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1. Introduction
The Moira Shire Council (MSC) commissioned HARC to undertake the Upper Broken and Boosey
Creek Regional Flood Study.  The assessment is a joint initiative funded through the Victorian,
Australian, Benalla Rural City Council, Moira Shire Council and the Goulburn Broken Catchment
Management Authority (CMA). The study area is shown in Figure 1-1.

The study is to include detailed hydrological and hydraulic modelling of the Broken and Boosey
Creeks. This project responds to a number of key priorities in the Goulburn Broken Regional
Floodplain Management Strategy and as a result seeks to provide updated, reliable flood risk
information to improve:

Â Total Flood Warning Systems;

Â Land-use Planning, and;

Â Municipal Flood Emergency Plans.

This report is a technical report documenting the hydrological and hydraulic modelling undertaken.
The flood intelligence products will be prepared separately, which will be informed by the outcomes
of the technical investigation.
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Â Figure 1-1 Study and Catchment Area
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2. Project context
2.1 Catchment overview

The Upper Broken and Boosey Creeks are located in the floodplain north of Benalla and east of
Numurkah.  The Upper Broken and Boosey Creeks drain in a north west direction with the Boosey
Creek joining the Broken Creek just west of Katamatite. The other main creeks within the study
area are Major, Nine Mile, Sandy Creeks and Muckatah Depression.  The catchment area to the
confluence of Boosey and Broken Creeks is approximately 1212 km2.  The catchment area and
main creeks are shown in Figure 1-1.

There are a number of towns situated within the Upper Broken and Boosey Creeks floodplain. The
townships are Katamatite, Tungamah, Wilby, Lake Rowan, St James, Devenish and Goorambat.

During large flood events on the Broken River water breakouts of the Broken River catchment and
flows north into the Broken and Boosey Creek catchment in two locations, one between Casey’s
Weir and Gowangardie and the other between Gowangardie and Orrvale.

The upper reaches of the Boosey Creek starts in the Warby Ranges which consist of rolling hills
quickly flowing onto the substantially flatter floodplain. For example, the Boosey Creek starts at a
level of approximately 430 m AHD falling to 170 m AHD at the base of the Warby Ranges over a
distance of approximately 7 kilometres at an average slope of 1 in 27.  Whereas, from the base of
the Warby Ranges to the confluence with the Broken Creek the Boosey Creek falls from
approximately 170 m AHD to approximately 112 m AHD over a distance of approximately 60
kilometres at an average slope of 1 in 1,030.  The Broken Creek starts at a level of approximately
158 m AHD at Casey’s Weir falling to approximately 112 m AHD over a distance of approximately
55 kilometres at an average slope of 1 in 1200.

The average annual rainfall varies from approximately 700 mm/year at the Warby Ranges down to
480 mm/year at Katamatite.

2.2 Previous studies

The GBCMA provided a number of reports to provide background information for this project.  The
main reports are listed below:

Â Broken River Catchment Floods October 1993 Volume 4, 1995

Â Flood Summary Report 1993 Spring Floods, Volume 1, 1995

Â Nathalia Floodplain Management Plan, SMEC, 2005

Â Numurkah Floodplain Management Study and Plan, Study Report, Water Technology (WT),
2017
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2.3 Existing flood models

Currently HARC and Venant Solutions are undertaking the regional flood study for the Goulburn
and Broken Rivers. As part of this project a TUFLOW HPC model was established for the Broken
River from Lake Nillahcootie to Shepparton.  The purpose of the model was the assessment of
large flood events.  This model was used to model the Broken River part of the catchment.
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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 are numerous streamflow gauges located throughout the Broken River and Broken Creeks
catchment. The streamflow gauge stations used in the hydrological investigation are shown in
Table 3-1. The locations of the streamflow gauge stations are shown in Figure 3-1.  Streamflow
data was downloaded from the Department of Environment, Land, Water and Planning (DELWP)
water monitoring site (http://data.water.vic.gov.au/monitoring.htm).  There are other gauges listed
within the Broken and Boosey Creek catchment, such as, Broken Creek @ Waggarandall Weir
(404239) and Broken Creek @ Numurkah (404248) however, all of these have little or no flow data
available.  There is also a gauge Muckatah Main Drain U/S Naring Hall Road (404713) however,
this gauge would only be reliable for low flows that are contained within the channel.
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Â Table 3-1 Streamflow Gauge Data used for Calibration and Verification

Station
Number

Name
Date of

Available
Data

Max
Gauged

Level (m)

Max Gauged
Flow (m3/s)

Max
Gauged

Flow
(ML/d)

Max
Recorded
Level (m)

Max
Recorded

Flow (m3/s)

Max
Recorded

Flow
(ML/d)

