and Moona 
Moona Creeks and the values adopted for this study are consistent with the values the 
previous study in the adjacent catchment. 

For the existing residential catchment a single Manning’s n value of 0.025 was adopted. 

3.3.2. Model Configuration 
The configuration of the DRAINS hydrological model for Wowly Creek is shown in Figure 5, 
whilst the model for the existing residential catchment id shown in Figure 6. 
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Figure 5: DRAINS Hydrological Model Configuration – Wowly Creek Catchment 
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Figure 6: DRAINS Hydrological Model Configuration - Existing Residential Catchment 
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3.4. Modelling Input Parameters 
The parameters adopted for hydrological modelling are shown in Table 2. 

Table 2: Hydrological Parameters Adopted 

Parameter Value Adopted Justification/Source 

RAFTS Hydrological Model (Wowly Creek Catchment) 

Impervious Area Initial Loss (mm) 1 Typical value for urban areas.  Only 
applicable to existing urban area as 
catchments within the National Park 
were modelled as 100% pervious. 

Impervious Area Continuing Loss 
(mm/hr) 

0 Typical value for urban areas. 

Pervious Area Initial Loss (mm) 26 Recommended value from ARR 2019 
data hub (refer Appendix B) for non-
urban areas.  Also adopted for urban 
area given extent of urban area in the 
catchment is very low (<3%). 

Pervious Area Continuing Loss 
(mm/h) 

1.6 40% of the from ARR 2019 data hub 
(refer Appendix B) as recommended 
for NSW. 

BX 1 RAFTS Default 

ILSAX Hydrological Model (Existing Residential Catchment) 

Paved (Impervious) Area Depression 
Storage (mm) 

1 Typical value for urban areas 

Supplementary Area Depression 
Storage (mm) 

1  

Grassed (Pervious) Area Depression 
Storage (mm) 

5 Typical value for urban areas 

Soil Type  3  

General 

Sub-catchment Area (ha) Varies As per Figure 3 & Table 1 

Impervious Area (%) Varies Typical 0% for forested areas. 40% for 
Lots and 95% for roads 

Sub-catchment Slope (%) Varies As per Table 1 

Manning’s n Varies 0.025 
(urban) to 0.100 

(forest) 

As per Table 1 and Section 3.3.1.  

0.025 consistent with urban 
catchment. 

0.10 consistent with heavily forested 
catchment areas. 
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3.5. Flow Routing 
The routing of flows through the Wowly Creek catchment (OF1 to OF6) was undertaken by 
adopting a parabolic cross-sectional profile (200m wide x 10m deep) and applying this to 
each overflow route (link).  For OF1 a Manning’s n value of 0.1 was adopted representing 
flows through a heavily forested catchment, whilst for OF2 to OF6 a value of 0.025 was 
adopted representing flows within the sand-based estuary. 

Flows were routed along each link using the DRAINS premium hydraulic model which 
applies the full S.t Venant equations of unsteady flow to overland flow routes.  This allows 
water levels along these routes to be determined accurately, allowing for varied water 
surface flow profiles, including subcritical and supercritical flows.  It also accounts for 
storage effects in overland flow routes. 

The routing of flows through the residential catchment model was typically undertaken 
using realistic road cross sections. 

3.6. Rainfall Data 

3.6.1. Design Rainfall 
IFD design rainfall depth data and temporal pattern was derived in accordance with Australian 
Rainfall and Runoff (2019) using the Bureau of Meteorology’s Rainfall IFD on-line Data System. 

The temporal patterns for the Southern Slopes (Vic/NSW) region was used as these cover the 
subject site (latitude -34.984, longitude 150.723). 

It was found that no variation in rainfall intensity occurred over the catchment area and therefore 
single point rainfall intensities were adopted. 

A copy of the rainfall depths for the range of storm durations used can be found in Appendix C.  

Storm probabilities in ARR2019 are now classified in two ways: Very Frequent storms, quantified as 
‘Exceedances per Year’ (EY), and both Frequent and Infrequent storms given as Annual Exceedance 
Probability (AEP). The ‘very frequent’ storms have only been used for the 1EY, 0.5EY and the 0.2EY 
as these are equivalent to the former classifications of 1 in 1 year, 1 in 2 year and 1 in 5 year storms 
respectively (ARR 2019 state that the 50% AEP and the 20% AEP do not correspond statistically to 
the 1 in 2 year and 1 in 5 year storms, but rather are equivalent to the 1 in 1.44 year and 1 in 4.48 
year storms respectively).  

3.6.2. Pre-Burst Rainfall 
NSW transformation pre-burst rainfall depths derived from ARR 2019 data hub (refer 
Appendix B were adopted in the model. 

In the absence of pre-burst rainfall depths for the 4.5 hour (270 minute) and 9 hour (540 minute) 
storm in the ARR Data these values were determined by linear interpolation. 

