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1. Introduction

The Goulburn Broken Catchment Management Authority (GBCMA) commissioned HARC to
undertake the Goulburn and Broken Rivers Flood Study. The study is being undertaken in
conjunction with Venant Solutions.

The objective of this project is to produce flood mapping for the floodplain of the Goulburn River
between Lake Eildon and Loch Garry and for the floodplain of the Broken River between Lake
Nillahcootie and the Goulburn River.

This project forms part of the Victorian Government’s Regional Flood Mapping Program. Outputs
from this study will be used by GBCMA, Local Government Authorities (LGASs) and the Victoria State
Emergency Service (VicSES) to meet a range of business requirements. Uses for the outputs include
definition of flood related controls in municipal planning schemes, development of flood intelligence
products and to inform emergency response planning as well as the preparation of community flood
awareness and education products. Furthermore, outputs will also be used to support the
assessment of flood risk for insurance purposes.

This report documents the hydrological and hydraulic investigations calibration undertaken as part of
the study. This report is a combination of two previously provided separate reports, one on hydrology
the other on the hydraulics. The previous reports were submitted prior to the October 2022 flood.
The October of 2022 flood had a devastating impact on the community, with hundreds of properties
inundated and livelihoods significantly affected. It was agreed with the GBCMA that the 2022 event
should be included as part of the calibration events. Therefore, this report has been updated to
include the October 2022 event.
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2. Project context

2.1 Catchment overview

The Goulburn River is one of the major river systems within the Victorian component of the Murray-
Darling Basin. Excluding the Murray River itself, the Goulburn is Victoria’s largest and longer river.
The headwaters are located in the Victorian Alps near Woods Point and it discharges into the Murray
River at Echuca Village. The river generally flows in north westerly direction through central Victoria.

There are a number of significant tributaries of the Goulburn River, the largest of which is the Broken
River. The Broken River discharges into the Goulburn River at Shepparton, although it should be
noted that significant flow volumes break out of the Broken River between Benalla and Shepparton
and enter the Broken Creek catchment. The catchment area of the Broken River is appropriately
2,550 km?. The total catchment area of the Goulburn River at Shepperton is approximately

16,100 km?,

The Goulburn River catchment contains the 3,300 GL capacity dam at Lake Eildon, which features a
gated spillway capable of passing over 3,000 m%s. Goulburn-Murray Water (GMW) have a detailed
flood operations plan for the dam, which incorporates the ability to surcharge the storage by up to
600 mm to mitigate floods downstream of the dam. This, coupled with the variability in storage level
in the dam, results in the structure having an impact on floods in the Goulburn River particularly areas
close to the dam. Similarly, Goulburn Weir near Nagambie also features a gated spillway whose
operations are likely to influence the passage of relatively frequent floods at Murchison and
Shepparton. The Broken River catchment contains the 40 GL Lake Nillahcootie. Although this
storage has an ungated spillway, it exhibits significant variability in storage levels which can influence
flood magnitude downstream of the dam.

Downstream of Eildon and Nillahcootie, design flood estimates transition from being primarily
influenced by rainfall upstream of the dams (and released through the dam spillways), to being
primarily influenced by rainfall which falls on the residual catchment downstream of the dams.

In general, the upper reaches of the catchment consist of rolling hills whilst the lower portion of the
catchment is substantially flatter. For example, the catchment upstream of Lake Eildon rises from a
level of approximately 250 m AHD at the dam to approximately 1,670 m AHD over a distance of
approximately 60 kilometres at an average slope of 1 in 25. Whereas downstream of Lake Eildon the
catchment falls from approximately 250 m AHD at the dam to approximately 110 m AHD at
Shepparton over a distance of approximately 135 kilometres at an average slope of 1 in 1,000.

The average annual rainfall varies from approximately 1,370 mm/year upstream of Lake Eildon down
to 495 mm/year at Shepparton. The catchment area is shown in Figure 3-1.

2.2 Previous studies

The GBCMA and Department of Energy, Environment and Climate Action (DEECA) provided several
reports to provide background information for this project. The main reports of relevance are listed
below:

7 Benalla Flood Plain Management Study, 1984 (SR & WSC,1984)
i Benalla Floodplain Management Study, 2002 (Cardno, 2002)
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i Broken River Catchment Floods October 1993 Volume 4, 1995 (HydroTechnology, 1995a)
T Lower Goulburn River Flood October 1993 Volume 5, 1995 (HydroTechnology, 1995b)

I Appendix F to Seymour — A Report on Flooding from Goulburn River, Lake Eildon Effect on
Flood Frequencies at Eildon, 1981 (SR & WSC,1981)

1 Seymour Floodplain Mapping Study, 2001 (WBM,2001)

I Shepparton Mooroopna Floodplain Management Study — Floodplain Management Plan — Stage
1 Technical Report, 2002 (SKM, 2002a)

I Shepparton Mooroopna Floodplain Management Study — Floodplain Management Plan — Stage
2 Technical Report, 2002 (SKM, 2002b)

I Shepparton Mooroopna Floodplain Management Study — Floodplain Management Plan —
Executive Summary, 2002 (SKM, 2002c)

T Yea Flood Study, 2005 (Water Technology, 2005)

I Shepparton Mooroopna Flood Mapping and Flood Intelligence Study, 2018 (Water Technology,
2018)

1 Lake Nillahcootie Flood Study — RM2179 Version 1.0 Final, 2008 (Cardo, 2008)

I Goulburn River Constraints Management — Environmental Flow Inundation Modelling and
Mapping, 2016 (Water Technology, 2016)

I Murchison Flood Mapping Study Report, 2014 (Water Technology, 2014)

2.3  Existing flood models

GBCMA provided three existing hydraulic models to aid this study. These models include:
T Goulburn River Environmental Flows Constraints (Water Technology, 2016);
T Murchison Township Flood Mapping Study (Water Technology, 2014); and
i Shepparton-Mooroopna Flood Mapping and Flood Intelligence (Water Technology, 2017).

