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Preface 
There are about 4.5 million hectares of wetlands in NSW, most of which are located west of 
the Great Dividing Range and cover an area of about 6% of the State. The wetlands in NSW 
are divided into three broad groups: coastal, tableland and inland, on the basis of geographic 
location. Within these groups, wetlands vary in their hydrologic, geomorphic and vegetation 
characteristics. Wetlands are very sensitive to changes in both water and land management, 
which may result in their degradation or improvement. 

An inter-governmental treaty, called 'The Ramsar Convention on Wetlands', was signed in 
1971 to provide a framework for national action and international cooperation for the 
conservation and sustainable use of the wetlands of national and international significance. 
Koondrook-Perricoota Forest is in the NSW part of the Ramsar-listed Murray floodplain 
wetland 'Gunbower-Koondrook-Perricoota Forests'. It is the second largest red gum forest 
in Australia and is located along the River Murray between the towns of Echuca and Barham. 
It is one of the six Icon sites that will benefit from environmental watering under The Living 
Murray initiative signed in 2002 by the Australian, New South Wales, Victorian, South 
Australian and Australian Capital Territory governments. 

This report describes a major effort in hydraulic modelling of the Koondrook-Perricoota 
Forest undertaken by the Scientific Services Division of the Department of Environment and 
Climate Change in collaboration with NSW Department of Water and Energy, Forests NSW, 
the Murray Darling Basin Commission and NSW Department of Commerce. The work has 
been done to support development of the environmental watering pl~ns envisaged in The 
Living Murray Initiative, engineering designs of the To~rumbarry Cutt1ng, and to assist in 
implementation of basin-scale hydrological models to mcorporate the effects of 
environmental flow diversions from the Murray River. A comprehensive hydraulic model for 
the Koondrook-Perricoota Forest has been developed in this work by using a multi­
disciplinary approach, and the science that ~n.de~ins the hydraulic model has b~en 
externally reviewed and is described in detail 1n th1s report. A robust techn?logy 1n wetland 
modelling has been developed and demonstrated for the K~ondr~ok-Pemcoota Forest, and 
its generalisation to other important wetlands warrants cons1derat1on. 

Len Banks 
Executive Director 
Scientific Services Division, DECC 
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Summary 
Koondrook-Perricoota Forest (KPF) is one of the six Icon sites that will benefit under The 
Living Murray Initiative established by the Murray Darling Basin Ministerial Council in 2002. 
Within The Living Murray Initiative and The Environment Works and Measures Program 
coordinated by MDBC, it is proposed to construct a channel called the Torrumbarry Cutting 
to provide environmental flows to the KPF. This report describes the development and 
implementation of the MIKE suite of hydraulic models for the KPF. Key issues relating to the 
design capacity of the Torrumbarry Cutting; inflow to the KPF under historical and likely 
future flooding conditions; flood inundation mapping and remote sensing analysis; soils 
investigations· flood inundation patterns and inundation depth; partitioning of the water 
balance components; and return flows are discussed in this report. 

On the basis of analysis of flow data in the Murray, a design capacity of 5000 to 6000 MUday 
is recommended for the Torrumbarry Cutting. Extensive soils investigations were done in the 
KPF to prepare a soils map and to establish surface infiltration rates and soil depth across 
different soil types. Infiltration rate varies in the ra~ge 5 to ~? mm/day across the bulk of the 
areas likely to be inundated under enhanced floodmg cond1t1ons. Calibration datasets for the 
KPF floodplain inundation patterns under historical conditions were obtained from remote 
sensing analysis of 12 images from the Landsat satellite for three historical flood events 
under 1991, 1993 and 2000 conditions. For. a range of historical flow conditions in the Murray 
(3500 to 57 000 MUday), inundation areas In the range 0.7% to 69% were estimated from 
the remote sensing analysis. Additionally, an inundation area of about 73% was estimated 
from mapping of the KPF floodplain; this corresponded to 55 000 MUday flow in the Murray 
in August 1946. 

The KPF floodplain modelling was performed in three stages, moving progressively from 
simple to more complex forms. Knowledge of the KPF flood inundation processes was 
improved in each stage to better ~ormul~te ~ore complex model forms. It was considered 
mandatory to commence simulations ~lth Sl~ple m~del forms using MIKE 11 (Stage 1: 
quasi-2D) and then conduct targeted .simulations usmg MIKE 21 (Stage 2: 2D) and MIKE 
FLOOD (Stage 3: combined 1 D flow 1n the runners and 2D flow on the floodplain). On the 
basis of the results from the MIKE 11 • MIKE 21 and MIKE FLOOD models, we concluded 
that up to a flow of about 28 000 MUday all three hydraulic models provided similar 
estimates of the inundation area in the range 0% to 1 0%. As flow increased further the 
results from the models tended t~ differ. T_~e ac?uracy of inundation areas predicted by each 
model under a range of hydrological c~ndltlon~ In the Murray is discussed in this report. We 
show that an ecological target of 30% mundatlo_n of the KPF can be achieved from diversion 
flow of 6000 MUday from the Torrumb~rry ~uttlng. Inundation areas in the KPF simulated 
under steady state conditions for flow diversions of 2000, 3000, 5000 and 6000 MUday from 
the Torrumbarry Cutting for 45 ~ays were 12%, 17~o, 28% and 32% respectively. Return 
flows from short- and long-durat1on enhanced flood1ng of the KPF are likely to vary in the 
range 70% to 84%. 

A hysteretic inundation response model is proposed for the KPF. The proposed inundation 
response model consists of primary wetting and drying curves that define the lower and 
upper bounds of the wetland inundation. All possible wetland inundation processes that 
depend on the hydrological conditions in the Murray can be defined by the secondary wetting 
and drying curves. Results from complex hydraulic modelling of the KPF are synthesised into 
simple and practical tools for use by environmental water managers and to help implement 
basin-scale hydrological models to incorporate the effects of environmental flow diversions 
within The Living Murray Initiative. 

xi 



1 Introduction 
T~e Living Murray (TLM) initiative was established in 2002 by the Murray Darling Basin 
Mmisterial Council in response to concerns about the environmental and economic health of 
the River Murray system (MDBC 2006). An inter-government agreement was signed in 2003 
to commit $500 million to the first step of TLM, which aims to recover an average of up to 
500 GUyear new water over 5 years and thus improve environmental flows and achieve 
ecological objectives at six Icon sites along the River Murray. The six Icon sites that will 
benefit under the TLM initiative are: Barmah-Millewa Forest; Gunbower-Koondrook­
Perricoota Forests; Hattah Lakes; Chowilla Floodplain and Lindsay-Wallpolla Islands; the 
Lower Lakes, Coorong and Murray Mouth; and the River Murray Channel. This report deals 
with hydraulic modelling of the Koondrook-Perricoota Forest (KPF) to support development 
of the environmental watering plans and engineering design of the structural works at this 
Icon site. 

Koondrook-Perricoota Forest is in the NSW part of the Ramsar-listed Gunbower-Perricoota 
Forest (Figure 1 ). It is the second-largest red gum forest in Australia and covers about 
33 750 ha along the Murray River. It is located south-west of Deniliquin between the towns of 
Echuca in the east and Barham in the west. Before river regulation was introduced in the 
early 1900s, the KPF experienced regular flooding for 3 to 5 months once every 4 years. 
Nowadays, the flood frequency duration is approximately once every 12 years; this change 
has meant a decline in both the productivity of the wetland and the health of the ecosystem. 
The forest's wetlands and floodplains provide habitat for many species of plants, fish, 
reptiles, birds and marsupials that are endangered. The forest is also valued for its cultural 
heritage and its economic and recreational uses. 

1.1 PROJECT BACKGROUND AND OBJECTIVES 

The Living Murray Environmental Works and Measures Program (EWMP) was formulated by 
the Murray Darling Basin Commission (MDBC) to develop and implement a program for the 
structural works and operational measures that are required to deliver and manage 
environmental water to meet the ecological objectives at the Icon sites. Within the TLM and 
EWMP initiatives, it is proposed to construct a channel in the KPF to allow water from 
Torrumbarry Weir to take its natural course through the forest, eventually returning to the 
Murray and its tributary Wakool to efficiently utilise the available Murray River water. 
Although the natural volume and pattern of water flow to the forest can't be restored, the 
project's ultimate aim is to provide water releases that will inundate at least 30% of river red 
gum forest and keep the KPF in an ecologically healthy condition. Benefits include breeding 
opportunities for thousands of colonial waterbirds in at least 3 years out of 10, and there will 
be healthy populations of resident native fish in the wetlands. 

A preliminary study was carried out by Murray Irrigation Limited (part of the study was 
subcontracted toURS Australia) to investigate the performance of a range of channel and 
flow options and to estimate the flood inundation areas associated with the options (MIL 
2004). Alignment of the channel, called the Torrumbarry Cutting, is shown in Figure 3. 
Murray Irrigation Limited developed some preliminary options for the proposed layout of the 
channel; they focused on minimising the cut and fill volumes and minimising the overall 
environmental impact associated with constructing the channel through the forest. 

Koondrook Perricoota Forest Flood Enhancement Project- Hydraulic Modelling: The Living Murray 
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Figure 1. Location map of the Koondrook and Perricoota Forests adjoining the Murray 
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URS Australia used the Hydrologic Engineering Center River Analysis System (HEC-RAS) to 
undertake one-dimensional hydraulic modelling of the various options to assess the capacity 
of the channel and the extent of flooding into the surrounding areas. Each channel alignment 
option was modelled under flow conditions of 4000 MUday and 6000 MUday to determine 
the extents of flooding achieved through the forest and any potential inundation of the Murray 
River and Swan Lagoon, which is located approximately 3 km west of the Bullock Head 
Creek discharge point. 