Pre-burst rainfall depths adopted in the modelling for various events and durations are 
shown in Table E1 in Appendix D. 

3.6.3. Probable Maximum Precipitation 
The PMF is the response of the catchment to the probable maximum precipitation (PMP) 
and is the largest flood event that can reasonably be expected to occur at a location. 
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Estimates of PMP were made using the Generalised Short Duration Method (GSDM) 
presented in Bureau of Meteorology (2003) and are provided in Table 3. This method is 
appropriate for estimating extreme rainfall depths for catchments up to 1000km2 in area 
and storm durations up to 6 hours and is therefore considered appropriate for the subject 
catchment. 

Table 3: Estimate of PMP 

 

 

 

 

 

* interpolated from 4 and 5 hour depths 

Due to the inability of DRAINS (and HEC-RAS) to model spatially variable rainfall no 
adjustment to the point values above where made.   

Notwithstanding, an assessment was undertaken to determine how much of the 
catchment would fall between the ellipses in Figure 6 of the GSDM and the results are 
provided in Table 4.  

Given the relatively small size of the catchment (5.6km2) the assessment indicates that only 
a very small reduction (in the order of 10%) in rainfall would apply over a little more than 
half of the catchment that lies between the A and B ellipses.   

The hydrological results obtained through modelling point PMP values in lieu of spatially 
variable PMP values would therefore be slightly higher than actual flows and therefore 
conservative.  

Table 4: Assessment of PMP Spatial Distribution 

 

 

 

 

3.7. Results 
The DRAINS model was run in ‘premium’ mode for storm durations ranging from 10 
minutes to 3 hours for the 1% AEP event and 15 minutes to 6 hours for the PMF event with 
the downstream boundary set to 0.6m (approximating neap tide level). 

A summary of relevant peak flows at the outlet of Wowly Creek for the Wowly Creek model 
are shown in Table 5 for the critical storm duration and the critical storm either side of the 
critical duration. 
 

Duration (Hours) PMP Estimate (mm) 
0.25 150 

0.50 220 

0.75 270 

1.0 320 

1.5 370 

2.0 410 

3.0 460 

4.5 520* 

6.0 570 

Ellipse Approximate Area (km2) 
A 2.4 

A-B 3.2 

B-C 0 
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Table 5: Peak Flows at outlet of Wowly Creek (critical values in bold) 

Event               (AEP) Critical Duration 
(hours) 

Storm No. in 
Ensemble 

Peak Flow Rate 
(m3/s) 

5% AEP 

4.5 Storm 6 29.6 

6.0 Storm 6 30.3 
9.0 Storm 7 29.0 

1% AEP 

3.0 Storm 7 42.1 

4.5 Storm 8 46.3 
6.0 Storm 7 40.2 

PMF 

1.5 N/A 238 

2 N/A 254 
3 N/A 238 
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4.0 HYDRAULIC MODELLING 
Hydraulic modelling was conducted using an unsteady direct rainfall two-dimensional 
HEC-RAS model (Version 5.0.7) which covered the entire catchment draining to the 
proposal area, except for the existing residential area to the west of Sealark Road.  For this 
area inflow hydrographs were applied to the edge of, and within, the two-dimensional 
domain to represent overland flows and piped flows respectively, in lieu of using direct 
rainfall to better represent the urban catchment rainfall-runoff characteristics. 

4.1. Two-Dimensional Domain 
A digital elevation model (DEM) of the catchment area was established using the following 
elevation data: 

i. a series of 1m gridded digital elevation models sourced from 
www.elevation.fsdf.org.au  

ii. a 5m gridded DEM of bathymetry for Jervis Bay, including the Wowly Creek estuary, 
obtained from the NSW Office of Environment and Heritage 

iii. detailed site survey over the subject site. 

Although the bathymetry data extended approximately 1.2km up Wowly Creek from its 
outlet into Jervis Bay, the data was only used to define bed levels within Jervis Bay below 
RL0.00m AHD as it was found that the 1m gridded data provided a more accurate three 
dimensional representation of the estuary than the coarser 5m bathymetry data.  Further 
the 1m data was found to compare favourably to the 5m bathymetry data in terms of 
elevation to the bed of the estuary as shown in Figure 7, which is perhaps an indication 
that the estuary had very little water at the time the 1m gridded data was surveyed (April 
2011).  

The DEM data was locally modified in the location of each of the existing drainage 
channels to better represent the topography in these locations. 

The elevation data from each source was imported into HEC-RAS and used as the basis for 
development of a 10m x 10m terrain model.  The DEM grid was further refined where 
required by applying breaklines to enforce abrupt changes in geometry, such as along 
existing banks.   