The Goulburn River Constraints models were developed using TUFLOW GPU by Water Technology
in 2016. The various models extend from Lake Eildon and terminate at Echuca on the Victoria-NSW
border. The purpose of the project was the assessment of environmental flows and as such the
models were not calibrated for large flood events which are the focus of the current study. For
environmental flows assessment the water levels of interest are typically below bank full, therefore
there are no hydraulic structures in the supplied model. However, the model contains an array of
layers of use for this study including land use material layers and bathymetric string lines.

The Murchison flood study is a detailed town study extending approximately 4 km upstream of the
town and terminating approximately 10 km downstream. The model was developed using TUFLOW.
The model includes an array of layers of use for this study including hydraulic structures, land use
material layers and bathymetric string lines.

The Shepparton-Mooroopna model extends from Arcadia to the south on the Goulburn, from Kialla
East on the Broken and covers the Shepparton-Mooroopna area terminating near Loch Garry to the
north. The model was developed as a multi-domain TUFLOW (classic) model with a 10m grid
upstream of Shepparton with a coarser 20m grid adopted downstream of the main populated areas.
Similar to the other studies, the model contains input layers that could be utilised for this study
including land use and structural information.
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3. Hydrologic data review

A review of the available streamflow and rainfall data was undertaken to determine the events to be
used for calibration of the hydrologic model (refer Section 5) and which streamflow gauges to include
in the model verification process (refer Section 7).

3.1 Streamflow gauges

There is numerous streamflow gauges located throughout the Goulburn River and Broken River
catchments. The streamflow gauge stations used in the hydrological investigation are shown in Table
3-1

There were a small number of gauges not used for calibration due to their location in the catchment,
missing data or significant uncertainty associated with the rating curve at high flows. For example, the
gauge, Broken River at Benalla, was not used as it was missing a number of the events that were
used in the model calibration. However, it was referred to for the events that did have data. Broken
River at Nillahcootie was not used, as is, in the RORB model as it records levels only and for
calibration a flow estimate is required. However, for the historic events, flows were estimated
downstream of Nillahcootie using the stage discharge relationship supplied by Goulburn Murray Water
(GMW - refer to Section 4).
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A  Table 3-1 Streamflow data used for calibration and verification

Max

Date of Max

Station Date of Available Max Gauged Max Gauged Recorded Max Recorded Recorded Catchment
Number Data Level (m) Flow (m¥/s) Level (m) Flow (m¥/s) Flow Area (km?)
405204 Goulburn River @ Shepparton 8/06/1921 to date 11.9 1,678 12.1 2,212 May 1974 16,074
405269 Seven Creeks @ Kialla West 28/06/1977 to date 6.7 228 6.7 228 Sep 2010 1505
405246 Castle Creek @ Arcadia 12/12/1973 to date 25 54 25 54 Oct 1993 164
404207 Holland Creek @ Kelfeera 9/05/1960 to date 4.7 346 6.1 700 Oct 1993 450
Broken River @ Lake Nillahcootie Oct 1993
404218 (Head Gauge) 01/05/1967 to date - - 266.46 65 422
404203 Broken River at Benalla 1/5/1955 to date 54 1,249 55 1294 Oct 1993 1,461
Broken River @ Casey's Weir Oct 1993

404242 Combined Elow 01/01/1894 to date 19 197 4.2 1,216 1,916
404224 Broken River @ Gowangardie 20/01/1928 to date 6.6 690 6.6 690 Oct 1993 2,305
404222 Broken River @ Orrvale 23/06/1977 to date 8.4 498 8.4 498 Oct 1993 2,385
405200 Goulburn River @ Murchison 14/06/1881 to date 10.9 1,450 12.5* 4,753* Sep 1975 10,661
405253 Goulburn River @ Goulburn Weir 01/03/1967 to date 10.6 839 - - - 10,630
405202 Goulburn River @ Seymour 19/12/1957 to date 6.5 777 8.3 1780 Oct 2022 8,535
405201 Goulburn River @ Trawool 1/01/1908 to date 7.5 991 7.7 1030 Oct 2022 7,303
405209 Acheron river @ Taggerty 12/12/1945 to date 2.8 95 3.3 207 Oct 2022 545
405212 Sunday Creek @ Tallarook 21/11/1945 to date 4.8 161 55 291 Oct 2022 331
405226 Pranjip Creek @ Moorilim 10/12/1957 to date 4.9 96 6.0 202 Oct 1993 822
405228 | Hughes Creek @ Tarcombe Road 16/09/1958 to date 3.3 100 4.8 540 Oct 2022 478
405240 Sugarloaf Creek @ Ash Bridge 13/10/1966 to date 5.3 412 7.0 836 Oct 2022 609
405274 Home Creek @ Yark 16/06/1977 to date 3.1 188 3.8 462 Dec 2017 187
405241 Rubicon River @ Rubicon 1/05/1922 to date 1.7 76 1.8 100 Sep 2010 129
405209 Acheron River @ Taggerty 19/12/1973 to date 3.1 163 3.3 208 Oct 2022 619
405248 Major Creek @ Graytown 19/04/1971 to date 3.3 52 4.1 250 Oct 1974 291
* This flow is reported to be the 1975 event. It is thought by HARC to be an error and is discussed further in Section 7.3.3
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A Figure 3-1 Gauge location map for the Goulburn River and Broken River catchments
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3.2 Rating curve review

To assist in calibrating and verifying the hydrologic model, rating curve reviews were carried out on
seven of the key gauging stations within the study area. Note, not all of the stream flow gauges within
the catchment were reviewed — only selected key gauges within the domain of the study area two-
dimensional hydraulic model were included. The stream gauges selected for the rating curve review
are shown in Table 3-2.