Three assumptions were made: free flow occurs from the channel banks; the levee bank 
along the eastern boundary was assumed to be continuing along the forest boundary; and no 
flow condition occurs in Bullock Head Creek. Assumptions of Manning's coefficient, a 
measure of riverbed friction, were made, and no sensitivity analyses of the impact of riverbed 
friction on water surface profiles were investigated. 

The results of the hydraulic modelling by URS Australia indicated that the construction of a 
channel through the Koondrook-Perricoota forest and the use of Torrumbarry Weir Pool to 
achieve the desired flooding regime within the forest are feasible (for details see the URS 
Australia report 'Torrumbarry Cutting- Hydraulic Modelling, October 2004'). 

On the basis of preliminary hydraulic modelling, URS Australia put forward a number of 
recommendations. The most critical recommendations were: 

• 	 Further hydraulic investigations need to be undertaken to determine the most feasible 
option for the channel alignment and cross-section to minimise the overall costs 

associated with the project. 


• 	 Further 20 modelling (in plan) should be undertaken using a model capable of handling 
complex topography. Given the complexity of the locations where the Swan Lagoon 
depressions and Bullock Head Creek intersect, undertaking further modelling with a 1 o 
HEC-RAS model would not be suitable. This is because the model cannot accurately 
determine how the flows are likely to split where Bullock Head Creek joins the existing 
drainage depressions at a number of locations downstream. Further 20 modelling will 
provide a more accurate indication of the level of flood inundation expected in the forest 
and Swan Lagoon, the flow split, and the volume of water required to effectively flood the 

forest for the desired period of time. 

In July 2005, MDBC commissioned this project for the KPF under the Environmental Works 
and Measures Program to develop a 20 hydraulic model using MIKE FLOOD (DHI 2007) 
with the following specific objectives to determine: 
• 	 The design capacity of the Torrumbarry Cutting on the basis of water availability in the 

Murray 
• overbank flow from the Murray into the KPF and Gunbower Forest under historical 

conditions 
• 	 the areal extent of inundation and the depth and velocity distribution in the KPF under 

historical conditions 
• 	 the areal extent of inundation and the depth and velocity distribution in the KPF under 

likely future conditions for a range of diversion flows from Murray into the Torrumbarry 
Cutting 

• 	 the likely inundation of the KPF against ecological targets: 30% inundation of the forest 
and maximising the inundation of high-quality red gum species 

Koondrook Perricoota Forest Flood Enhancement Project- Hydraulic Modelling: The Living Murray 2 3 



• 	 partitioning of the water balance components during flooding of the KPF under historical 
and future conditions 

• 	 likely return flow from outlets to the Murray and Wakool following enhanced flooding of 
the KPF 

• 	 transformation of the hydraulic problem into a hydrological problem by linking of the 
results from hydraulic modelling of the KPF with the MDBC hydrological model (MDBC 
2002, 2007). 

NSW Department of Environment and Climate Change (DECC, which now undertakes some 
of the tasks performed by the former Department of Natural Resources) has undertaken the 
hydraulic modelling work in collaboration with NSW Department of Water and Energy (DWE; 
formerly DNR), Forests NSW, the Department of Commerce (DOC) and MDBC. An 
operational MIKE FLOOD hydraulic model has been developed for the complete KPF by 
DECC. In addition to the hydraulic modelling work in the KPF, two major investigations 
completed in this project are: 
• 	 salinity impacts of enhanced flooding in the KPF (Evans and Barnett 2007) 

• 	 soils investigations to support KPF hydraulic modelling (Jenkins et al. 2006). 

In a separate but closely related project, Manly Hydraulic Laboratory (MHL) of the 
Department of Commerce has developed a 1 D hydraulic model, MIKE 11, for different flow 
conditions in the Torrumbarry Cutting (DOC 2006). DECC's 2D floodplain hydraulic model of 
the KPF and MHL's 1 D hydraulic model of the Torrumbarry Cutting interact explicitly, and the 
inflow boundary conditions of the DECC model are derived from the MHL model. 

1.2 WETLAND HYDROLOGY AND FLOOD INUNDATION PROCESSES 

The role of wetlands to provide for stable water supplies, improved water quality and a range 
of ecological benefits has been demonstrated in a number of recent studies (Richardson et 
al. 1997; Borin et al. 2001; Moore et al. 2002; Mitchell et al. 2002; Kazezyilmaz-Aihan et al. 
2007). Consequently, there has been an increase in the research effort aimed at 
understanding wetland hydrology, water quality and environmental flows. 

Wetland hydrology and flood inundation processes are generally investigated under the 
riparian zone hydrological processes wherein interactions of the floodplain with the river are 
examined to study issues such as proportioning of pre-event and event stormwater runoff 
and reversal of flow in the floodplains. Riparian zones provide distinct connectivity between 
the river and the floodplains that play a significant role in spatial and temporal connectivity of 
water fluxes in and through the riparian zone (Bishop et al. 1990; McDonnell et al. 1991; 
Cirmo and McDonnell 1997). 

Developments in wetland hydrology models are very recent. In contrast, high-resolution 
distributed hydrology models from hillslope to catchment scales with varying levels of 
complexity have been developed and applied for several decades (Abbott et al. 1986; 
Wigmosta et al. 1994; Bates et al. 2000; Watson et al. 2001; Tuteja et al. 2007). 
Philosophical problems in contemporary physically based hydrological modelling are 
continually debated over the following key issues (Cloke et al. 2006): acquisition of 
necessary input data (Siebert and McDonnell 2002), effective parameterisation (Beven 2000; 
Beven and Freer 2001 ), model evaluation and calibration (Anderson and Bates 2001 ), scale 
dependency (Bioschl and Sivapalan 1995) and uncertainty estimation (Beven and Freer 
2001 ). 
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Although there has been much fieldwork in the science of wetland and riparian zone isotope 
hydrology (Claxton et al. 2003; Summerell et al. 2006) and remote sensing analysis of 
wetland inundation and environmental flows (Smith 1997; Bates et al. 2006; Shaikh et al. 
1998, 2001 ), there has been little progress in the development and implementation of sound 
hydrological models for wetlands and riparian zones. There has been no generalised 
modelling methodology for riparian zones with a high enough resolution to capture the 
detailed processes that are fundamental to understanding wetland and floodplain hydrology 
(e.g. rapid soil moisture dynamics, spatial and temporal patterns of flood inundation and 
velocity fields, pre-event and event water sources and mixing of water parcels). The 
development of state of the art flow and transport hydrological models for wetlands and 
riparian zone hydrology are very recent. Cloke et al. (2006) proposed coupling of the random 
walk particle method (RWMP) with the subsurface flow numerical model ESTEL2D, a subset 
of the TELEMAC modelling system of Hervouet (2000). Kazezyilmaz-Aihan et al. (2007) 
have proposed the wetland model WETSAND, which consists of a diffusion wave 
approximation for the overland flow and the advection-dispersion-reaction equations for 
water quality. 

Models for simulating overland flow and flood inundation solve some form of the Navier­
Stokes equations, such as the Saint Venant equation for shallow water depth, in association 
with assumptions. These assumptions relate to small water surface slope, sub-critical flow 
conditions, and larger wavelengths of flow rather than to water depth, boundary friction and 
turbulence. 

Such simulations are invariably very complex and require careful consideration of the 
hydraulic processes operating over a range of time and length scales (Bates and Anderson 
1993, 1996). Computational demand for complete solution of the Saint Venant equations 
may be substantial, and the solution may contain large accumulated error (Singh, 1996). For 
most practical flow routing problems, analytical solutions of the Saint Venant equations are 
not tractable. Therefore, simplified flow routing approximations of the hydraulic models based 
on Saint Venant equations are also popularly used. These model approximations include: 
kinematic wave (Dooge and Harley 1967; Woolhiser and Liggett 1967; Ponce et al. 1978), 
diffusion wave (Dooge and Napi6rkowski 1987; Singh 1996) and gravity wave (Yen 1979; 
Singh, 1996). Linearised routing forms of the Saint Venant equations are also popularly used 
(Dooge 1980; Napi6rkowski 1992). 

Developments in numerical simulation using two- and three-dimensional modelling 
approaches to free surface flow problems started in the early 1990s (Bates et al. 1997). The 
main aim is to develop predictive models by comparing their performance with field data and 
with the results of simulations by means of the Saint Venant equations. Hydraulic models 
based on Saint Venant equations divide the river into a number of reaches. The hydraulic 
equations (mass and momentum) are applied to each reach, and the system of equations 
corresponding to all reaches is solved simultaneously with suitable initial and boundary 
conditions. Codes have been developed using varying levels of numerical complexity, 
including finite difference (Zeilke and Urban 1981; Bates and De Roo 2000; DHI2007), finite 
element (Gee et al. 1990; Bates et al. 1992, 1996) and finite volume (Lane et al. 1994). 
These models tend to use stable numerical schemes (Brooks and Hughes 1982; Abbott et al. 
1986), moving inundation extent boundaries (Lynch and Gray 1980; King and Roig 1988) 
and element-by-element storage of the mass and momentum stiffness matrix to optimise 
computer storage requirements (Carey and Jiang 1986; Hervouet 1992; Binley and Beven 
1993). Such models include momentum transfer between in-channel flows and out-of-bank 
flows in the floodplain to account for significant two- and three-dimensional effects (Knight 
and Shiono 1996). 
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The current generation of flood inundation models, aided by advances in computer power, is 
capable of adequately representing the dynamic hydraulic processes of floodplain problems 
of practical interest (10-60 km reach scales). Two issues-the uncertainty and preparation of 
the validation datasets-are central to any flood inundation problem. 