The extent of the two-dimensional domain used in HEC-RAS is shown in Figure 8. 
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Figure 7: Comparison of 1m DEM (blue) versus 5m Bathymetry DEM (green) 

 

 
Figure 8: Extent of Two-Dimensional Domain 
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4.2. Manning’s Roughness  
The two-dimensional domain was assigned a default Manning’s n value of 0.1 which is 
considered representative of the heavily forested areas within the Jervis Bay National Park.  
The Manning’s n value was decreased to 0.025 within the estuary and Jervis Bay to account 
for the typically sandy bed, and decreased to 0.025 within the grassed area of the subject 
site and the adjacent existing residential areas.  

Manning’s n override regions are shown in Figure 9. 

 

 
Figure 9: Manning’s n Override Regions (Yellow 0.025) 

 

4.3. Boundary Conditions 

4.3.1. Direct Rainfall 
The direct rainfall boundary condition applies precipitation directly to the surface of the 
grid to perform two-dimensional hydraulic calculations. 

The current limitation of HEC-RAS means that precipitation can only be used to apply 
rainfall excess (rainfall minus losses due to interception/infiltration) directly to the two-
dimensional grid. 

Rainfall excess hyetographs for the median storm in the ensemble for the critical duration 
storm events shown in Table 5 were generated by subtracting initial losses plus pre-burst 
rainfall (refer to Table 2) from the design rainfall data starting from the beginning of the 
data set.  An example of this for the 1% AEP, 4.5 hour storm event is shown in Figure 10. 
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Figure 10: 1% AEP Rainfall Excess Hyetograph 

4.3.2. Upstream Boundary Conditions 
Flow hydrographs were used to define the upstream boundary conditions for flows from 
the existing residential catchment to the west of the subject with the locations shown in 
Figure 11 and summarised in Table 7 

Table 6: Summary of Upstream Boundary Conditions 

Boundary Name Representative Flow 

INT01 Piped flows discharging into northern drainage channel 

INT02 Piped flows discharging into southern drainage channel 

QT01 Overland flows discharging down Sealark Road from the 
north (extracted from OF25 in the DRAINS Model)  

QT02 Overland flows discharging through public reserve between 
Sealark Road and Cronin Place (extracted from OF82 in the 
DRAINS Model)  

QT03 Overland flows emanating from Sydney Avenue and 
discharging into the western side of Sealark Road (extracted 
from OF112 in the DRAINS Model) 

QT04 Overland flows emanating from Sealark  Road south of 
Sydney Avenue and flowing down the eastern side of 
Sealark Road. 
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The hydrographs adopted for the modelling were those of the median storm in the 
ensemble for the critical duration of each catchment, rather than those of the critical 
duration of the Wowly Creek catchment. 

 
Figure 11: Location of Upstream Boundary Conditions Representing Runoff from adjacent 

Residential Catchment 
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4.3.3. Downstream Boundary Conditions 
A stage hydrograph boundary was adopted as the downstream boundary condition for 
each storm event to represent downstream ocean levels within Jervis Bay.  Stage 
hydrographs were extracted from the event time series shown in the NSW Office of 
Environment and Heritage, Floodplain Risk Management Guide: Modelling the Interaction 
of Catchment Flooding and Oceanic Inundation in Coastal Waterways.  The timing of each 
time series was adjusted such that peak ocean levels were coincidental with relevant peak 
flows from the catchment (refer to Table 5) as shown in Figure 12. 

 

 
Figure 12: Downstream Ocean Boundary Time Series 

 

A summary of design peak ocean levels used in the model is shown in Table 7. 

Table 7: Summary of Design Peak Ocean Levels 

Design Ocean Event NSW OEH Guideline 
Figure 

Peak Ocean Level     
(m AHD) 

1% AEP Figure A.3 2.55 

5% AEP Figure A.4 2.35 
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4.4. Hydraulic Model Verification 

4.4.1. Comparison between models 
Validation of the HEC-RAS hydraulic model was undertaken by comparing hydrographs 
and volume accumulation for the 5% AEP and 1% AEP events at the Wowly Creek entrance 
between those generated in DRAINS(Wowly Creek Model) and those generated in HEC-
RAS.  For each event the downstream boundary was set at a fixed elevation of 0.6m which 
approximates a neap tide elevation. 

The results of the validation are shown in Table 8 and Figure 13. 