A  Table 3-2 Selected streamflow gauges for rating curve review

Gauge number Gauge name

405201 Goulburn River at Trawool
405202 Goulburn River at Seymour
405200 Goulburn River at Murchison
405204 Goulburn River at Shepparton
404203 Broken River at Benalla
404216 Broken River at Casey’s Weir
404222 Broken River at Orrvale

To assist in the review of the rating curves, hydraulic models were developed using TUFLOW from
which a depth/height-flow relationship was developed. In total seven individual models were
developed, the extents of each model can be seen in Figure 3-2. The key features of the model
setups were:

I The model extents were approximately 5 km upstream and downstream of the gauge site;
I A grid cell size of 5 metres was adopted;

I Due to the staging of the study, the models were developed using typical industry parameters
and no detailed calibration of the models was undertaken;

I Hydraulic structure losses were determined based on information gathered and documented
above. Losses were based on those from Guide to Bridge Technology Part 8 Hydraulic Design
of Waterway Structures (Austroads, 2018) and applied to the models as layered flow
constrictions;

I For the Goulburn River gauges, the bathymetry from the Goulburn River Environmental Flows
Constraints (WT, 2016) models were used. On the Broken River, due to the lack of bathymetry
for all bar the Benalla gauge the ‘zero gauge’ level published for each gauge was used to set an
approximate bed level within the river;

I The exact locations of the river gauges were found using a combination of DEECA data, aerial
and street imagery as well as site visits;

I The hydraulic model flow output lines were extended across the full floodplain, not just bank-to-

bank;

I Inflow hydrographs were applied as scaled historic floods, for each gauge the largest flood on
record was applied to the model and scaled by 150% to allow for curves to be generated for
greater than recorded floods; and

I Downstream boundaries were applied using the H-Q relationship automatic generated within
TUFLOW - the downstream boundaries were located sufficiently far downstream so as to not
influence the flood levels and flows at the gauge sites.
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In each case, the official rating curve table published on the WMIS website was downloaded. Each of
the gauge’s rating tables were compared to the rating curve produced by the model. Accuracy of the
modelled rating curve when compared to the official values was expected within the confines of the
river, however deviation is expected when the flow spreads to the floodplain due to the difficulties
involved in physically measuring flood discharges. Of note is that a number of the rating curves
changed following the October 2022 event. The hydraulic model review was undertaken prior to the
October 2022 event. Where the rating curve has been updated a comment has been added.

Undera®,

Goorambat

Bl

~+—1—1 Railway

Waterway
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A  Figure 3-2 Location and extent of the rating curve review hydraulic models

3.2.1 Goulburn River at Trawool

The Trawool gauge is located in the base of relatively confined section of the Goulburn River. The
gauge is located immediately upstream of the Goulburn Valley Highway. The comparison between
the published rating curve and the hydraulic model is presented in Figure 3-3. The hydraulic model
was found to fairly accurately match the published rating curve, particularly up to the 3 metre gauge
level. Above this level the hydraulic model was found to produce slightly lower flows for a given
depth, although this discrepancy could easily be explained by the assumptions in the bathymetry.

For this investigation the published rating curve was adopted, as it matches the gaugings very well
and for flows above the gauge flows the slope of the curves is similar.

10
9
8
7
6
E
o 5
>
<5}
-
4
3 Flow (m3/s) - Modelled
Flow (m3/s) - Official Rating Curve
7 ® Gauging flows
1 A Maximum Recorded (2022)
0
0 200 400 600 800 1000 1200 1400 1600 1800
Flow (m3/s)

A  Figure 3-3 Rating curve comparison — Goulburn River at Trawool

3.2.2 Goulburn River at Seymour

The rating curve at Seymour changed a reasonable amount during the project. A couple of higher
flows were gauged during the October 2022 event which appear to have altered the rating curve.
The match between the modelled and published rating curves is very good for Seymour up to the 6.0
metre mark, as can be seen in Figure 3-4. At greater flow depths the curves diverge with the model
predicting greater flows for a given depth once the floodplain is engaged. Of note is that if only flow
west of Emily Street (refer to Figure 3-5) is considered then the modelled curve is very similar to the
previous (2014 — 2017) rating and the current rating curve above 7.2 m.
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The current rating curve has an inflection point at 6.7 metres which is approximately the top of bank.
For this gauge the current rating curve was adopted. However, it was considered to be unreliable for
larger flows, with the recorded 2022 event a lot higher than the largest gauged flow.

Flow (m3/s) - Modelled

Level (m)

Flow (m3/s) - Rating Curve (02/2014 - 12/2017)

Flow (m3/s) - Modelled up to Emily Street

Flow (m3/s) - Current Rating Curve
® Gauging flows

A Maximum Recorded (2022)

0 200 400 600 800 1000 1200 1400 1600 1800 2000
Flow (m3/s)

A Figure 3-4 Rating curve comparison — Goulburn River at Seymour
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A Figure 3-5 Extent of Goulburn River at Seymour

3.2.3 Goulburn River at Murchison

The Murchison streamflow gauge is located on the Goulburn River immediately upstream of the
Bendigo-Murchison-Violet Town Road which acts as a hydraulic control on the broader floodplain. To
the east of the Goulburn River and west of Campbells Bend Road there are a considerable number of
culverts and bridge structures that convey the overbank flows from the Goulburn River.

In 2021 the rating curve for this gauge was updated. For the higher flows the hydraulic model and the
previous rating curve review undertaken at the site (Water Technology, 2014) are consistent with the
current official rating curve. Therefore, the official rating curve has been adopted. However, there is
still significant uncertainty in the flow at this gauge during large flood events.