Catchment
Area (km2)

404207
Holland Creek @

Kelfeera
09/05/1960

to date 4.7 367 31,709 6.1 700 60,480 451

404242
Broken River @ Casey's

Weir Combined Flow
01/01/1894

to date 1.9 197 17,021 4.2 1216 105,062 1916

404224
Broken River @

Gowangardie
20/01/1928

to date 6.6 690 59,616 6.6 690 59,616 2305

404222 Broken River @ Orrvale
23/06/1977

to date 8.4 498 43,027 8.4 498 43,027 2385

404204
Boosey Creek at

Tungamah
11/11/1966

to date 2.6 111 9,590 2.9 270 23,328 845

404214
Broken Creek at

Katamatite
22/07/1966

to date 2.7 65 5,616 3.1 138 11,923 270

404238
Broken Creek @ Walsh’s

Bridge
21/12/2009

to date 3.5 199 17,194 3.6 244 21,082 2953
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Â Figure 3-1 Gauge location map for the Broken and Boosey Creek catchment
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3.2 Rating curve review

As mentioned above within the study area there exists a number of stream gauges.  These stream
gauges are located within the key rivers and creeks and record depth of floodwaters.  This is
typically done via a pressure sensor located within the waterway.  A rating curve is then used to
estimate the volume and flow rate of floodwaters via a lookup table.  A rating curve is created by
specialist hydrographers who undertake field measurements during times of floods and record
velocity and flow areas to determine the depth-flow relationship.  For practical reasons, accurate
ratings are often only possible when floodwaters are within the banks of the river.  Once
floodwaters have extended onto the broad floodplain it is generally not possible to accurately take
physical measurements of flows.  Therefore, at larger depths the rating curves are typically
extrapolated and include a number of inherent assumptions which may or may not hold true.

To assist in calibrating the hydrologic model, rating curve assessments were carried out on four of
the key gauging stations within the study area.  The stream gauges selected for the rating curve
are shown in Table 3-2.

Â Table 3-2 Summary of Stream Gauges for Rating Review

Gauge Location Gauge number River

Casey’s Weir 404242 Broken River

Tungamah 404204 Boosey Creek

Katamatite 405214 Broken Creek

Walsh’s Bridge 404238 Broken Creek

In each case, the official rating curve table published on DELWP’s Water Monitoring portal
(http://data.water.vic.gov.au/monitoring.htm accessed 15/11/2019) was downloaded.  Each of the
gauge’s rating tables were compared to the gauged flows.

Recently, Moira Shire Council commissioned Water Technology (WT, 2019) to undertake modelling
to develop rating curve for a number of gauges within the Broken Creek catchment including the
gauges at Tungamah and Katamatite. Review of the report raised a number of concerns, namely a
high Manning’s n was required in the river to achieve a match for the lower flows, the modelled
curve did not match the larger measured flows and the model extents where limited meaning the
complex flood mechanisms around the gauges was likely not being adequately captured.
Therefore, the information in the 2019 report was not adopted for this investigation.

3.2.1 Broken River at Caseys Weir

As part of the Goulburn and Broken Rivers Flood Study (HARC, 2018) the rating curve at Caseys
Weir (404216) was reviewed using a hydraulic model. The comparison of the modelled and official
rating curve is presented below in Figure 3-2.  Based on the published notes with the rating table,
the highest gauging was at the 1.9 metre mark and was undertaken in 1984 over 30 years ago.  In
this instance a very good match 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,
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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 it was proposed that
the current rating curve is adopted up to 2.0 metres after that point the results from the hydraulic
model will be adopted.

Â Figure 3-2 Rating Curve Comparison – Broken River at Caseys Weir

3.2.2 Boosey Creek at Tungamah

The comparison between the published rating curve and the recorded flows is presented in Figure
3-3.  This shows that there are a number of high flow gaugings and a reasonable degree of
consistency in the historical gaugings.  The largest measured flow was in 1993 which according to
the flood extent was out of bank flow but still relatively (250 m wide) contained within the floodplain
(refer to Figure 3-4).  Having a flow measurement out of the bank provides confidence in the rating
curve for higher flows and given that it is relatively contained most of the flow has likely been
measured.

Overall, the review indicates that the existing rating curve at Tungamah is reasonable to adopt for
the hydrological investigation.  However, as with all rating curves once the water breaks out of the
creek the extrapolation of the rating curve becomes more uncertain.  To gain greater confidence in
the rating curve a hydraulic assessment could be considered.
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Â Figure 3-3 Rating Curve Comparison – Boosey Creek at Tungamah
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Â Figure 3-4 Flood Extent for 1993 Event - Boosey Creek at Tungamah

3.2.3 Broken Creek at Katamatite

The comparison between the published rating curve and the recorded flows is presented in Figure
3-5.  This shows that there are a number of high flow gaugings and a reasonable degree of
consistency in the historical gaugings.  The largest measured flow was in 1993 which according to
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the flood extent was out of bank flow but still relatively (450 m wide) contained within the floodplain
(refer to Figure 3-6).  Having a flow measurement out of the bank provides confidence in the rating
curve for higher flows and given that it is relatively contained most of the flow has likely been
measured.