 

Table 8: Results of Hydraulic Model Validation 

Event DRAINS HEC-RAS 

Peak Flow 
(m3/s) 

Volume   (m3) Peak Flow 
(m3/s) 

Volume   (m3) 

5% AEP 30.3 481,076 24.7 448,229 

1% AEP 46.3 679,520 37.2 620,413 

 

 

 
Figure 13: Comparison of DRAINS and HEC-RAS Hydrographs 
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The results of the validation show: 

i. that peak flows generated in DRAINS are in the order of 19% higher than those 
generated in HEC-RAS.  This is expected as the DRAINS model used simplistic link 
routing (refer to Section 3.5) and did not represent the significant wetland storage 
area to the east of Wowly Creek which would contribute towards the reduction in 
peak flows observed in the HEC-RAS model. 

ii. volume accumulation in DRAINS is in the order of 8% lower than volume 
accumulation in HEC-RAS over the same storm duration.  Once again, the 
reduction in volumes can be explained by the simplistic routing applied in DRAINS 
and the presence of the wetland storage area in HEC-RAS. 

iii. the overall shape of the hydrographs the timing of peak flows between the two 
models are very similar. 

4.4.2. Comparison to critical duration 
Due to the differences between peak runoff rates observed between the DRAINS (Wowly 
Creek) and HEC-RAS models the median storm event from the ensemble for the duration 
either side of the critical duration (as shown in Table 5) was modelled in HEC-RAS in order 
to ensure that the correct critical duration had been adopted for modelling purposes. 

The results of this comparison are shown in Figure 13 for the 5% AEP, Figure 14 for the 1% 
AEP and Figure 15 for the PMF event. 

The results show that the critical storm duration storm adopted generates the maximum 
peak flow across all events, except for the 5% AEP event for which all storms produce peak 
flows of very similar magnitude (i.e. all within 0.6m3/s).   

This analysis validates that the critical durations for each of the events adopted in Table 5 
produce the highest peak flows and are therefore acceptable for adoption in design event 
modelling. 

 

 
Figure 14: Comparison of Hydrographs for 5% AEP storms (critical storm in red) 
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Figure 15: Comparison of Hydrographs for 1% AEP storms (critical storm in red) 

 

 
Figure 16: Comparison of Hydrographs for PMF storms (critical storm in red) 

 

4.4.3. Comparison to Regional Flood Frequency Estimation 
Model 

A comparison of peak flows for the 1% and 5% AEP events from both DRAINS and HEC-RAS 
were compared to the peak flows obtained through the Regional Flood Frequency 
Estimation (RFFE) Model and the results are shown in Table 9 and Figure 17. 
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Table 9: Comparison to RFFE Model 

AEP 

Peak Flow Rate (cumecs) 

DRAINS HEC-RAS 
Regional Flood Frequency Estimation Model 

Discharge  Lower (5%) Upper (95%) 

1% 46.3 37.2 122 44.5 33.9 

2% - - 93.5 34.9 255 

5% 30.3 24.7 63.1 24.1 168 

10% - - 44.7 17.2 118 

 

 
Figure 17: Comparison to RFFE Model 

 

The comparison shows that the modelled flows lie close to the lower confidence limit (5%).   

This is not unexpected as most of the subject catchment comprises National Park and is 
located adjacent to the coast, whereas most of the catchments used in the derivation of 
results are located further away from the coast and/or in less densely vegetated areas.  

The RFFE method results are included in Appendix E and show that the subject catchment 
is typically an order of magnitude less than most of the catchments used in the derivation 
of the results (i.e. the majority are in excess of 100km2).  The subject site catchment also has 
a shape factor of 0.42 whilst the majority of the comparison catchments have shape factors 
between 0.5 and 1.  In this regard the RFFE results includes a statement that the catchment 
has unusual shape and the results have a lower accuracy and may therefore may not be 
directly applicable in practice. 
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4.5. Design Event Modelling 
Design floods events are hypothetical floods used for planning and floodplain 
management purposes.  They are based on having a probability of occurrence specified as 
either: 

 Annual Exceedance Probability (AEP) expressed as a percentage; or 
 Average Recurrence Interval (ARI) expressed in years. 

This report uses the AEP terminology.  Table 10 provides the approximate equivalent for 
ARI and AEP events. 

Table 10: Design Flood Terminology 

ARI AEP 

100 years 1% 

20 years 5% 

10 years 10% 

5 years 20% 

 

Design flood conditions are derived from the application of design rainfall parameters 
(refer to Section 4.3.1) and design downstream ocean boundary levels (refer to Section 
4.3.3) 

Flooding in tidal waterways may occur due to a combination of ocean and catchment 
flooding derived from the same storm cell and therefore the risk of flooding from both 
sources may vary significantly depending on the location, distance from the ocean and the 
level of the ocean. 