The comparison between the modelled and published rating curve is presented in Figure 3-6. It is
thought, by HARC, that the flow maximum recorded level in 1975 is an error. This is discussed further
in Section 7.3.3.
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A Figure 3-6 Rating curve comparison — Goulburn River at Murchison

3.2.4 Goulburn River at Shepparton

The Goulburn River gauge at Shepparton is located on the river near the Midland Highway, which
acts as a hydraulic control across the floodplain. Overall, a reasonable match was observed between
the two rating curves, as shown in Figure 3-7. For reference the gauge is located 8 metres
downstream of the Daintons Bridge on the Midland Highway. The threshold of flooding over the
Midland Highway (also known as the Causeway) commences at a level similar to 1974 being 12.09 m.

In 2021 the rating curve was extended to include higher flows and is consistent with the modelled
results. Therefore, the published rating curve has been adopted. Of note is that the October 2022
event was very close to the highest recorded event at this gauge in 1974.
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A Figure 3-7 Rating curve comparison — Goulburn River at Shepparton
3.2.5 Broken River at Benalla

The Benalla river gauge is located on the Broken River and is sited at the Benalla Art Gallery. Once
flooding overtops the river banks much of Benalla is flood prone. This results in a relatively chaotic
and complex distribution of flow that passes through the various hydraulic structures in the town.
Figure 3-8 compares the published rating curve with the modelled results. Overall there is a very
good match between the published rating curve and the outputs from the hydraulic model up until the
extremities of the rating at the 5.5 metre gauge level.

Overall the modelling indicates that the existing rating curve at Benalla is reasonable to adopt for the
hydrological investigation.
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A  Figure 3-8 Rating curve comparison — Broken River at Benalla
3.2.6 Broken River at Casey’s Weir

By far the greatest divergence of all the published rating curve and the modelled results was found at
the Casey’s Weir gauge on the Broken River. The comparison is presented in Figure 3-9. Based on
the published notes with the rating table, the highest gauging was at the 1.9 metre mark and was
undertaken in 1984,

In this instance a very good match between the published rating and the hydraulic model results was
recorded up to the 2.1 metre mark. Beyond this level, the model showed greater linearity with
increasing depth up to approximately the 3.5 metre mark, where the floodplain becomes engaged and
the flow rate required to increase depth increases significantly.

As the modelled curve matches well up to the highest gauged flows this gives confidence that the
model is representing the hydraulic conditions well. Therefore, for this project the current rating curve
was adopted up to 2.0 metres. For higher levels the results from the hydraulic model were adopted.
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A Figure 3-9 Rating curve comparison — Broken River at Casey’s Weir
3.2.7 Broken River at Orrvale

The comparison between the modelled and published rating curve at Orrvale is presented in Figure
3-10. The comparison is largely favourable, particularly up to the 4.5 metre mark with top of bank at
approximately the 6 metre mark. Once floodwaters have exceeded the bank there is still a
reasonable match between the published rating curve and the modelled results with the rate of climb
in the modelled results notably steeper than in the published curve.

Overall the modelling indicates that the existing rating curve at Orrvale is reasonable to adopt for the
hydrological investigation.
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A  Figure 3-10 Rating curve comparison — Broken River at Orrvale

3.3 Daily rainfall data

Three data sources were used to determine the rainfall depths and spatial patterns for each of the
hydrologic model calibration events, namely:

1 Australian Water Availability Project (AWAP) (Raupach et al., 2009);
1 dally rainfall gauges; and

1 pluviographs.

The primary source of data used to determine spatial patterns of rainfall were the AWAP daily gridded
rainfalls. This dataset is available from 1900 to the current day and was downloaded from the Bureau
of Meteorology website. The AWAP data provide a spatial (5 kilometre resolution) distribution of daily
rainfall across the Australian continent. The AWAP data use model-data fusion methods to combine
both measurements and modelling to estimate rainfall.

The AWAP data were checked for consistency with the rainfall recorded at daily rainfall gauges and
the daily sum of rainfall recorded at the pluviographs.

Figure 3-11 shows the rainfall depths across the catchment for the largest historic 72 hour duration
storm events over the study area catchment extracted from the AWAP data. Figure 3-11 shows the
variability of the spatial patterns across the catchment, highlighting the importance of incorporating
spatial variability into the hydrological analysis.
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A Figure 3-11 Spatial rainfall patterns for the largest historic 72 hour duration storms over the study area catchment
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A pluviograph is an instrument that records the amount of rainfall that has fallen over a sub-daily
period of time, typically 6 minutes. The pluviographs were used to determine the temporal pattern of
rainfall over the catchment for each of the calibration events (refer Section 5) and used to choose the
temporal patterns for the design rainfall space-time patterns (refer Section 7). The details of the
pluviographs used are shown in Table 3-3 and on the map in Figure 3-1. Rainfall data at each
pluviograph was supplied by the Bureau of Meteorology.