Most distributed models have parameters that are difficult to measure from field observations 
even though they are theoretically measurable (Grayson et al. 1992; Beven 2001 ). Flood 
inundation models contain enough sources of error to affect the results in the idealisation of a 
floodplain problem (e.g. parameters, floodplain geometry, inflow hydrographs and lateral 
fluxes, observed inundatio~ patterns and numerical approximations inherent in the flow 
equations). In recent times efforts have been made to address the uncertainty issues in flood 
inundation modelling (e.g. Romanowicz and Beven 2003; Horritt 2006). These developments 
make use of the GLUE methodology of Beven and Binley (1992), which is used extensively 
in distributed hydrological modelling. 

In-situ measurements of flood extent and depths, although very useful , are generally difficult 
to obtain for large floodplain problems that are of practical interest for environmental 
management. Therefore, considerable attention has been given to remote sensing analysis 
of the extent of flood inundation over large areas (Bates et al. 1997; Smith 1997; Shaikh et 
al. 2001; Bates et al. 2006). Satellite and airborne platforms provide useful flood inundation 
maps that can act as validation datasets for hydraulic flood inundation models. Bates et al. 
(2006) used airborne synthetic aperture radar to map flood inundation at 1.2 m resolution 
along a 16km reach of the River Severn in west-central London. Bates et al. (1997) and 
Smith (1 997) present a good review of the active and passive remote sensing studies of 
flood inundation. Shaikh et al. (2001) classified wetlands of the Lower Darling River in south­
eastern Australia on the basis of broad commence-to-flow discharges and the inundation 
effects at different discharge magnitudes. To date, remote sensing of floodplain inundation 
from satellite platforms has not offered a solution to the recording of dynamic flood 
inundation processes , because multiple images at fine resolution are generally not available 
(e.g. 35 days for ERS 1 and ERS2 satellites, 14 days for Landsat, 7 to 1 0 days for 
RADARSAT). Nevertheless, these techniques indeed provide very useful calibration datasets 
for the flood inundation hydraulic models that can simulate a variety of historical and likely 
future conditions. 

1.3 OVERVIEW OF THE ANALYSIS AND MODELLING APPROACH 

A schematic diagram of the KPF hydraulic modelling study, including all the input and output 
data and the developed models, is shown in Figure 2. The digital elevation model (OEM), as 
well as the spatial extents of the soil types and surface infiltration rates obtained from soils 
investigations, a vegetation species map, evaporation rates and streamflow data, was used 
to develop the KPF hydraulic model (Section 2). Water availability analysis was first done to 
explore the opportunity for diverting a range of discharges into the Torrumbarry Cutting on 
the basis of the existing observed flow (1950-2000) and flows modelled from the MDBC 
Model BIGMOD/MSM (1891- 2000) in the Murray at Torrumbarry Weir. The data were 
analysed to estimate the proportion of time in each year in which demand for a diversion flow 
varying from 2000 to 7000 MUday in steps of 1000 MUday could be satisfied. The suitability 
of the design carrying capacity of the Torrumbarry Cutting from a water availability 
perspective was explored from this analysis (Section 4 ). 

Three flood events-one each from 1991, 1993 and 2000-were selected to develop the 
KPF hydraulic model for historical conditions. In total, 12 Landsat TM (Thematic Mapper) 
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images across the three historical events were used in the remote-sensing analysis to 
develop flood inundation maps (Section 5). Additionally, mapped flood extents of the 1946 
flood event and the Murray streamflow data downstream of Torrumbarry Weir and Barham 
were used for validation of the KPF hydraulic model. 

A three-stage modelling approach was developed for the KPF hydraulic model to 
progressively move from simple model forms of the hydraulic model to more complex model 
forms (Section 6). Knowledge of the KPF flood inundation processes was improved in each 
stage, and a better understanding of the parameters and hydraulic processes was developed 
to better formulate more complex and comprehensive hydraulic models. When flow in the 
Murray exceeds about 17 0~0 MUday, water is naturally diverted from the Murray to the KPF 
in the north and Gunbower In the south. The overbank flow into the Murray floodplains varies 
depending on the magnitude of flow in the Murray. Therefore, a 1 D MIKE 11 model was fi rst 
developed and calibrated to quantify overbank flow from each inlet point of the floodplain 
along the left bank (Gunbower inlets) and right bank (KPF inlets) of the Murray. The 
calibrated MIKE 11 model for the Murray provided inflow into the KPF under historical 
conditions for the three flood events. 

Figure 2. Schematic diagram of components of the Koondrook-Perricoota Forest Hydraulic 
Modelling Project 
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In stage 1, a quasi-2D ~IKE 11 ~ydraulic model ~.as de~eloped for. the KPF floodplain along 
the flow paths for histoncal and hkely future cond1t1ons w1th water diverted from the 
Torrumbarry Cutting. Sensitivity of the model to floodplain resistance parameters and 
infiltration rates on outflow from the KPF, as well as flood inundation extents and flow 
velocity, were examined. In stage 2, a 2D MIKE 21 hydraulic model was developed for the 
KPF floodplain for the historical and likely future conditions. The model was implemented at 
40 m grid cell resolution, and model simulations were performed at 10 s time steps for each 
historical and future flooding event. Flood inundation extent maps obtained from Stage 1 and 
Stage 2 modelling were compared with the maps from remote sensing analysis and 1946 
mapped flood extents. The relative importance of channel flow in the runners of the KPF and 
floodplain for different inflow boundary conditions was evaluated. In Stage 3, a final 
comprehensive MIKE FLOOD model was developed for the KPF; it combines the strengths 
of 1 D modelling using MIKE 11 for adequate representation of the channel conveyance and 
2D modelling using MIKE 21 to properly represent two-dimensional effects in the out-of-bank 
flows. The model internally allows for dynamic exchange in both directions between the 1 D 
channel and 2D floodplain flow components. Results from the MIKE FLOOD model were 
then used for the likely future conditions to assess whether the given level of diversion from 
the Torrumbarry Cutting could meet the ecological objectives of the Koondrook-Perricoota 
Icon site. 

Finally, a hysteretic concept ofthe KPF floodplain inundation process is proposed. Simplified 
parametric forms of the hysteretic flood inundation model were developed (Section 7). 
Results from the KPF hydraulic model were synthesised to develop relationships between 
storage and outflow, inflow and return flow/losses and water depth and inundation area. 
These functional relationships in parametric forms enable the linking of information from the 
KPF hydraulic model into the hydrological model. 
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2 Study area 
The River Red Gum forest of Koondrook-Perricoota is located on the River Murray floodplain 
in south-west NSW, between the towns of Echuca in the east and Barham in the west. The 
forest study area is about 33 750 ha. The eastern boundary of the KPF is located upstream of 
Torrumbarry Weir and provides suitable opportunity for the diversion of water through the 
Torrumbarry Cutting. There are eight inlet locations on the right bank of the Murray from which 
water can naturally enter the KPF (NSW) and five inlet locations on the left bank of the Murray 
from which water can enter the Gun bower Forest (Victoria) when flow in the Murray exceeds 
17 000 MUday (Figure 3). The KPF inlets are Swan Lagoon upstream, Swan Lagoon 
downstream, Horseshoe Lagoon, Dead River Lagoon, Black Gate, Penny Royal, Upper Thule 
and Lower Thule. The Gunbower inlets are Deep Creek, Broken Creek, Spur Creek, Barton 
Creek and Yarren Creek. Five outlets from which water can potentially leave the KPF are 
Barbers Outflow, Barbers Creek, Cow Creek, Calf Creek and Thule Creek. Thule Creek 
outflow is located on the northern boundary of the KPF, whereas the remaining outflow points 
are located towards the western boundary of the KPF. Downstream of the KPF Forest 
boundary all outflow streams/runners towards the western boundary join Barbers Creek. 

2.1 DIGITAL ELEVATION MODEL 

The DEM for the KPF was developed using remote sensing technologies for high-resolution 
terrain mapping (Figure 3). The DEM at 1 m grid cell resolution was developed by using a 
LiDAR (Light Detection And Ranging) survey (MDBC 2005). The survey was part of the Hume­
Euston Project covering 1.7 million hectares along the Murra~ s~retching between Lake ~ume 
in the east and Robinvale in the west, and between Moulamem 1n NSW and Shepparton 1n 

Victoria. The report considered a three-tiere? accurac¥ ~ssessment that compa~ed LiDAR data 
with more traditional photogrammetry techmques. Ant1c1pated accuracy of the L1DAR survey is 
±15 em vertical and ±50 em horizontal, with vertical accuracy being the primary measure. 
MDBC (2005) reports an overall vertical accuracy of the Hume-Euston LiDAR-generated DEM 
of 17 em on open ground, measured at 1 standard deviation by the root mean squared error 
(RMSE) method. The error was affected by the terrain conditions, and the largest errors were 
associated with the presence of water bodies and saturated soils. 

Additional ground survey work was done in the KPF as a component of this project at the 
following locations: Torrumbarry Cuttin~, KPF inl_ets and outlets, Bull_ock Head Creek and Swan 
Lagoon. Differences in elevation at vanous locat1ons between 1 m L1DAR DEM and the survey 
data are shown in Figure 4. The scatter plots in _Figure 4 sh~w.unsystematic differences b~~een 
the DEM and survey data, with the bulk of the differences w1th1n ±0.5 m. At 1 standard deviation, 
the accuracy varied between the two datasets in the range 13 to 41 em. All terrain data for the 
KPF hydraulic model was derived from the DEM, and the survey data were u~ed to verify the 
geometry around the KPF inlets and outlets and around the Torrumbarry Cutting. 