The NSW Governments Flood Risk Management Guide: Modelling the Interaction of 
Catchment Flooding and Oceanic Inundation in Coastal Waterways (DECCW, 2015) 
recommends that flood planning areas in tidal waterways consider the interaction of 
catchment and coastal flooding from the selection of peak flood levels from an envelope 
of scenarios such as: 

 1% AEP ocean flooding with 5% AEP catchment flooding with coincident peaks 
 5% AEP ocean flooding with 1% AEP catchment flooding with coincident peaks 

On the above basis design event modelling was undertaken for the suite of events shown 
in Table 11. 
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Table 11: Design Model Runs 

Design AEP for 
Peak Flood Levels 

Catchment Flood 
Scenario 

Ocean Water 
Boundary Scenario 

Design Model Runs 

1% AEP Envelope 
5% AEP 1%AEP 

1% AEP 5% AEP 

PMF Catchment PMF 1% AEP 

 

4.6. Impact of Climate Change 
The impact of climate change on flooding was assessed for both an increase in sea level 
and an increase in rainfall intensity in accordance with the sensitivity model runs shown in 
Table 12, with an explanation of the factors adopted provided in Section 4.6.1 and Section 
4.6.2 respectively. 
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Table 12: Summary of Climate Change Design Model Runs 

Design AEP for 
Peak Flood Levels 

Catchment Flood 
Scenario 

Ocean Water 
Boundary Scenario 

Climate Change Scenarios 

1% CC Ocean 
Envelope 

5% AEP 1% AEP + CC 

1% AEP 5% AEP + CC 

1% CC Catchment 
Envelope – RCP4.5 

5% AEP + RCP4.5 1% AEP 

1% AEP + RCP4.5 5% AEP 

1% CC Catchment 
Envelope – RCP8.5 

5% AEP + RCP8.5 1% AEP 

1% AEP + RCP8.5 5% AEP 

PMF CC PMF 1% AEP + CC 

1% Combined 
Catchment (RCP8.5) 

& 1% Ocean 
Envelope 

1% AEP + RCP8.5 5% AEP + CC 

5% AEP + RCP8.5 1% AEP + CC 

 

4.6.1. Sea Level Rise 
Shoalhaven City Council adopted the following sea level rise projections in February 2015. 

 Table 13: Summary of SCC Sea Level Rise Projections 

Planning Horizon Projected Sea Level 
Rise (mm) 

2030 100mm 

2050 230mm 

2100 360mm 

 

As the proposed development consists of the subdivision of land which has a design life in 
excess of 100 years the 2100 planning horizon was adopted with a sea level rise projection 
of 360mm. 

For modelling purposes, the downstream boundary levels described in Section 4.3.3 were 
increased by 360mm, to reflect the rise in sea level. 
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4.6.2. Increased Rainfall Intensity 
ARR2019 currently provides advice on changes in projected rainfall intensity (or equivalent 
depth) due to climate change. Note, that due to little available information, no adjustment 
due to climate change is considered for projected changes in rainfall frequency, duration 
and temporal patterns, antecedent wetness and baseflow (Flood Plain Risk Management 
Guide, NSW Office of Environment and Heritage, 2019). 

ARR2019 recommends the use of the Representative Concentration Pathway (RCP) 4.5 and 
RCP8.5 values in assessing climate change effect on flooding. Interim climate change 
factors can be found on the ARR Data Hub, as provided in Appendix B, and are represented 
as a percentage increase in design rainfall depths that should be applied for a given future 
year (up to 2090). These values correspond to the percentage increase that considers a 5% 
increase in rainfall intensity for every 1̊ C of projected warming in the subject region.  
As the proposed development consists of the subdivision of land which has a design life 
exceeding 100 years the 2090 planning horizon was adopted. 

Table 14: Summary of Adopted Increases in Rainfall Intensity 

Planning Horizon Increase in Rainfall 
Intensity RCP4.5 

Increase in Rainfall 
Intensity RCP8.5 

2090 7.6% 16.3% 

 

To reflect the increase in rainfall intensity the HEC-RAS model was adjusted as follows: 

i. Direct Rainfall Boundary:  Rainfall depths for each critical storm event were 
increased by the percentages in Table 14 and the resultant rainfall excess applied 
as the direct rainfall boundary. 

ii. Upstream Boundary Condition: The increase in rainfall intensities were applied to 
the DRAINS hydrological model and the resultant hydrographs from the existing 
residential catchment DRAINS model were applied to the HEC-RAS model. 
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4.7. Pre-Development Results 
The HEC-RAS model was run in unsteady mode with variable timestep controlled by 
Courant condition for a duration of 10 hours for both the 1% AEP and PMF events. The 
results are provided in Appendix F and include the mapping shown in Table 15.  For those 
figures demonstrating the change in flood level the comparison flood surface relates to 
the flood surface in the absence of any climate change impacts (i.e.  those shown on 
Figures 1.1 and 2.1). 

The results include the mapping of flood hazard vulnerability in accordance with Book 6, 
Chapter 7 of Australian Rainfall and Runoff (2019). 