A Table 3-3 Pluviograph data used for calibration and verification

Station No. Latitude Longitude  Start Date | End Date
Dookie Agricultural
81013 College -36.37 145.70 Jan 1950 To date
81049 ;gt”ra Inst. Sustainable | a6 44 | 14527 Jul1960 | To date
81079 Youanmite -36.15 145.70 Jun 1975 Jan 1976
81110 Wanalta Recorder Three | -36.68 144.94 Feb 1974 Aug 1980
81111 Wanalta Recorder Two -36.73 144.84 Feb 1974 Aug 1980
81114 Tatura (Thiess services) -36.43 145.23 Jan 1975 Jul 1999
81115 Wanalta Daen Station -36.63 144.87 Jul 1974 To date
82016 Euroa -36.75 145.57 Dec 1967 To date
82042 Strathbogie -36.85 145.73 Jan 1974 To date
Lima South (Lake
82107 Nillahcootie) -36.86 146.00 Jul 1968 To date
Ovens River
82121 (Wangaratta) -36.35 146.34 Aug 1957 Nov 1993
82138 Wangaratta Aero -36.42 146.31 May 1987 To date
82141 Euroa (Miepoll) -36.67 145.49 May 1997 Jan 2001
83008 a‘f‘er\‘,f)ongada'e (Mountain | a5 51 | 146.63 Mar 1980 | Jan 1985
83017 Jamieson -37.30 146.14 Apr 1974 Feb 2004
83031 Whitfield -36.75 146.42 Oct 1962 Nov 1991
83033 Woods Point -37.57 146.25 Jan 1954 To date
83034 Thomson Upper -37.63 146.13 Feb 1971 Mar 1977
83036 Kevington (Ten Mile) -37.37 146.22 Jan 1931 Jan 1932
83041 Timbertop -37.12 146.30 Jun 1974 Feb 1981
83062 Tamboritha -37.58 146.63 Jan 1965 Oct 1966
Dandongadale Upper
83072 Site No.1 -36.87 146.60 Apr 1975 Dec 1979
Lake William Hovell
83074 Reservoir -36.91 146.39 Jan 1988 Sep 2000
83077 Bald Hill -37.03 146.35 Dec 2003 May 2004
Big River (Stockmans
83082 Reward) -37.53 146.03 Dec 1977 Feb 1981
83083 Edi Upper -36.74 146.47 Jan 1991 To date
83091 Jamieson Licola Rd -37.30 146.15 Mar 2004 To date
85000 Aberfeldy -37.70 146.37 Oct 1969 Sep 1984
Glencairn (Barkly River
85058 (Glenview)) -37.53 146.54 Apr 2004 To date
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Station No. Latitude Longitude  Start Date ‘ End Date

85256 Barkly River (Glenlea) -37.51 146.55 Apr 1974 Apr 2004
Aberfeldy (Lily Creek

85278 (Larommi)) -37.72 146.39 Jul 1985 To date
Maroondah Weir

86070 (Melbourne Water) -37.63 145.55 Jun 1956 Dec 1975
Toolangi (Mount St

86142 Leonard Dpi) -37.57 145.50 Jan 1954 To date

86219 Coranderrk Badger Weir | -37.69 145.56 Dec 1955 Jan 1978

87029 Lancefield -37.27 144.72 Jan 1929 Jul 1975

88023 Lake Eildon -37.23 145.91 Oct 1957 To date

88029 Heathcote -36.96 144.69 Apr 1968 To date

88049 Puckapunyal -37.00 145.00 Apr 1968 Jan 1989

88153 Spring Creek Basin Two | -37.07 145.72 Dec 1973 Jun 1984

88158 Strath Creek -37.27 145.28 Aug 1991 To date
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4. Hydrologic model development

A rainfall runoff model (RORB) was set up for the entire Goulburn and Broken Rivers catchment
upstream of Loch Garry. There were several existing models used to create the RORB model. These
included the areas:

1 Upstream of Lake Eildon (HARC, 2017a)

T Upstream of Lake Nillahcootie (HARC, 2017b)

i Downstream of Lake Nillahcootie to Casey’s Weir on the Broken River (HARC, 2017c).
T Goulburn River downstream of Lake Eildon to Loch Garry (HARC, 2017c)

RORB (Laurenson, Mein and Nathan, 2010) is a general runoff and streamflow routing program that
is used to calculate flood hydrographs from rainfall and other channel inputs. It subtracts losses from
rainfall to determine rainfall excess and routes this through catchment storages to produce streamflow
hydrographs at points of interest. The model is spatially distributed, non-linear, and applicable to both
rural and urban catchments. It makes provision for both temporal and areal spatial distribution of
rainfall as well as losses, and can model flows at any nhumber of points throughout a catchment
(including upstream and downstream of reservoirs). RORB also has the capacity to use a Monte-
Carlo approach to produce design flood estimates that incorporate the joint probability of several
factors that influence flood characteristics.

The combined RORB model layout is shown in Figure 4-1. In general terms, development of a RORB
model entails sub-dividing the catchment into a series of subareas to suit the catchment topography
and other features such as the location of gauging stations and storage locations.

Four different types of reaches can be defined in RORB, each having different properties and different
relative delay times. The reach types are identified as natural, excavated but unlined, lined channel
or pipe and drowned reaches. Drowned reaches were used within reservoir water bodies; natural
reaches were used for all other reaches. Excavated and lined channel reaches are normally only
applied in urbanised areas and hence were not used in this study.

Impervious fractions are required for each sub-area. For rural areas the impervious fraction is usually
assumed to be zero. For areas that would be inundated by the reservoir created by the dams, an
impervious fraction was calculated based on the percentage of the sub-area that would be inundated.

As noted previously, the catchment includes a number of large storages, diversions and cross-
catchment flows. GMW supplied stage storage and stage discharge information for Lake Eildon, Lake
Nillahcootie, Goulburn Weir and Lake Mokoan/Winton Wetlands. Each of these structures was placed
into the RORB model and represented as a special storage. Appendix A shows the stage-discharge
information for each structure.
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For the calibration process recorded hydrographs were placed into the model downstream of Lake
Eildon, therefore, obviating the need to model gate operations. For the verification gate operations
were coded into the RORB model based on flood operation information provided by GMW.

At Goulburn Weir, the model was configured such that the Goulburn Weir gates were fully open during
the flood. In discussion with GMW the operation of Goulburn Weir during a flood is such that water is
diverted to Waranga Basin via the Stuart Murray and Cattanach Canals up to the maximum diversion
capacity. Beyond this, water is released to the lower Goulburn River. The combined total capacity of
the Stuart Murray and Cattanach Canals is 81 m%s. The only water that will pass into the East
Goulburn Main Channel will be the volume needed to meet irrigation demand, which during a flood is
likely to be minimal. The Stuart Murray and Cattanach Canals were modelled as a diversion in RORB
using the maximum outflow of 81 m?/s.

An investigation by Cardno Lawson Treloar in 2008 concluded that “decommissioning Lake Mokoan
will make no practical difference to flood levels at Benalla”. As a result, for the verification process
diversions were not modelled. For each of the calibration events diversions were considered and
found to have little impact on the results at Casey’s Weir (which was used for calibration and
verification).