Overall, the review indicates that the existing rating curve at Katamatite is reasonable to adopt for
the hydrological investigation. However, as with all rating curves once the water breaks out of the
creek the extrapolation of the rating curve becomes more uncertain.  To gain greater confidence in
the rating curve a hydraulic assessment could be considered.  Also, with this rating curve there are
concerns that the backwater from Boosey Creek has an influence on the gauging. Consequently,
levels recorded at the Broken Creek @ Katamatite gauge may not be solely due to flooding in the
Broken Creek system.

Â Figure 3-5 Rating Curve Comparison – Broken Creek at Katamatite
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Â Figure 3-6 Flood Extent for 1993 Event – Broken Creek at Katamatite
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3.2.4 Hydraulic model comparison

Theoretical rating curves at Tungamah and Katamatite are prepared using the hydraulic model and
compared with the published rating curves in Section 11.1.1 and Section 12.

3.2.5 Broken Creek at Walsh’s Bridge

The comparison between the published rating curve and the recorded flows is presented in Figure
3-7.  This gauge is relatively new gauge with constant monitoring only starting in 2009.  There are
only four measured flows at this site, three in 2012 and one in 1993.  The one in 2012 was the
largest.  Measurements at this site are challenging with the flood extent being very wide (7
kilometres - refer to Figure 3-6).  Having a flow measurement out of the bank provides some
confidence in the rating curve however as the flood extent is large the rating curve as this site is to
be treated with caution but was adopted for the hydrological investigation.

Â Figure 3-7 Rating Curve Comparison – Broken Creek at Walsh’s Bridge
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Â Figure 3-8 Flood Extent for 2012 Event – Broken Creek at Walsh’s Bridge
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3.3 Pluviograph data

A pluviograph is an instrument that records the amount of rainfall that has fallen over a period of
time.  The pluviographs were used to determine the temporal pattern of rainfall over the catchment
for each of the calibration events. The details of the pluviographs used are shown in Table 3-3.
The pluviograph locations are shown in Figure 3-1.  Information at each pluviograph was supplied
by the Bureau of Meteorology.

Â Table 3-3 Pluviograph data

Station No. Name Latitude Longitude Start Date End Date

80109 Cobram (Goulburn Murray) -35.91 145.64 Sep-1957 Dec-2010

81013 Dookie Agricultural College -36.37 145.7 Jan-1950 Aug-2012

81049 Tatura Inst Sustainable Ag -36.44 145.27 Jul-1960 Oct-2017

81124 Yarrawonga -36.03 146.03 Jul-2002 Oct-2017

81125 Shepparton Airport -36.43 145.39 Jul-2010 Oct-2017

82107 Lima South (Lake Nillahcootie) -36.86 146 Jul-1968 Oct-2011

82121 Ovens River (Wangaratta) -36.35 146.34 Aug-1957 Apr-1987

82138 Wangaratta Aero -36.42 146.31 May-1987 Sep-2017

83024 Mount Buller -37.15 146.44 Jul-2010 Oct-2017

83031 Whitfield -36.75 146.42 Oct-1962 Oct-1991

404204 Boosey Creek at Tungamah -36.12 145.83 Oct-1992 Current

404214 Broken Creek at Katamatite -36.10 145.68 Oct-1992 Current

3.4 Daily rainfall data

Four data sources were used to determine the amount of rainfall that fell over different parts of the
catchment (spatial pattern) for each of the historical events, namely:

Â Australian Water Availability Project (AWAP) (Raupach et al., 2009);

Â SILO (Jeffrey et al., 2001);

Â daily rainfall gauges; and

Â pluviographs.

The primary source of data used to determine spatial patterns of rainfall were the daily AWAP and
SILO rainfall data.  The AWAP data were downloaded from the Bureau of Meteorology website.
The AWAP data provide a spatial (approximately 5 kilometre resolution) distribution of daily rainfall
across the Australian continent.  The AWAP data use model-data fusion methods to combine both
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measurements and modelling to estimate rainfall.  SILO is also a gridded rainfall product similar to
AWAP. The main difference between SILO and AWAP is SILO forces the fitted surface to pass
through the observations at the input daily rainfall gauges, whereas the AWAP surface is not
constrained in this way.