Table 15: Schedule of Pre-Development Results Mapping 

Figure Description 

Figure 1.1 Envelope of Maximum Flood Levels and Depths – 1% AEP 

Figure 1.2 Envelope of Maximum Flood Velocities – 1% AEP 

Figure 1.3 Envelope of Maximum Flood Hazard – 1% AEP 

Figure 1.4 Source of Maximum Flood Envelope Level – 1% AEP 

Figure 1.5 Extent of Pre Development Flood Planning Area 

Figure 2.1 Maximum Flood Levels and Depths – PMF 

Figure 2.2 Maximum Flood Velocities – PMF 

Figure 2.3 Maximum Flood Hazard – PMF 

Figure 3.1 Envelope of Maximum Flood Levels and Depths – 1% AEP + Sea Level Rise 
(0.36m) 

Figure 3.2 Change in Maximum Flood Level – 1% AEP + Sea Level Rise (0.36m) 

Figure 4.1 Maximum Flood Levels and Depths – PMF + Sea Level Rise (0.36m) 

Figure 4.2 Change in Maximum Flood Level – PMF + Sea Level Rise (0.36m) 

Figure 5.1 Envelope of Maximum Flood Levels and Depths – 1% AEP+ RCP4.5 Climate 
Change 

Figure 5.2 Change in Maximum Flood Level – 1% AEP + RCP4.5 Climate Change 

Figure 6.1 Envelope of Maximum Flood Levels and Depths – 1% AEP+ RCP8.5 Climate 
Change 

Figure 6.2 Change in Maximum Flood Level – 1% AEP + RCP8.5 Climate Change 

Figure 7.1 Envelope of Maximum Flood Levels and Depths – 1% AEP+ RCP8.5 Rainfall 
Increase + Sea Level Rise (0.36m) 

Figure 7.2 Envelope of Maximum Flood Velocities – 1% AEP+ RCP8.5 Rainfall Increase + 
Sea Level Rise (0.36m) 
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4.8. Pre-Development Results Discussion 
The results show that: 

i. flooding in the lower reaches of Wowly Creek is dominated by ocean derived 
flooding rather than catchment derived flooding.  This is particularly evident in 
Figure 1.4 which shows that ocean derived flood (green) dominates over an area 
extending approximately 2.3km upstream for the inlet. 

ii. flooding within the upper reaches of the subject site is dominated by catchment 
derived runoff (blue) from the adjacent residential development, whilst the lower 
portions are dominated by ocean derived flooding (green). 

iii. Outside of the drainage channels, flood hazard within the subject site is H1 for the 
1% AEP and H1 to H3 for the PMF event.  Flood hazard within existing drainage 
channels are classified as up to H5 in both events. 

iv. a projected increase in sea level of 360mm results in similar increases in flood levels 
over a large portion of the estuary for the 1% AEP event and increases of between 
200 and 300mm in the PMF event.  Within the subject site these increases are 
limited to the lower, eastern half of the site and do not extend to the land adjacent 
to Sealark Road due to the change in elevation at this location. 

v. The increase in rainfall intensity has very little impact on flood levels (less than 
25mm within the estuary due to the significant storage volume within the estuary. 
The subject site experiences increase of up to 10mm in the RCP4.5 scenario and up 
to 25mm in the RCP8.5 scenario. 

vi. Sealark Road experiences flooding at depths of up to approximately 350mm in the 
1% AEP event, however flood hazard remain relatively low at H2 due to the 
relatively low velocities occurring at these depths. 

4.9. Comparison to ARR1987 IFD Data 
A comparison of 1987 and 2019 IFD data for the 5% AEP, 6 hour storm and 1% AEP, 4.5 
hours storm (see Table 16) shows the 1987 IFD data to be 19% and 26% higher than the 
2019 data. 

Table 16: Comparison of 1987 and 2019 IFD Data 

Event Rainfall Intensity (mm/hr) % Difference 

2019 1987 

5% AEP, 6hr  20.3 24.2 +19% 

1% AEP, 4.5hr 31.6 39.9 +26% 

 

Figure Description 

Figure 7.3  Envelope of Maximum Flood Hazard – 1% AEP+ RCP8.5 Rainfall Increase + Sea 
Level Rise (0.36m) 

Figure 7.4 Change in Maximum Flood Level – 1% AEP+ RCP8.5 Rainfall Increase + Sea 
Level Rise (0.36m) 
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The hydraulic modelling conducted for the assessment of the impact of an increase in 
rainfall intensity showed that, due to the large storage area of the estuary in comparison to 
the catchment, that the flood level within the estuary is insensitive to increases in rainfall, 
with an increase in rainfall of 16% resulting in an increase in flood level of less than 10mm. 

Given this insensitivity the increase in flood levels associated with ARR1987 IFD data was 
not modelled and is likely to be in the order to 10-15mm. 