On the Broken River, downstream of Casey’s Weir, floodplain flows exceeding the river channel
capacity can move north into the Broken Creek catchment at two locations, between Casey’s Weir
and Gowangardie and between Gowangardie and Orrvale. These cross-catchment flows were
simulated in the RORB model using outflow relationships at these locations. The breakout
relationships used were initial based on the investigation undertaken as part of the Numurkah
Floodplain Management Study and Plan (WaterTechnology, 2017). These were then confirmed
during the initial phases of the hydraulic modelling. HARC undertook the Boosey and Upper Broken
Creek Regional Flood Study (HARC, 2024) and it that study the breakout relationship between
Casey’s Weir and Gowangardie was modelled and adopted. For the relationship between
Gowangardie and Orrvale the 2017 relationship was adopted. Figure 4-2 shows the relationship used
in the RORB model.

Between Gowangardie and Orrvale

Breakout Discharge (m?/s)

Breakout Discharge (m?/s)

Broken River Discharge (m*/s) Broken River Discharge (m?/s)

A  Figure 4-2 Broken River cross-catchment flow relationships (left: Casey’s Weir and Gowangardie
right: Gowangardie and Orrvale)
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5. Hydrologic model calibration

This section describes the calibration of the hydrologic model used for this project, and presents
results from the calibration process.

5.1 Calibration approach

RORB models are based on catchment geometry and topographic data, and the two principal routing
parameters are k. and m. The parameter m describes the degree of non-linearity of the catchment’s
response to rainfall excess, while the parameter k. describes the delay in the catchment’s response to
rainfall excess.

A value of 0.8 was adopted for the non-linearity parameter, m, for this study, which is recommended
by Laurenson et al. (2010) as well as Book 8 of Australian Rainfall and Runoff (Nathan and
Weinmann, 2016) for modelling very large and extreme flood events. The value of the routing
parameter, k;, was selected by calibrating the RORB model to a number of historic flood events.

Note that the remaining RORB model parameters represent rainfall losses, using either an initial
loss/continuing loss model, or an initial loss/proportional loss (i.e. runoff coefficient) model. An initial
loss/continuing loss model was adopted for this study because it is more appropriate for modelling
large floods. Selection of the loss values used for design was undertaken using the model verification
process described in Section 7.

In general, the calibration approach was:

1 Adjustment of the ke to achieve a fit to the shape of the recorded hydrograph. The model was
run interactively with various trial values of k¢, and the value giving best reproduction of the
observed data was adopted.

I Initial loss directly affects the start of the hydrograph rise, but also affects the time distribution of
rainfall excess and hence the hydrograph peak, especially for long storms with large variations of
intensity. The continuing loss generally affects the hydrograph volume. The initial and continuing
loss were adjusted in conjunction to attempt to match the start of the hydrograph rise and
achieve a reasonable fit between the modelled and observed hydrograph volumes.

To calibrate the RORB model to the selected historic flood events, input storm files were derived from
the rainfall and streamflow data described in Section 3. The model was then run with physically
reasonable loss and routing parameter values to optimise the match between modelled and gauged
flow hydrographs at key locations.

The model was broken up into different sub-catchments, based on the locations of the key gauges
used in calibration. This allowed the values of k. and losses to be varied spatially across the model
domain. Therefore, a different k; value was adopted for each sub-catchment. Figure 5-1 shows the
different regions used for each kc value. For each of the calibration events, reliable recorded
estimates of outflow from Lake Eildon and Lake Nillahcootie were used in place of modelled outflows,
to ensure that systemic bias was not introduced into the calibrated model downstream. Detailed
hydrologic studies (including model calibration) has previously been completed upstream of these
major storages (Jacobs, 2016 and HARC, 2017b) and so there was no need to further refine the k¢
values there.
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The focus of the calibration was to primarily ensure that the model could reproduce gauged flows
along the Goulburn River and Broken River. There were a number of other gauges on significant
tributaries (i.e. Rubicon River, Acheron River, Sugarloaf Creek, Sunday Creek, Hughes Creek, Major
Creek, Pranjip Creek and Holland Creek) which were used to check that the contribution of flow from
these catchments was in the correct order of magnitude.

Initially the RORB model was calibrated separately to the hydraulic model (TUFLOW). The initial
results from RORB were placed into the hydraulic model for calibration of the hydraulic model. The
process of calibrating the hydraulic model highlighted some differences between the two models e.g.
the TUFLOW model showed less routing along the upper Broken River compared to the RORB
model. The results from the TUFLOW model were then used to recalibrate the RORB model. This
process was iterative and in this way a joint calibration between the hydrology and hydraulic model
was undertaken. The results shown in this report are those that were used in the calibration of the
hydraulic model.
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5.2 Selection of calibration events

The events chosen for calibration of the hydrological model were determined by examining streamflow
data in conjunction with available pluviograph information and flood level information (which is
required for the subsequent calibration of the hydraulic model). The events chosen were:

1 October 2022;
1 October 1993;
1 May 1974;

Figure 5-2 shows the flows recorded at the Goulburn River at Shepparton gauge (405204) with the
events chosen for calibration highlighted with a black circle. It is noted that the 1974 event is the
largest on record, 2022 is the second largest and 1993 event the third largest. The 1916 event, is
considered to be the largest known flood to have occurred on the catchment, but this event has very
little data in which to calibrate to and was prior to significant changes in the catchment like the
construction of Eildon Dam.