Five cross-sections across the width of the KPF and perpendicular to the general flow path 
were obtained from the DEM to assess the average slope of the KPF floodplain (Table 1, 
Figure 5). The average elevation along the width ofthe_forest towards the eastern boundary, 
where the cutting discharges into Bullock Head Creek, IS 84.70 m; towards the western 
boundary it is 76.56 m. The average slope of the KPF floodplain along the flow path varies 
from 1 in 4613 at the upstream end (eastern boundary) to 1 in 7310 at the downstream end 
(western boundary). The southern boundary of the KPF floodplain adjoining the Murray is 
generally higher than the northern boundary, and the general flow direction in the KPF 
floodplain is north-west. 
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Figure 3. Digital Elevation Model of the KPF at 1 m grid cell resolution, obtained from LiDAR 
survey 
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Figure 4. Comparison of elevations from the 1 m LiDAR OEM and the survey data 
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Figure 5. Cross-sections across the KPF floodplain, obtained from the 1 m LiDAR OEM (RD: 
reduced distance from the right bank of the Murray) 
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2.2 LAND USE DATA 

The land use map of the KPF is sourced from Forests NSW (Figure 6). 

The main vegetation species/land use categories in the KPF are: Box, Box/Red Gum, Red 
Gum SQ1 (high productivity), Red Gum SQ2 (low productivity), Red Gum SQ3 (low 
productivity), Open Plains or Swamp. In general, the vegetation species map indicates the 
degree of wetness in the KPF, with more frequent wetting of the areas under SQ1 
(downstream end) and least wetting under Box vegetation (upstream end). The bulk of the 
area in the KPF is under low productivity Red Gum SQ2. 

Figure 6. Vegetation map of the KPF 
(data sourced from Forests NSW) 
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RD: reduced distance from right bank of the Murray 

2.3 SOILS AND SURFACE INFILTRATION DATA 

Extensive soils investigations, including a soil survey and surface infiltration experiments, 
were done in the KPF to support the hydraulic modelling work (see Jenkins et al. 2006 for 
details). Soils data was collected in three phases. Soil profile descriptions were first done at 
26 strategically selected locations (Figure 7) across the forest to represent different soils and 
landscape elements that closely related to the vegetation patterns in the KPF (Phase 1 ). 
Deep drilling up to 10 m was done at 12 sites to check for ancestral streams and determine 

·~ 	the salinity profiles (Phase 2). Surface infiltration experiments were then done at 10 of the 26 
soil survey locations (Phase 3). 

·~I Soils data collected at the 26 sites were analysed in the laboratory for the following : cation ~ J ~• 

exchange capacity (CEC) (Pieysier and Juo 1980); exchangeable cations (Pieysier and Juo 

~ 	
1980); dispersion percentage (Ritchie 1963); electrical conductivity of 1 :5 soil water extract 

(EC1 :5) (Rayment and Higginson 1992); Emerson aggregate test (EAT) (Charman and 

Murphy 2000), particle size (Craze et al. 2003) and pH (Rayment and Higginson 1992). A 

total of 93 soil samples were analysed in the laboratory. Results from soil survey and 

laboratory analysis were used in conjunction with vegetation maps, remote sensing and 

aerial photographic interpretation to prepare a spatial map of different soil types in the KPF 

(Figure 7). 


Soils in the KPF consist mostly of alluvial sediments deposited during formation of the alluvial 
plain. They vary greatly in depth and extent, depending on the complex drainage patterns in 
a braided environment. Typically, the majority of the soils have a medium to heavy clay layer 
within the top 30 em of the profile. KPF soils were classified into six major soil hydrological 
groupings that reflect the relative infiltration rates of the most representative impermeable 
near-surface horizon. The six soil hydrological groupings are Bonum (sand hills), Bullock 
Head (high floodplain with gilgai), Fence Trail (high floodplain with minimal gilgai), Rusty 
Gate (mid floodplain with grey clays), Iron Punt (low floodplain with grey clays) and 
Borrumbarry (depressions and swamps). 

Hydraulic flood inundation modelling of the KPF requires spatially distributed estimates of the 
surface infiltration rates from prolonged flooding under a pending situation with a positive 
hydraulic head. The presence of heavy cracking clays in the KPF renders the conventional 
methods of measuring surface infiltration and hydraulic conductivity unsuitable (e.g. constant 
head well permeameter, Talsma and Hallam 1980; cylinder infiltrometers, Bouwer 1986; or 
disc infiltrometer, Peroux and White 1988). 
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Table 1. Average elevations and slopes of the KPF floodplain, obtained from the 1 m LiDAR 
OEM (see Figure 5 for cross-section locations) 

Cross-section RD(m) Width (m) Av. elevation (m) Slope 

Upstream KPF 0 5448 84.70 

Upper middle 11 650 7235 82.17 1 in 4613 

Middle 23 300 8088 80.08 1 in 5556 

Lower middle 34 950 10 817 78.15 1 in 6048 

Downstream KPF 46 600 6161 76.56 1 in 7310 

12 13 



Figure 7. Soils map of th~ KPF 
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An experimental setup was specifically designed for this project. A metal tube measuring 225 
mm in diameter (Jenkins et al. 2006) was hammered into the ground using a modified 
hydraulic corer (Jenkins et al. 2006). The severely dense nature of the soils (mostly heavy 
clays) constrained the depth of penetration to the range 80 to 390 mm at the 10 sites where 
surface infiltration experiments were conducted (see Ksat sites, Figure 6, for location). In an 
attempt to saturate the soil, water was poured onto each site from a water tanker on three 
separate days in the week prior to setting up the experimental sites. 

Water was added to each metal tube to 1 m height above the ground, and for the following 2 
weeks the level was topped up to 1 m once a day following measurements. A steady state 
was reached at most sites over the 2 weeks following setting up of the experiment, and the 
surface infiltration rate was estimated from the measurements. The 10 sites at which 
infiltration experiments were conducted were numbers 5, 8, 10, 12, 13, 16, 17, 18, 24 and 26 
(Figure 7). Sites 10, 12, 18 and 26 are located on Grey to Brown Vertosols (soil classification 
system of Isbell 1996). No infiltration rates could be established for Sites 18 and 26, largely 
because of lateral flow from large cracks in the surface soils. Site 8 is located on an Aeolian 
or wind-blown soil (Arenic Rudosol) and Sites 5, 13, 16, 17 and 24 are located on Alluvial 
soils (Stratic Rudosol). Steady state surface infiltration rates were generally low for most 
profiles, with the exception of sand hills. Because of problems with lateral flow and cracking, 
some of the rates were slightly modified on the basis of field knowledge and pedo-transfer 
functions derived from results of the laboratory analysis. Details of the pedo-transfer 
functions and indices used are given by Jenkins et al. (2006). Steady state infiltration rates 
for each soil type are shown in Table 2 and Figure 8. Saturated hydraulic conductivity was 
estimated by the approach of Green and Ampt (1911 ). Steady state modified infiltration rates 
from Table 2, in conjunction with the soils map, were used in hydraulic modelling. 

Table 2. Steady state infiltration rate and saturated hydraulic conductivity for different soi l 
types on the KPF floodplain 

Soil unit Area 

(%) 

Site no. Measured 

infiltration1 

Modified 

infiltration2 

Hydraulic 

conductivity3 

Bonum- sand hills 0.7 8 906.8 907.0 888.0 

Bullock Head - high floodplain with gilgai 13.3 18 - 30.0 26.0 

Fence Trail - high floodplain with minimal 

gilgai 

23.9 - - 20.0 17.0 

Rusty Gate - mid floodplain with Grey Clays 39.0 5, 26 371 .6,­ 15.0 13.0 

Iron Punt- low floodplain with Grey Clays 4.8 17 4.7 5.0 4 .0 

Burrumbury -depressions and swamps 18.3 10,12,13,1 

6,24 

43.4 ,2.5,23.2, 13 

7.7,19.2 

22.0 19.0 

Area weighted average 25.04 22.24 

1Steady state infiltration rate was estimated from measured data (mm/day) 
2Modified infiltration rate was based on laboratory tests and field knowledge to account for lateral flow and 

cracking (mm/day) 

3Saturated hydraulic conductivity was estimated from measured data and the Green and Ampt Approach (1911) 

(mm/d) 

4Area weighted average value was calculated for the entire KPF floodplain and included areas that may or may 

not be inundated. 
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Figure Sb. Measured cumulative infiltration (mm) and infiltration rates (mm/day) at Sites 16, 17 
and 24 (see Figure 7 for location) 
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2.4 FLOOD INUNDATION AND REMOTE SENSING DATA 

The source data maps for the KPF floodplain inundation and the prevailing vegetation 
patterns, prepared from an aerial survey on 7 August 1946 by the RAAF, are available in the 
Forests NSW archives. This flood event corresponds to 55 000 MUday flow in the Murray 
and forms a useful dataset. Maps from the aerial survey were produced at a scale of 20 
chains to the inch, equivalent to 1:15 840. These maps were scanned and ortho-rectified to 
match SPOT 5 satellite imagery with the datum set for GDA94 Zone 55. 

Ortho-rectification is a procedure for digitally matching the scanned Forestry Commission 
maps. The maps are scanned to produce a digital file and are then digitally stretched to 
match corresponding features on the SPOT image. This process puts the maps into the 
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Figure Sa. Measured cumulative infiltration (mm) and infiltration rates (mm/day) at Sites 5, 8 
and 13 (see Figure 7 for location) 
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same frame of reference and makes then 'correct in space'. The features of the maps can 
now be directly traced over by using the data capture and edit tools in ArcGIS. 

A flood inundation map was digitised by the following procedure. A line feature was first 
created by tracing over the features of the rectified maps. The lines mark the outline of the 
boundaries of the inundated and vegetation composition areas. This was checked for 
obvious anomalies by aerial photo interpretation (API). The line feature was then converted 
to a polygon feature and the feature annotated. Each area in the KPF floodplain was 
identified as water or dryland to prepare a mapped area of the inundation as it was on 7 
August 1946. 

API was then used to verify the accuracy of the original mapping. In the API process two 
slightly overlapping photos (60% overlap) are viewed through a stereoscope to produce a 30 
image. 