4.10. Post Development Modelling 

4.10.1. Stage 1 - Channel Modification 
The Stage 1 works involve redirecting (by a pipe) the existing outlet to the southern 
drainage channel through the subject site to the northern drainage channel and realigning 
and enlarging that channel to fit with the proposed future development. 

4.10.2. Stage 2 – Residential Development 
The Stage 2 works comprise the construction of the development including earthworks, 
roadworks and drainage works as shown in the preliminary civil design drawings in 
Appendix G (Drawing 1861-C01 to C10 and incorporate the following elements: 

The preliminary civil design plans incorporate the following elements: 

 Perimeter road linking Sealark Road to Monarch Place raised to typically be above 
the 1% AEP flood level. 

 Internal road linking Sealark Road to the proposed perimeter road. 
 Widening and realigning of the existing northern drainage channel to achieve a 

nominal base dimension of 5m with 1 in 4 side slopes. 
 Culvert crossing over the proposed drainage channel comprising a single 4200 x 

1200mm reinforced concrete box culvert 
 Filling of proposed lots to typically be above the 1% AEP flood level plus 500mm 

freeboard (i.e. above the flood planning level) 

 

The impact of flooding on the proposed development and the impact of the proposed 
development on flooding was assessed for both scenarios by incorporating the associated 
topographical changes including road and lot filling platforms and adjusting the 
Manning’s n value over the proposed development area for the Stage 2 scenario (refer to 
Figure 18).  For both Stage 1 and Stage 2 scenarios the residential DRAINS model was 
modified to reflect the change in piped versus overland flows and the fact that all flows 
would be directed to the northern drainage channel.  The upstream boundary conditions 
in the HEC-RAS were updated to reflect the change in flow behaviour with all hydrographs 
updated and boundary INT02 deleted to reflect the removal of the southern piped outlet.  
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Figure 18: Post Development Manning’s n Override Regions (Light Blue 0.015, Yellow 0.025, 

Orange 0.04, Green 0.06) 

 

4.11. Post Development Results 
The Stage 1 and Stage 2 HEC-RAS model was run for the 1% AEP + RCP8.5 rainfall increase 
+360mm sea level rise events under the same model run variables and design event model 
runs as the pre-development model, whilst the Stage2 model was also run for the PMF + 
360mm sea level rise event. The results are provided in Appendix H and include the 
mapping shown in Table 17.  For those figures demonstrating the change in flood level the 
comparison flood surface relates to the pre-development flood surface for the 
corresponding design event model run (i.e.  for the 1% AEP the RCP8.5 rainfall increase and 
360mm sea level rise as shown in Figure 7.1 and for the PMF inclusive of 360mm sea level 
rise as shown in Figure 4.1). 

The Stage 2 results include the mapping of flood hazard vulnerability in accordance with 
Book 6, Chapter 7 of Australian Rainfall and Runoff (2019). 
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Table 17: Schedule of Post Development Results Mapping 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure Description 

Figure 8.1 Post Development (Stage 2) Envelope of Maximum Flood Levels and 
Depths – 1% AEP+ RCP8.5 Rainfall Increase + Sea Level Rise (0.36m) 

Figure 8.2 Post Development (Stage 2) Envelope of Maximum Flood Velocities –      
1% AEP+ RCP8.5 Rainfall Increase + Sea Level Rise (0.36m) 

Figure 8.3 Post Development (Stage 2) Envelope of Maximum Flood Hazard –           
1% AEP+ RCP8.5 Rainfall Increase + Sea Level Rise (0.36m) 

Figure 8.4 Post Development (Stage 2) Change in Maximum Flood Level –                 
1% AEP+ RCP8.5 Rainfall Increase + Sea Level Rise (0.36m) 

Figure 8.5 Post Development (Stage 2) Flood Planning Area –                                          
1% AEP+ RCP8.5 Rainfall Increase + Sea Level Rise (0.36m) 

Figure 9.1 Stage 1 Envelope of Maximum Flood Levels and Depths –                     
1% AEP+ RCP8.5 Rainfall Increase + Sea Level Rise (0.36m) 

Figure 9.2 Stage 1 Change in Maximum Flood Level –                                                  
1% AEP+ RCP8.5 Rainfall Increase + Sea Level Rise (0.36m) 

Figure 10.1 Post Development (Stage 2) Maximum Flood Levels and Depths –             
PMF + Sea Level Rise (0.36m) 

Figure 10.2 Post Development (Stage 2) Maximum Flood Velocities –                              
PMF + Sea Level Rise (0.36m) 

Figure 10.3 Post Development (Stage 2) Maximum Flood Hazard –                                   
PMF + Sea Level Rise (0.36m) 

Figure 10.4 Post Development (Stage 2) Change in Maximum Flood Level –                 
PMF + Sea Level Rise (0.36m) 
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4.12. Post Development Results Discussion 
The Stage 1 results show that: 

i. The redirecting of flows to the northern drainage channel, widening and realigning 
that channel and filling the southern drainage channel results in reductions in 
flood levels of between 20 and 40mm in Sealark Road. 

ii. Due to the increase in flows in the northern channel flood levels at the eastern end 
of the channel are shown to increase slightly (up to 80mm) and these increases are 
wholly contained within the subject site. 

iii. The increase in flooding shown within the southern (filled) drainage channel is as a 
direct result of raising the surface level in that location in the presence of very 
minor residual flooding occurring in that location. 