The AWAP and SILO data were checked for consistency with the rainfall recorded at daily rainfall
gauges and the sum of rainfall recorded at the pluviographs. Figure 3-9 shows the rainfall depths
across the catchment for the largest historic 24 hour duration storm events from the AWAP data.
Of note is that the 1993 is the rank 1 event for 24 hour durations, this ranking of historical events
would change based on the storm duration.



Boosey and Upper Broken Creeks Regional Flood Study

18
MSC00001_Upper_Broken_and_Boosey_Ck_Flood_Study_Version1

Â Figure 3-9:  Spatial Distribution of Historic Storm Events over the Broken River and Study Area (24 hour)
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4. Hydrologic model development
A rainfall runoff model (RORB) was set up for the entire Broken and Boosey Creek catchment
upstream of Walsh’s bridge. The model also includes the Broken River catchment to capture break
out flows from the Broken River to the Broken Creek. The Broken River portion of the model has
been adopted from a larger model developed for the flood study of the Goulburn and Broken Rivers
(HARC, 2018).

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 number 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 was
assumed to be zero. For the town areas, the Victorian Land use layer has been used to assign
impervious fractions. These have been applied as an effective impervious fraction (EI).
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Â Figure 4-1 RORB model layout
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4.1 Breakout model and relationships

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.  For this study the
breakout between Casey’s Weir and Gowangardie is of most relevance as these flow into the
Broken Creek catchment within the hydraulic model study boundary.  The breakout between
Gowangardie and Orrvale joins the Broken Creek via Nine Mile Creek fed by distributary
waterways (from the Broken River) including Congupna, Pine Lodge, Guifus, O’Keefe Creeks.

In 2017 WT developed two breakout relationships between Casey’s Weir and Gowangardie and
between Gowangardie and Orrvale for the Numurkah Floodplain Management Plan.  For this
investigation the relationship developed between Gowangardie and Orrvale was used in the RORB
model but a new relationship was developed between Casey’s Weir and Gowangardie.

The outflow relationships for the breakout between Casey’s Weir and Gowangardie was developed
using a cut-down version of the 2D hydraulic model (TUFLOW) developed for the Goulburn and
Broken Rivers Flood Study. The relationship was developed by placing steady-state flows into the
model ranging from 50 to 3000 m3/s (4,320 to 259,200 ML/d) and flows were extracted at the two
breakout locations as well and the outflow down the Broken River to develop the relationship.
Figure 4-2 shows the breakout hydraulic model extent.

The 2017 WT relationship looked at the total flows heading north into the Broken Creek catchment.
For the purposes of this study, it is important, for calibration purposes, to know the proportion of
this breakout that goes into the upper Broken Creek and the proportion that goes into Nine Mile
Creek.

Figure 4-3 shows the relationships developed for the breakouts into the upper Broken Creek and
Nine Mile Creek which were placed into the RORB model.  Figure 4-3 also shows the relationship
developed by WT in 2017 compared to a combined (summed upper Broken Creek and Nine Mile
Creek) relationship for comparison purposes only.  Figure 4-3 shows that the combined relationship
is similar to that developed in 2017 it also highlights that most of the breakout flows into Nine Mile
Creek.  Figure 4-4 shows the breakout relationship adopted in the RORB model between
Gowangardie and Orrvale.
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Â Figure 4-2 - Breakout model and extent
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Â Figure 4-3 Broken River breakout relationships between Casey’s Weir and Gowangardie

Â Figure 4-4 Broken River breakout relationships between Gowangardie and Orrvale (WT,
2017)
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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 kc and m.  The parameter m describes the degree of non-linearity of the
catchment’s response to rainfall excess, while the parameter kc 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, kc, 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:

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

Â 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 kc and losses to be varied spatially across the model
domain.  Therefore, a different kc value was adopted for each sub-catchment.  Figure 5-1 shows
the different regions used for each kc value. In addition to different sub-catchment at key gauges an
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additional calibration zone was placed on the Muckatah Depression section of the model, due to
the particular routing characteristics of the Muckatah Depression catchment allowing for additional
flexibility in the calibration process.  The focus of the calibration was to primarily ensure that the
model could reproduce gauged flows along the Broken and Boosey Creeks.  For the Broken River
section of the model (i.e. Broken River at Casey’s Weir, Broken River at Gowangardie, Broken
River at Orrvale, Holland Creek at Kelfeera and Nillahcootie Dam) the RORB model parameters
were taken from the calibrated model developed for the Goulburn and Broken Rivers Flood Study
(HARC, 2018) and are not discussed in this report.  This Broken River section of the model is
included in the RORB model to account for the breakout flows, as discussed in Section 4.1.
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Â Figure 5-1 Regions used for each kc value
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