This mapping was supplemented with the following data to produce a final flood inundation 
map of the KPF for the 1946 event (Figure 30): 

• Land and Property Information (LPI) map, Cohuna sheet. These photos are produced 
by the NSW Department of Lands as part of its state-wide coverage of aerial 
photography. These are standard production contact prints produced at 1:50 000 scale 
with 60% forward overlap and are suitable for API. 

• Campbells Island - Koondrook and Perricoota Air Photos. These photos were 
supplied by Forests NSW and were produced in 1993. They are high-detail photos at 
1:15 000 scale and are suitable for API. 

• LiDAR. These are colour infra-red photos produced in conjunction with the production of 
a OEM for the Murray River channel. The photos are in digital format and were used to 
further verify areas prone to inundation within the KPF. 

• SPOT imagery. SPOT was selected as the base imagery on which to overlay the maps . 
This satellite imagery was supplied as part of a whole-of-government purchase of state­
wide imagery. It has a 2.5 m spatial resolution, which gives an effective scale of 1:10 000. 

In addition to the inundation mapping for the 1946 flood event, 12 remote sensing images 
from the Landsat satellite were analysed by the methodology discussed in Section 5. The 
Landsat TM images used in the remote sensing analysis work fall within the period of three 
historical flood events in the Murray: for 1991 , 1993 and 2000 (Table 3, and see Figure 23). 

Table 3. Flood events in the Murray used for remote sensing analysis (Section 5) and hydraulic 
modelling (Section 6) 

Event year Event duration Landsat TM image 

1991 1 August to 30 November 1 August (' ON : 20; cloud-affected), 17 August (ON: 22), 2 

September (ON: 28), 4 October (ON: 30,31 ,32), 21 November 

(ON: 40) 

1993 1 July to 10 December 10 January (ON: 45), 22 August (ON : 24,25), 23 September 

(ON: 35), 26 November (ON: 40) 

2000 1 August to 15 December 3 September (ON: 40; cloud-affected), 4 October (ON: 

34,35,36), 7 December (DN :41) 
1 . . 

DN: D1g1tal number threshold used for image processing to delineate the wet areas (see Section 5) . 
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2.5 CLIMATE AND STREAMFLOW DATA 

Three time series of flow are available downstream of Torrumbarry Weir from the calibrated 
water allocation and routing model for the Murray River (BIGMOD/MSM, MDBC 2002). 
These are: observed flow (1950 to 2000); natural flow conditions (1891 to 2000); and current 
conditions (1891 to 2000) (Figure 9a, b). 

The natural conditions flow time series represents the likely flow downstream of 
Torrumbarry Weir if no storage were available in the Murray system and water were routed 
naturally from the drainage network under 1891-2000 climate conditions. The current 
conditions flow time series represents the likely flow downstream of Torrumbarry Weir if the 
current storage and water management procedures were applicable under 1891-2000 
climate conditions. The mean annual flows for the period 1891-2000 for the natural and 
current conditions downstream of Torrumbarry Weir were 7333 GUyear and 3999 GUyear, 
respectively, i.e. 55% flow for the current conditions relative to the natural conditions. 

Climate surfaces are available for the Australian continent from the SILO database using the 
widely accepted methodology of Jeffrey et al. (2001 ). Daily climate data from SILO at a 5 km 
grid included 17 locations within the KPF where data were available from 1956 onwards 
(Figure 1 0). Average daily pan evaporation and rainfall data for 1956 to 2000 at each location 
were estimated (Figure 11 ). The spatial variability in climate data was found to be negligible 
relative to temporal variability. 

A smoothened daily pan evaporation and rainfall for the average year was obtained by using 
Fourier Transforms (Tuteja et al. 2002). First, four significant harmonics of the fitted Fourier 
Transform were used in smoothing the pan evaporation and climate data. Average dai ly 
values for pan evaporation were tightly packed around the mean for pan evaporation, 
whereas they varied substantially for rainfall , and this is reflected in the respective low and 
high values of the coefficient of variation, Cv (Figure 11 ). A pan factor value of 0.85 was used 
to convert pan evaporation into potential evapotranspiration and used in hydraulic modelling 
across the whole forest (pink line in the evaporation plot, Figure 11 ). 

Figure 9. Flow data in the Murray downstream of Torrumbarry Weir under natural and current 
conditions 
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Figure 10. Climate data grid point locations in the KPF 
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3 MIKE FLOOD hydraulic model components 

The MIKE FLOOD hydraulic model consists of three sub-models: MIKE 11 , MIKE 21, and a 
coupling model that links MIKE 11 and MIKE 21 (DHI 2007). A brief description of these 
models is given below. 

3.1 MIKE 11 MODEL 

MIKE 11 is a 1 D model that can be used for modelling river flows, tidal effects, flood extent, 
duration and depth, flow exchange and flood mapping (DHI 2007). It includes options for 
incorporating simple and advanced structures for performing hydraulic simulations. The 
model is primarily developed for hydraulic modelling of flow in rivers, channels and runners. 
However, MIKE 11 modelling can also be performed across floodplains by using wide cross­
sections for the preliminary assessment of floodplain behaviour. Flood mapping can be 
achieved in MIKE 11 by draping the DEM over the simulated water levels from 1 D modelling 
at the desired time steps. The model projects a 20 water level on the basis of simulated 
water level across each cross-section (from MIKE 11) on to the OEM and estimates 
inundated grid cells that have projected water levels higher than the ground surface 
elevation. This type of modelling forces a 1 D hydraulic modelling methodology onto a 20 
process and is referred to as quasi-20 hydraulic modelling of the floodplain. 

The model solves the following Saint Venant equations. 

aQ aA 
Mass balance: - +- = q ( 1) ax at 

a(a Q2 

J
aQ A ah gQjQj

Momentum balance:--;-+ a + gA-;- + = 0 (2)2 4 13 u f X ux MAR 

where, x =distance along the direction of flow (m), t =time (s), Q(x,t) =discharge across the 
1cross-section (m3s- ) , A(x,t) = cross-sectional_area (m2

), h(x,t) =water level (m), R(x,t) = 
3 11hydraulic radius (m2m- ), q = lat~ral ~o~ (m_ s m-\ M = 1/n =Manning number, n =Manning 

roughness coefficient, a = velocity d1stnbut1on coefficient(-). 

Using the relationship between cross-section area, storage width and water level both mass 
and momentum balance equations ar~ transf~rmed in terms of Q and h. The system of 
equations is solved for 0 and h by using the SIX-point fully implicit numerical scheme of Abbott 
(1979). The mass balance equation is centred at water level between ·the current and next time 
step, whereas the mom~ntum bala~ce e_quati~n_i~ centred at discharge between the time steps 
(Figure 12). The model1s_ ~olv~d With s~1table 1n1t1al and boundary conditions. Invariably, the 
upstream boundary cond1t1on IS -~ sp~c1fied flux boundary condition (Neuman Type II), whereas 
the downstream boundary cond1t1on IS a system-dependent boundary condition and is 
specified as a rating curve. The model estimates outflow on the basis of the dynamic simulated 
water level at the outflow boundary. Key model input data include the stream/river network 
cross-section geometry, riverbed friction, and initial and boundary conditions. Key model o~tput 
data include the water level at the cross-sectional locations and the discharge at mid-points 
between the successive cross-sections. A number of additional internal state variables can 
also be obtained (e.g. velocity, flow width, resistance, mass balance error). 
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Figure 12. Numerical approximation approach used in the MIKE 11 Model 
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3.2 MIKE 21 MODEL 

MIKE 21 is a 20 model that can be used for modelling river flows, tidal effects, flood extent, 
duration and depth, flow exchange and 20 flood mapping in GIS (DHI 2007). It includes 
options for incorporating simple structures for performing hydraulic simulations. 

The model solves the following Saint Venant equations. 

ap aq ac;
Mass balance: - +-+- =S (3)

ax ay at 

Momentum balance in x-direction: 

- Q.q - fVV . +!!_ opa = S. (4) 
.I L\.Pw ax 
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Momentum balance in y-direction: 

-Qp- jVV, +!!._ Bpa =S. (5) 
Y Pw By zy 

where, h(x,y,t) = water depth (m), ~(x,y,t) = surface elevation (m), p,q(x,y,t) = flux 
density in x- andy-directions (m3 s-1 m-1), C(x,y) = Chazy's resistance (m0·5 s-1), g = 

acceleration due to gravity (ms-2), f(V) =wind friction factor(-), V, Vx, VY (x,y,t) = wind 

speed and components in x- andy-directions (ms-1), Q = Coriolis parameter (s-1), 

Pa(x,y,t) = atmospheric pressure (kgm-1s-2), Pw =density of water (kgm-a), S, Six, S;y = 

source mass, source momentum components (m2s-2), 1:xr, 1:xy, 1:xr = components of effective 

shear stress (m2s-2). 

Equations 3, 4 and 5 are expressed in terms of water depth and flux densities in the x- and y­
directions and are solved numerically by using a fully implicit finite difference scheme. The 
MIKE 21 numerical procedure uses the Alternating Direction Implicit (AD I) technique to solve 
the mass and momentum stiffness matrix at each time step (Abbott et al. 1973, 1981). For 
each direction of the ADI scheme, the system of equations is resolved by using a double 
sweep numerical algorithm to achieve convergence. Both types of boundary condition 
(specified water level Dirichlet Type I and specified flux Neuman Type II) can be used in 
MIKE 21. The boundary conditions can vary in both time and space. Point sources and sinks 
can also be incorporated into the MIKE 21 Model. Model input data include bathymetry 
(obtained from the DEM), boundary co~ditions, wind speed and direction (constant and/or 
varying in time and space), atmosphen~ pressure maps, bed resistance (constant or spatially 
variable), flux- or velocity-based.ed~y ~1scosity and radiation stresses. Rainfall, evaporation 
and surface infiltration data varymg 1n time and space can be incorporated into MIKE 21. 
Model output includes spatial and temporal variations of water depth and flux densities in the 
x- and y-directions. 