The Stage 2 results shown that: 

i. The areas proposed for residential development (Lots A, B  and C) are flood free in 
the 1% AEP event (including rainfall increases and sea level rise projections).  It 
should be noted that flooding shown on the proposed roads is because of rainfall 
on grid (direct rainfall) modelling in the absence of a stormwater drainage network 
which would otherwise be implemented to manage these local flows. 

ii. Reduction in 1% AEP flood levels of between 20 and 140mm in Sealark Road 
thereby providing a benefit to local residents.  The increase in reduction above that 
observed for Stage 1 is because of creating a larger and more well graded overland 
flow path for surface flows at the sag point in Sealark Road, which enables ponded 
water in Sealark Road to drain into the channel more efficiently. 

iii. Minor localised increases in flood levels of up to 250mm at the outlet of the 
proposed road culvert in the 1%AEP event and these increases are wholly 
contained within the subject site.   

iv. the proposed development is not anticipated to result in any adverse flooding 
impacts in the 1% AEP design event.  

v. Some significant increases in flood levels within roads in the 1% AEP event and 
within roads and lots in the PMF event, however these are typically attributed to an 
increase in ground surface level in the presence of minor flooding, rather than an 
increase in flood depth. 

vi. the proposed area of residential rezoning (Lots A, B and C) is outside the 1% AEP 
flood planning area when incorporating RCP8.5 rainfall increases and 0.36m sea 
level rise (i.e. worst case climate change impacts) as shown in Figure 8.5. 
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5.0 CONCLUSION 
The modelling demonstrates that flooding within the Wowly Creek estuary is dominated 
by oceanic flooding rather than catchment derived flooding. 

Within the upper reaches of the subject site in the location of the proposed residential 
rezoning flooding occurs predominately from the runoff derived from the existing 
residential catchments to the west of Sealark Avenue. Currently these flows exceed the 
capacity of the existing channel and cause flooding of variable depth within the 
overbanks.  

Except for overbank flooding from the above drainage channels the area proposed for 
residential rezoning is relatively free from flooding and is therefore considered suitable for 
residential development.  

Post development modelling shows that modifying these drainage channels combined 
with filling of parts of the land would minimize the area of land inundated by flooding and 
that suitable flood free land above the flood planning level can be made available for 
residential development.  

Further, the post development modelling showed that 1% AEP flood levels Sealark Road 
would be reduced by up to 140mm thereby improving serviceability for residents.
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APPENDIX A 
Detailed Site Survey 
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APPENDIX B 
ARR Data Hub Output 
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APPENDIX D 
Pre-Burst Rainfall Depths 
 

 



 

 

 

Table E1: NSW Transformation Pre-Burst Rainfall Depths (bold values interpolated) 

Storm Duration Pre-Burst Rainfall Depth (mm) 

AEP (%) 

min hrs 50 20 10 5 2 1 

60 1 12.8 16.8 16.6 16.8 16 19.1 

90 1.5 13.8 17.3 16.4 16.6 16.7 20.3 

120 2 15.2 17.8 17.3 17.3 16.9 20.1 

180 3 13.5 16.5 16.1 16.7 17.3 22.7 

270 4.5 13.6 17.1 16.7 17.1 16.9 22.8 

360 6 13.7 17.6 17.2 17.5 16.5 22.8 

540 9 12.0 16.3 15.7 17.1 16.0 22.7 

720 12 10.2 14.9 14.2 16.6 15.4 22.6 

1080 18 8.5 13.2 12.3 14.6 13.6 22 

1440 24 6.3 10.5 10.2 12.4 11.5 21.3 

2160 36 3.4 8.8 8.5 10.4 8.8 16.9 

2880 48 0.8 5.2 5.6 4.9 5.6 15.4 

4320 72 0 1.5 0.8 1.2 2.5 18 

 
  



 

 

 

  

APPENDIX E 
RFFE Method Output 
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APPENDIX F 
Pre-Development Modelling 
Results 
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Legend 
— Existing Surface Contours (1.0m) 
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Legend 
— Existing Surface Contours (1.0m) 
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Legend * Existing Surface Contours (1.0m) 
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— Existing Surface Contours (1.0m) 
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Legend 7 Existing Surface Contours (1.0m) 
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