Due to the size of the study catchment other gauges exhibit a different sequence of peak events, but
the 2022, 1993 and 1974 floods are consistently the largest events across the different gauges used
for model calibration. At a high level 2022 and 1974 are the largest gauged flows on the Goulburn
River and 1993 event is the largest gauge flows on the Broken River (refer to Table 3-1).
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A  Figure 5-2 Recorded streamflow data at Goulburn River at Shepparton (405204)

For the selected calibration events, streamflow data was obtained directly from the WMIS website,
except for at Casey’s Weir where the rating curve review (refer Section 3.2) indicated that a
composite rating using hydraulic modelling results was appropriate. For this site, the streamflow
hydrographs were obtained by converting raw recorded water level data from WMIS to streamflow
using the composite rating curve.

As RORB does not simulate baseflow, this was manually separated out from the event streamflow
hydrographs prior to model calibration. The separation was undertaken using the principles outlined
in Chapter 4, Book 5 of Australian Rainfall and Runoff 2016 (Ball, 2016).

The calibration process was an iterative process between the rainfall runoff (RORB) model and the
hydraulic (TUFLOW) model. As such the results shown in Section 5.3 for the 2022 and 1993 events
are those adopted for input to the hydraulic model (Section 8). For some locations it was possible to
get a better match in the RORB model but this compromised the results of the hydraulic model. The
focus of the RORB calibration was to determine appropriate routing parameters for the Goulburn
River.
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5.3 Calibration results

5.3.1 October 2022

For the October 2022 event a significant distribution of pluviograph information was available to
calibrate the RORB model for this event. Figure 5-3 shows the pluviograph temporal patterns
available (refer to Figure 3-1 for the location of each pluviograph). The temporal pattern of rainfall in
each subarea was defined using the closest pluviograph. Most of the rain fell over a 24 hour period.

Rainfall depths were estimated by extracting total rainfall depth for the event at each RORB sub-area
centroid from the AWAP rainfall data. The extracted rainfall depths from AWAP were then checked
against the total rainfall recorded at each pluviograph. Figure 5-7 shows the adopted rainfall depths
across the catchment. This event was primarily centred around Seymour and the rivers along the
Goulburn such as the Acheron and Yea Rivers.
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A  Figure 5-3 Pluviograph temporal patterns for the October 2022 event

For this event, Lake Eildon, Lake Nillahcootie and Goulburn Weir were all in operation. Goulburn
Weir and Lake Mokoan were incorporated into the RORB model as special storages using the stage-
storage and stage-discharge data described in Appendix A. Decommissioning has been completed at
Lake Mokoan, and so the stage-storage and stage-discharge characteristics of the Winton Wetland
were used to simulate the remaining storage. Gauged outflow hydrographs for Lake Eildon and Lake
Nillahcootie were used as inputs to the model in place of explicitly modelling those dams.

Baseflow was manually separated from the total flow hydrographs at each of the streamflow gauges.
Appendix B shows the baseflow that was removed.

A summary of the calibration results for the October 2022 event is shown in Table 5-3 with a select
number of key hydrograph comparisons shown in Figure 5-8. A full set of hydrograph comparisons is
shown in Appendix C. A summary of the adopted calibration parameter values for this event is shown
in Table 5-4. Of note is the actual flow at Caseys Weir has been adjusted in accordance with the
modelled rating curve shown in Section 3.2.6.
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Figure 5-5 Selected hydrograph comparisons for the October 2022 event
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A Table 5-1 Calibration result summary for October 2022

Peak flow (m?/s) Time to peak (hours) Volume (m3)

Gauge : :
53.0 52.5 1.0 62.5 59.0 5.9

Rubicon River at

Rubicon 5.5E+06 5.3E+06
Acheron River at

Taggerty 291.1 285.0 2.1 62.0 61.0 1.6 3.1E+07 2.0E+07
cg:l”(e Creek at 183.7 215.5 -14.8 53.0 61.0 13.1 1.0E+07 1.5E+07
Yea River at

Goulburn Valley

Water Pumping 381.3 # - 62.0 59.5 - 2.9E+07 ;
Station

King Parrot

Creek at

Fairview Road 122.2 113.7 7.4 64.5 65.0 -0.8 1.3E+07 1.6E+07
Bridge

Kerrisdale®

Goulburn River 857.5 863.2 0.7 80.5 85.5 5.8 4.7E+08 4.3E+08
at Trawool ) : : : - . . .
Sugarloaf Creek 720.2 729.0 1.2 58.5 55.5 5.4 6.5E+07 6.6E+07
at Ashbridge ) : : : . . . .
Sunday Creek at

Tallarook 290.3 290.7 -0.1 58.5 59.5 -1.7 2.7E+07 2.5E+07
Goulburn River 1502.0 1626.6 7.7 61.0 61.0 0.0 5.9E+08 5.4E+08
at Seymour ) : : : - . . .
Hughes Creek

at Tarcombe 512.3 536.8 -4.6 58.0 57.5 0.9 4.5E+07 4.5E+07
Major Creek at

Greytown 181.3 171.0 6.0 56.0 54.5 2.8 1.2E+07 1.4E+07
Goulburn River

at Murchison 1788.5 1882.7 -5.0 96.0 106.0 -9.4 7.2E+08 7.6E+08
Pranjip Creek at

Moorlim 152.0 153.3 -0.9 94.5 103.5 -8.7 4. 7E+07 4.3E+07
Castle Creek at

Arcadia 38.2 38.3 -0.2 68.0 86.5 -21.4 9.7E+06 1.1E+07
Seven Creek at .