3.3 MIKE FLOOD MODEL 

MIKE FLOOD model combines the strengths of 1 D modelling using MIKE 11 for adequate 
representation of the channel conveyance and floodplain modelling using MIKE 21 to 
properly represent 2D effects in the out-of-bank flows. The model allows for dynamic 
exchange internally in both directions between the 1 D channel and 2D floodplain flow 
components. The model can be used for floodplain applications, storm surge studies, urban 
drainage, dam break, hydraulic design of structures and broad-scale estuarine applications. 
The three main types of link permissible in MIKE FLOOD are listed below. 
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3.3.1 Standard link 

This type of link allows connection between the end of a MIKE 11 branch and a series of 
MIKE 21 grid cells. Discharge is extracted from the MIKE 11 boundary and is imposed in 
MIKE 21 as a source term, thus affecting the continuity and momentum equations in MIKE 
21 (equations 3 to 5). MIKE 21 in turn provides the water level boundary to MIKE 11 at the 
next time step. 

3.3.2 Lateral link 

This type of link allows connection between the end of one MIKE 11 reach within one branch 
and a series of MIKE 21 grid cells (Figure 13). Flow through MIKE 11 and vice-versa is via a 
lateral boundary which is applied into MIKE 21 via a source term. Flow through the link is 
dependent on a structure equation and water levels in MIKE 11 and MIKE 21. Flow through 
the link is distributed into several MIKE 11 water level points and several MIKE 21 grids cells. 
Lateral link is explicit and does not guarantee momentum conservation. 

Lateral links can be specified along the centre line, left levee line or the right levee line of the 
MIKE 11 cross-sections. A structure required to calculate flow exchange between the two 
models is typically a weir that represents overtopping of a river bank or a levee. 

Figure 13. Lateral flow link over either left or right banks between MIKE 11 branches and MIKE 
21 grid cells in MIKE FLOOD (from DHI 2007). 

Mll 

Specify flow over _.._......._ 
either lsft or 
ri6htbanks 

L11111tfll Lillk: Lateral weir flow from 
river channel {Mil) to floodplain 
(M21). Link from etlfi'Yh point in 
branch to etlfi'Y linked M21 cell. 
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The geometry of the structure can be determined from MIKE 11 cross-sections or MIKE 21 
cell bed levels, or from a combination representing the highest level from MIKE 11 and MIKE 
21, or from the user specified geometry. Transfer between the two models can be 
implemented by using either a 'Simple Method' or a 'Cell to Cell Method' . In the first method, 
transfers between the two models occur through one structure between each reach, with 
average representative structure geometry. However, in the second method the structure 
geometry is subdivided into a series of internal structures. Each internal structure has a bed 
level and a width determined from the resolution of points defined along the structure. 

3.3.3 	 Structure links 

This type of link allows connection between the end of a MIKE 11 branch and a series of 
MIKE 21 grid cells. The structure link is similar to the standard link. However, unlike the with 
the standard link, two links are required for each structure link: one for the left or bottom grid 
cell and another for the top or right grid cell. The structure link takes the implicit terms 
describing momentum through a three-point MIKE 11 branch and uses them to replace or 
modify the implicit terms describing momentum across the face of a MIKE 21 cell. In this 
way, the flow properties from one MIKE 21 cell to another MIKE 21 cell are modified to 
represent the structure. 

26 Koondrook Perricoota Forest Flood Enhancement Project- Hydraulic Modelling: The Living Murray 

4 	 Water availability and Murray streamflow 
analysis 

Water availability analysis was done to explore the opportunity for diverting a range of 
discharges into the Torrumbarry Cutting on the basis of existing observed flow (1950-2000) 
and modelled flows from the MDBC Model BIGMOD/MSM (1891-2000) in the Murray at 
Torrumbarry Weir (see Tuteja and Close 2006 for details). The flow duration curves for 
observed flow downstream of Torrumbarry Weir and Barham, along with the flow duration 
curves for the natural and current conditions time series downstream of Torrumbarry Weir, 
are shown in Figure 14. Difference between the flow duration curves for observed flow 
downstream of Torrumbarry Weir and Barham show the volume of water lost to diversion 
flow between the Gunbower and Koondrook-Perricoota Forests (major component), direct 
evaporation and infiltration. When the observed flow downstream of Torrumbarry Weir is 20 
000, 30 000, 40 000, 50 000 or 65 000 MUday, the proportion of combined flow naturally 
diverted to the Gunbower and Koondrook-Perricoota Forests is 0%, 14%, 30%, 41% and 
46%, respectively. According to Forests NSW, flow in the Koondrook-Perricoota Forests 
commences at 17 000 MUday flow downstream of Torrumbarry Weir (Lindsay Johnson, 
pers. comm. ). This value is lower than the 20 000 MUday flow commencement value for the 
forests evident in the flow duration curves. 

Figure 14. Flow duration curves downstream of Torrumbarry Weir for the observed flow (1950­
2000), under natural conditions (1891-2000), and under the current conditions (1891-2000), and 
flow duration curve for the observed flow at Barham. 
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Water availability analysis for diversion into the Torrumbarry Cutting was conducted in the 
following manner by using the flow time series downstream of Torrumbarry Weir under 
current conditions (1891-2000). 

A threshold discharge was assumed such that all diversions into the Torrumbarry Cutting 
were considered only when flow downstream of Torrumbarry Weir under current conditions 
exceeded the threshold discharge. It was assumed that the Environmental Watering Group 
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(EWG) and the TLM Committee will consider a range of dry and wet conditions in the basin, 
taking into account environmental and irrigation water requirements in an integrated manner. 

Threshold discharges of 0, 5000, 10 000, 15 000, 17 000 and 20 000 ML/day were assumed. 
The carrying capacity of the Torrumbarry Cutting was assumed to vary between 2000 and 
7000 ML/day in increments of 1000 ML/day. 

For each threshold discharge (six values) and for each carrying capacity of the Torrumbarry 
Cutting (six values), the number of days in a year (May of year one to April of the following 
year) when water is available for diversion into the Torrumbarry Cutting was estimated. 

These data were then used to estimate the exceedence probability, corresponding to the 
number of days in a year a given demand for diversion into the Torrumbarry Cutting can be 
satisfied. 

The volume of water (GL/year) that can potentially be diverted into the Koondrook-Perricoota 
Forest each year (1891-2000), corresponding to a threshold discharge of 17 000 ML/day 
and a carrying capacity of the cutting varying between 2000 to 7000 ML/day was estimated. 
The number of years (or exceedence probability) a given annual demand of 600 GL/year can 
be satisfied was then estimated. 

The number of days a given demand can be satisfied corresponding to an exceedence 
probability of 33% (1 in 3 years) and 25% (1 in 4 years) are shown in Tables 4 and 5, 
respectively. Duration curves for the annual runoff volumes (GL/year) that can potentially be 
diverted into the Koondrook-Perricoota Forest are given in Figure 15. Figure 16 shows the 
results of the analysis for a threshold discharge of 1 0 000 ML/day and a carrying capacity of 
the Torrumbarry Cutting in the range 2000 to 7000 ML/day. 

Figure 15. Duration curves for the volume of water that can potentially be diverted into the 
Koondrook-Perricoota Forest with different carrying capacities of the Torrumbarry Cutting. 
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Table 4. Number of days in a year a given demand for diversion flow into the cutting can be 
satisfied, corresponding to a 33% exceedence probability (1 in 3 years) for various magnitudes 
of the threshold discharge1• . 

Threshold discharge in the Murray downstream of Torrumbarry Weir 

OMUday 5000 MUday 10000 MUday 15000 MUday 17000 MUday 20000 MUday 

Flow (Cutting) No. of days 

2000 MUday 365 285 227 194 186 165 

3000 MUday 365 269 220 189 179 160 

4000 MUday 362 260 212 186 171 156 

5000 MUday 339 246 207 179 165 153 

6000 MUday 309 235 203 171 160 145 

7000 MUday 285 227 194 165 156 142 

1Fiow is diverted into the Torrumbarry Cutting only when flow in the Murray exceeds the threshold discharge. 

Note: When flow in the Murray at Torrumbarry Weir exceeds 40 000 MUday, about 6000 MUday is naturally diverted to the 

KPF. The Cutting offers the option of diverting flows of up to 6000 MUday when flow in the Murray is less than 40 000 MUday. 


Table 5. Number of days in a year a given demand for diversion flow into the cutting can be 
satisfied, corresponding to a 25% exceedence probability (1 in 4 years) for various magnitudes 
of the threshold discharge. 

Threshold discharge in the Murray downstream of Torrumbarry Weir 

OMUday 5000 MUday 10000 MUday 15000 MUday 17000 MUday 20000 MUday 

Flow (Cutting) No. of days 

2000 MUday 365 310 239 205 198 178 

3000 MUday 365 286 233 202 191 168 

4000 MUday 365 272 224 198 182 166 

5000 MUday 355 258 222 191 178 160 

6000 MUday 322 246 210 182 168 156 

7000 MUday 310 239 205 178 166 152 

The results of the analysis show that it is possible to meet the demand 33% of the time (1 in 
3 years) for a diversion flow of 6000 ML/day into the Torrumbarry Cutting on 160 days of the 
year, corresponding to a threshold discharge of 17 000 ML/day (Figure 15). For the same 
diversion flow and threshold discharge, the demand can be satisfied 25% of the time (1 in 4 
years) for 168 days. 

This analysis does not consider water requirements for irrigation and other environmental 
assets that the EWG and TLM will need to consider. The issue of return flow will also need to 
be considered. Because of the pressing demand on water in the Murray system, it is likely 
that, at most, water would be available for diversion into the Cutting on between 90 and 120 
days (e.g. 6000 ML/day for 100 days or 5000 ML/day for 120 days) (Andy Close, pers. 
comm). 

Assuming annual environmental water requirements of about 600 GL/year (6000 ML/day for 
1 00 days or 5000 ML/day for 120 days =600 GL/year), to achieve the ecological objectives 

Koondrook Perricoota Forest Flood Enhancement Project- Hydraulic Modelling: The Living Murray 29 



for the Koondrook-Perricoota Forest, exceedence probabilities of 0.92%, 17%, 50%, 60%, 
65% and 68% are estimated for carrying capacities of the Torrumbarry Cutting equal to 2000, 
3000, 4000, 5000, 6000 and 7000 MUday, respectively. The respective flooding frequencies 
to meet the annual ecological demand of 600 GUyear are 1 in 109, 1 in 5.9, 1 in 2, 1 in 1.7, 1 
in 1.54 and 1 in 1.47 years, respectively. 

The desired flooding of the Koondrook-Perricoota Forest is at a frequency of 1 in 3 years 
and an areal extent of at least 30% of the forest. A carrying capacity of the Torrumbarry 
Cutting in the range of 4000 to 7000 MUday can potentially achieve the desired ecological 
outcomes provided the assumption of 600 GUy is correct. The hydraulic efficiency of the 
flooding is likely to be greater at a carrying capacity of 5000 to 6000 MUday relative to 4000 
MUday. Therefore, a design discharge capacity of 5000 to 6000 MUday would appear 
reasonable for the Torrumbarry Cutting. However, if the EWG and TLM Committee consider 
that a very small proportion of the available water downstream of the Torrumbarry Cutting 
can be diverted into the KPF, then this will likely dictate the design discharge for the Cutting 
(from a water availability perspective). Predictions of the areal extent of the flood inundation 
of the KPF were obtained from MIKE FLOOD model simulations (Section 5). 

Figure 16. Number of days in a year on which a specified demand for diversion flow into the 
Torrumbarry Cutting can be satisfied under the current conditions (1891-2000) (threshold 
discharge: 10 000 MUday) 
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5 Remote sensing analysis of floodplain 
inundation 

Remote sensing analysis using 12 Landsat TM images spanning across three historical flood 
events (see Table 3) was done to determine the flood extent of the KPF by the methodology 
of Shaikh et al. (2001, 1998) and Green et al. (1998). Cloud-free satellite images were 
selected on the basis of hydrologically significant dates (see Section 6.1.2 for details) within 
the three historical events during 1991, 1993 and 2000. All the gee-referenced images had a 
root mean square (rms) error of less than a pixel. The methodology uses the spectral 
responses of water, vegetation and bare soil in association with image-processing 
techniques to delineate dry and wet areas of the floodplain (Figures 17, 18). 

Figure 17. Spectral responses of water, vegetation, soil and snow in four wavelength bands of 
the SPOT satellite (blue: 0.4 to 0.5 JJm; green: 0.5 to 0.6 JJm; red: 0.63 to 0.69 JJm; and near­
infrared: 0.7 to 1.1 JJm) (courtesy SPOT Imaging) 
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The digital number (ON) is a measure of the strength of the signal received from the object. 
Water is less reflective than adjacent bare soil in the green (TM2, 0.52-0.6 mm) and red 
(TM3, 0.63-0.69 mm) spectral bands. During flooding the contrast is low because of the 
presence of large sediment loads in the water. Wetlands present further difficulties due to 
their shallow water depths and the resultant reflectance off bottom sediments (Shaikh et al. 
2001 ). In such cases the near-infrared (TM4, 0.7-0.9 mm) and middle infrared (TMS, 1.55­
1.75 mm) are superior to any of the other wavelengths, as these wavelengths are absorbed 
even by shallow water, resulting in much greater tonal contrast in the infrared bands 
(Johnston and Barson 1993). Therefore, the most useful bands for demarcating water bodies 
are the near-infrared (TM4) and middle infrared (TMS). 
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Density slicing is an enhancement technique whereby an image is processed to display a 
new image in which the pixels have only one of two DNs: either 1 (wet) or 0 (dry). The values 
are assigned on the basis of whether the original image pixel had a DN greater or less than 
the nominated threshold. Density slicing has been found to be very reliable in delineating 
inundated and non-inundated wetlands (Bennett 1987; Johnston and Barson 1993; Shaikh et 
al. 1998). Johnston and Barson (1993) used a DN of 40 as a threshold to map inundated 
areas using TM5. 

Table 6. Inundation areas estimated from a remote sensing analysis of Landsat TM images and 
from the MIKE 11, MIKE 21 and MIKE FLOOD hydraulic models. 

Date Flow (MUday) DN threshold Wet area(%) 

Remote sensing MIKE 11 MIKE21 MIKE FLOOD 

1 August 1991 4861 20 1.3 

17 August 1991 12 698 22 0.7 2.1 0.14 0.14 

2 September 1991 23046 28 0.7 4.7 5.0 1.9 

4 October 1991 

43055 

30 

31 

32" 

12.6 

17.5 

23.2 21.9 53.4 36.0 

21 November 1991 3496 40 1.7 

1 0 January 1993 45 1.5 

22 August 1993 36 319 24 
. 

25 

6.0 

8.4 11.7 31.9 18.8 

23 September 1993 56970 35 68.8 33.9 65.9 51.9 

26 November 1993 27678 40 4.8 7.5 42.4 28.8 

3 September 2000 15 977 40 6.3 0.16 

4 October 2000 28309 
. 

34 

35 

36 

11.2 

12.5 

12.6 

7.7 26.0 

7 December 2000 16 987 41 3.1 3.4 33.2 

"Adopted Density Number (DN) threshold values following comparison with reconnaissance survey data and discussions with 
Forests NSW field staff 

In this study, the DN for water in the range 20 to 45 was used for different images (see Table 
3). Note that the threshold value is not always the same; it changes from image to image, 
and sometimes even within the same image. These values vary from one image to another 
because the images were acquired in different seasons and under different atmospheric 
conditions. Radiometric normalisation can be performed on an image to ensure that all 
images have digital values as if acquired in similar conditions. However, this requires 
atmospheric correction algorithms along with associated atmospheric data, which are difficult 
to collect (Cantya et al. 2004). Thus, an appropriate value was decided on for each image on 
the basis of a visual interpretation of the false colour composite image. In this application, a 
threshold value was determined by examining the data values for flooded and non-flooded 
areas. For each image the exact DN value was confirmed by comparison with an 
approximation relationship of the KPF flood inundation developed by Forests NSW on the 
basis of a reconnaissance survey following flooding from high flows in the Murray. A 
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sensitivity analysis was also performed on three images for4/10/91 (DN: 30, 31 and 32), 
22/8/93 (DN: 24 and 25) and 4/10/00 (DN: 34, 35 and 36). The inundation area 
corresponding to each image was thus estimated from the remote sensing analysis 
(Table 6). 

Forests NSW field staff conducted a reconnaissance surveys during historical flood 
conditions in the KPF. Following flooding in the KPF, field staff surveyed representative 
areas for all vegetation types in different parts of the forest by boat. Visual assessment of the 
percentage flooded area was then applied to the complete forest for each vegetation type to 
estimate the extent of flooding of the whole forest. The field staff established a relationship 
between flood inundation of the KPF and the 30-day minimum flow in the Murray prior to the 
date when the reconnaissance survey was conducted (Gary Miller, Forests NSW staff, pers. 
comm.). 

Unfortunately, the dates of the reconnaissance survey are not available. Therefore, the 
inundation area estimates obtained from the remote sensing analysis need to be compared 
with the reconnaissance data in the same format (i.e. 30-day minimum flow in the Murray 
prior to the image date; Figure 19). Comparison between the two datasets for the 30-day 
minimum flow in the Murray is meaningful for high flow values and inundation areas in 
excess of about 15%. This is because for low flows a significant proportion of the flow leaves 
the KPF via runners, and this is not captured well when inundation areas are related to 30­
day minimum flow information in the Murray. Good agreement between the two datasets for 
inundation areas in excess of 15% indicates that the remote sensing data can be used for 
further comparison with the results of hy~ra~lic_modelling (Section 6). The results of the 
remote sensing analysis provide a good 1nd1cat1on of the overall flooding patterns in the KPF 
but need not be treated as an absolute representation of flooding in specific parts of the KPF . 
Flood inundation maps prepared from the results of the remote sensing analysis are given in 
Figure 20. 
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Figure 18. Scatter diagram of digital numbers (DNs) in the near-infrared band and the red band 
and their relationship with the ground surface (vegetation, water bodies and bare soil) 
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Figure 19. Comparison of flood inundation areas in the KPF during historical events, as 
determined by the remote sensing analysis and the reconnaissance survey 
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Note: The flow data for the Murray downstream of Torrumbarry Weir in Figure 19 are the 30-day minimum flows prior to the 
date when the reconnaissance survey was conducted by Forests NSW. Dates for the reconnaissance survey are not available 
from Forests NSW archives ; therefore, the inundation data from the remote sensing analysis need to be compared with the 
survey data against 30-day minimum flows in the Murray. 
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Figure 20. Flood inundation maps of the KPF during historical events. Prepared from results of the remote sensing analysis 
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Figure 20. Flood inundation maps of the KPF during historical events. Prepared from results of the remote sensing analysis (continued) 
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6 Hydraulic modelling 

6.1 OVERBANK FLOW INTO THE MURRAY FLOODPLAIN 

Water is diverted naturally into the KPF (NSW) and Gunbower (Victoria) forests when flow in 
the Murray is high (see Figure 14). Natural flow diversion from the Murray into the forests 
commences at about 17 000 ML!day, and flow diversions increase substantially with an 
increase in flow in the Murray from 20 000 to 65 000 ML!day. When the observed flows 
downstream of Torrumbarry Weir are 20 000, 30 000, 40 000, 50 000 and 65 000 ML!day, 
the proportions of combined flow naturally diverted to the Gunbower and Koondrook­
Perricoota Forests are 0%, 14%, 30%, 41% and 46%, respectively. 