Kialla West 312.1 327.2 -4.6 98.0 109.0 -10.1 7.2E+07 -
Holland Creek at

Kelfeera 401.5 401.2 0.1 62.0 65.5 -5.3 2.5E+07 3.2E+07
Broken River at 614.2 603.7° 1.7 745 81.0 -8.0 1.1E+08 9.4E+07
Casey's Weir ) : : : - . . .
Broken River at

Gowangardie 507.9 631.5 -19.6 96.5 101.5 -4.9 1.4E+08 1.3E+08
Broken River at

Orrvale 390.7 325.5 20.2 124.0 141.0 -12.1 1.3E+08 9.3E+07
Goulburn River 2161.0 1733.6 24.7 141.0 1355 4.1 8.9E+08 7.5E+08

at Shepparton
# Flood level only recorded in Yea. Used to match shape and timing of hydrograph
" No hydrograph recorded based on upstream gauge at Flowerdale (405231)
* Peak delayed by 24 hours and full hydrograph not available

A Calculated peak based on modelled rating curve (Section 3.2.6)
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A Table 5-2 Adopted model calibration parameter values for October 1993

Sub-catchment CL (mm/h)
Rubicon River at Rubicon 25 0.8 35 2.2
Acheron River at Taggerty 32 0.8 20 0.2
Home Creek at Yark 6.0 0.8 45 0.6
;ﬁﬁtp?r:\éeétzztﬁ(gr?ulburn Valley Water 30.0 0.8 15 20
Elr?fg:ﬂre?:igg;k at Fairview Road 38 0.8 20 4.0
Goulburn River at Trawool 140 0.8 5 1.2
Sugarloaf Creek at Ashbridge 41 0.8 12 0.5
Sunday Creek at Tallarook 38 0.8 22 1.9
Goulburn River at Seymour 28 0.8 20 0.1
Hughes Creek at Tarcombe 27 0.8 40 0.3
Major Creek at Greytown 25 0.8 40 3.2
Goulburn River at Murchison 180 0.8 45 0.1
Pranjip Creek at Moorlim 180 0.8 45 0.8
Castle Creek at Arcadia 150 0.8 45 0.8
Seven Creek at Kialla West 110 0.8 45 0.7
Holland Creek at Kelfeera 17 0.8 30 2.7
Broken River at Casey's Weir 70 0.8 30 11
Broken River at Gowangardie 120 0.8 20 0.1
Broken River at Orrvale 45 0.8 25 5.5
Goulburn River at Shepparton 130 0.8 50 5.5

For the 2022 event a good calibration was achieved up to and including Seymour. For Murchison and
Shepparton whilst a poor fit to the peak was achieved in the RORB model, the hydrographs achieved
a reasonable match during the hydraulic model calibration (Section 8.2). In the upper reaches of the
Goulburn River this event was dominated by the outflows from Lake Eildon (peak flow of
approximately 400 m®/s) along with flow from the Archeron, Yea and King Parrot Creeks. The peak at
Seymour was dominated by flow from Sugarloaf (744 m3/s) and Sunday Creek (292 m?/s).

For the flow between Seymour and Murchison the only significant inflows are from Hughes Creek
(540 m?/s) and Major Creek (183 m®/s) which match very well in the RORB model (refer to Appendix
C). Therefore, to increase the flow at Murchison would require increasing the flow at Seymour, which
is matching well. For the flow between Murchison and Shepparton the significant inflows are from
Pranjip (156 m?®/s), Honeysuckle (estimate 180 m®/s) and Seven Creeks (238 m?s) along with the
Broken River (353 m®/s) which match reasonably well (where gauge data is available) in the RORB
model. The only way to significantly reduce the flow at Shepparton was to further reduce the flow at
Seymour and Murchison (which is already lower than the recorded). As such, in conjunction with the
hydraulic model calibration it was concluded that a reasonable match was achieved on the Goulburn
River.

On the Broken River, reasonable results were also obtained at Casey’s Weir, particularly when the
peak flow was adjusted to account for the uncertainty in the rating curve. Reasonable results were
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also obtained at Orrvale. As with the Goulburn River a join calibration was undertaken between the
RORB and hydraulic (TUFLOW) models.

5.3.2 October 1993

For the October 1993 event a significant distribution of pluviograph information was available to
calibrate the RORB model for this event. Figure 5-6 shows the pluviograph temporal patterns
available (refer to Figure 3-1 for the location of each pluviograph). The temporal pattern of rainfall in
each subarea was defined using the closest pluviograph. The event features two distinct and separate
bursts of rainfall, with the second burst carrying the majority of the rainfall depth.

Rainfall depths were estimated by extracting total rainfall depth for the event at each RORB sub-area
centroid from the AWAP rainfall data. The extracted rainfall depths from AWAP were then checked
against the total rainfall recorded at each pluviograph. Figure 5-7 shows the adopted rainfall depths
across the catchment. This event was primarily centred around Lake Nillahcootie and in particular
Hollands Creek, with significant rainfall depths also occurring on the Goulburn River tributaries south
of Lake Eildon resulting in a significant flow from Eildon.

250

200

150

Cumulative Burst Depth (mm)

50

0
30/09/1993 1/10/1993 2/10/1993 3/10/1993 4/10/1993 5/10/1993 6/10/1993 7/10/1993 8/10/1993

Date

——81013 ——81049 81114 81115 ——82016 ——82042 ——82107 ——82121 ——83017 ——83074 ——83083 ——85256
—85278 86142 88023 88029 88158 405209 ——404224 —— 405200 —— 405226 —— 405240 —— 405212

A  Figure 5-6 Pluviograph temporal patterns for the October 1993 event

At the time of this event, Lake Eildon, Lake Nillahcootie, Goulburn Weir and Lake Mokoan were all in
operation. Goulburn Weir and Lake Mokoan were incorporated into the RORB model as special
storages using the stage-storage and stage-discharge data described in Appendix A. Gauged outflow
hydrographs for Lake Eildon and Lake Nillahcootie were used as inputs to the model in place of
explicitly modelling those dams.

Baseflow was manually separated from the total flow hydrographs at each of the streamflow gauges.
Appendix B shows the baseflow that was removed.
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A summary of the calibration results for the October 1993 event is shown in Table 5-3 with a select
number of key hydrograph comparisons shown in Figure 5-8. A full set of hydrograph comparisons is

shown in Appendix C. A summary of the adopted calibration parameter values for this event is shown
in Table 5-4.
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A Figure 5-7 October 1993 event rainfall spatial pattern
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