6.1.1 KPF and Gunbower inlets 

There are eight KPF inlet locations on the right bank of the Murray and five Gunbower inlet 
locations on the left bank of the Murray between Torrumbarry Weir and Barham (see Figure 
3). The KPF inlets are Swan Lagoon upstream, Swan Lagoon downstream, Horseshoe 
Lagoon, Dead River Lagoon, Black Gate, Penny Royal, Upper Thule and Lower Thule. The 
Gunbower inlets are Deep Creek, Broken Creek, Spur Creek, Barton Creek and Yarren 
Creek. Swan Lagoon upstream and downstream inlets are the largest KPF inlets, whereas 
Deep Creek and Yarren Creek are the largest Gunbower inlet locations. Cross-sections at 
the upstream end of the Lower Thule inlet adjoining the Murray and the downstream end 
where the inlet runner merges with the floodplain are shown in Figure 21. Typically, water 
always enters the KPF and Gunbower from within the inlet cross-sections and not from the 
banks of the Murray directly into the floodplain (Lindsay Johnson, Forests NSW, pers. 
comm.). In general, the inlet runners merge with the forest floodplain within about 50 to 300 
m. Conveyance of the runners reduces gradually, and water in excess of runner capacity 
spills out of the runners into the KPF floodplain. Rating curves at all inlet locations were 
developed by using cross-sections obtained from the OEM and survey data, Manning's n of 
0.04, local representative slopes, and the Manning's formula (Figure 22). The rating curves 
indicate that up to 20000 ML!day combined flow from all inlets can potentially enter the KPF 
under high flow conditions of about 75000 ML!day in the Murray. 

Figure 21. Upstream end of the Lower Thule inlet adjoining the Murray {left), and the 
downstream end where the inlet runner merges with the KPF floodplain (right) 
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Figure 22. Rating curves at all inlet locations of the KPF and the Gun bower Forest (see Figure 3 
for locations of the inlets) 
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6.1.2 Historical flood events and partitioning of flow into the KPF and Gunbower 

For historical modelling of the KPF floodplain , it was necessary to first determine diversion 
flow from each inlet location during different historical events (see Table 3). Therefore, a 1 D 
MIKE 11 model was set up for the Murray between downstream of Torrumbarry Weir and 
Barham, an area that includes all the KPF and Gunbower inlets. Four historical events (1991, 
1993, 2000 and 2003) were used to set up and calibrate the MIKE 11 model for the Murray 
(Figure 23). The flood events for 1991, 1993, 2000 and 2003 correspond to peak flows of 
about 43 000, 60 000, 47 000 and 23 000 ML!day, respectively. These events were 
strategically chosen for hydraulic modelling of the KPF to represent a range of historical 
conditions (e.g. single and multiple peak hydrographs representing flows up to 60 000 
ML!day). 

The available data for these flood events includes cross-sections along the Murray (sourced 
from Water Technology Pty Ltd.), cross-sections at the KPF and Gunbower inlets (sourced 
from the OEM and survey data discussed in Section 2.1 ), hydrographs and rating curves at 
Torrumbarry Weir and Barham (sourced from MDBC) and the Landsat TM images (see 
Table 3). A total of 26 cross-sections between Torrumbarry Weir (upstream) and Barham 
(downstream) were used to describe a total of 108 km of the Murray (average reach length 
4.14 km). The bed levels at the upstream and downstream boundaries are 76.65 m and 
71 .84 m, respectively, and the average representative slope is 1 in 22380. 

The bed level at each KPF and Gun bower inlet location is higher than the bed level of the 
Murray at the junction, and this can lead to divergence problems in MIKE 11. Therefore, to 
avoid divergence problems in the numerical solution of the Saint Venant equations, a broad 
crested weir was introduced at the junction of each KPF and each Gun bower inlet with the 
Murray. Implementation of the broad crested weir allows for explicit simulation of the flow 
through each inlet corresponding to the dynamic water level in the Murray. Cross-sections 
obtained from the OEM were used to describe the weir geometry, thereby accounting for the 
representative conveyance of each inlet runner. MIKE 11 calculates the Q-h relationships for 
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critical flow conditions at the weir and incorporates the effects of structure into balance 
equations 1 and 2. Flow was permissible in both directions, and an inflow head loss factor of 
0.5 was used. 

Manning's n, a measure of the riverbed friction, was varied in the range 0.03 to 0.05, and the 
calibrated parameter values for the historical events of 1991, 1993, 2000 and 2003 were 
0.04, 0.036, 0.04 and 0.042, respectively. Peak flows for the respective flood events were 
about 43 000, 60 000, 47 000 and 23 000 MUday. The calibrated Manning's n values are 
consistent with the magnitudes of flow, with high values corresponding to high-magnitude 
historical flood events. Calibrated historical flood events compare very well with the observed 
flow at Barham (Figure 23). 

Figure 23. Historical flood events in the Murray downstream of Torrumbarry Weir and Barham 
(arrows indicate dates corresponding to the remote sensing images) 

Rood Event in the River M urray-1991 Flood Event in the River Murray-1993 

Obs Barham 

--Obs Torr 

50000 


-

!--._,:.~----1~ 40000 

~ 30000 tL--~~~;,J;t;:;,;:;:::::;t----, 
::: 20000 +-------t-1'~--~--~ 
~ 10000u. 

0 
c ~ Cl 0.. u >::s "") ::s <IJ 0 

"") (/) 0<{ I 
z.;, cD ,..... ,.....cD cD I 

Rood Event in the River Murray-2000 

- Torr Weir 50000 • 

~ 40000 1- Barham 
....I 
~ 30000 - Est Barham l­

-; 20000 ''F====::::::.Jb-J. 
~ 10000 l---:;;;o,;,;-""""""""~~------

.....,.--:i:-----F--=--t---1 

-----'1u. 

c 0.. >Cl u::s <IJ 0 
"") 

::s 
(/) 0<{ z.;, ~cD cD ~ 

--Obs Torr 
80000 

:E 60000 
....I 

~ 40000 -JL-----~.;-----~-r--1 
::: 
~ 20000 +--#~~==-------~..-i 
u. 

::s Cl 0.. > 
"") ::s <IJ 0 

<{ (/) zcD 
cD cD ~ 

Flood Event in the River Murray-2003 

40000 --Obs Torr 

--Obs Barham 30000::E 
.....1 
:; Est BarhamI 20000 
~ L~~ --­~ 10000u. 

0 
Ol Ol Ol c. c. c. c. c. c. c. 
::s ::J ::J Q)Q) Q) Q) Q) Q) Q) 
<( <( (/) (f) (f) (f) (f) (f) (f)4=I ~ cf, ...- N ..;. r.D ch 6 N ..;. 
N N ("') ...- ...- ...­

L 

Simulated inflows into the KPF floodplain during historical events are shown in Figure 24. 
The mass balance error for all the historical flood events was negligible (<0.001%). The 
simulated volume of water diverted naturally into the KPF and Gunbower floodplains through 
the respective inlets varied among events in the range 2.1% to 12.4% of the flow in the 
Murray downstream of Torrumbarry Weir (Table 7). For a given flood event, flow diversions 
between the KPF and Gun bower are broadly comparable with the marginally larger flow 
diversions into the Gunbower. The simulated combined inflows from all inlets of the KPF for 
each of the flood events in 1991 , 1993 and 2000 are much more than the volume of water in 
the range 4000 to 6000 MUday planned for diversion into the KPF from the Torrumbarry 
Cutting (Figure 24). Inflow hydrographs for each inlet, obtained from the MIKE 11 model of 
the Murray, were used for hydraul ic modelling of the KPF floodplain. 
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Figure 24. Inflows into the KPF floodplain during historical flood events in the Murray 
(simulated by the MIKE 11 model) 
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Table 7. Percentages· of flow diverted from the Murray into the KPF and Gunbower floodplains 

Event Diversion into Gunbower (%) Diversion into KPF (%) 

1991 12.4 10.3 

1993 11 .2 9.0 

2000 9.9 8.1 

2003 2.1 2.1 
Flow d1vers1ons are shown as percentages of the flow 1n the Murray downstream of Torrumbarry We1r 

6.2 FLOODPLAIN MODELLING 

KPF floodplain modelling was performed in three stages, moving progressively from simple 
to more complex forms. Knowledge of the KPF flood inundation processes was improved in 
each stage to better formulate more complex model forms. The primary reason for the choice 
of a staged approach was to account for the scale of the problem. The total area of the KPF 
is about 33 750 ha, and the total area included within the KPF OEM is 68 971 ha. The total 
number of grid cells in the KPF OEM at 1 m resolution is about 690 million. Historical and 
likely future flood events required for hydraulic modelling vary between 3 and 6 months' 
duration. Non linear overland flow simulations using the Saint Venant equations are generally 
required in time steps of a few seconds to overcome the numerical instability issues. 
Therefore, the size of the hydraulic modelling problem is huge and involves significant 
numerical overheads. On the basis of prototype benchmarking, it was estimated that the 
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simulation times for implementation of the MIKE FLOOD model would be very long (>30 
days). It was considered mandatory to begin simulations with simple model forms using 
MIKE 11 (quasi-20) and to then conduct targeted simulations using MIKE 21 (20) and MIKE 
FLOOD (combined 1 D flow in the runners and 20 flow in the floodplain). 

6.2.1. Stage 1-quasi-20 floodplain modelling using coarse MIKE 11 

A coarse quasi-20 MIKE 11 floodplain model was set up for the KPF (Figure 25). This type of 
modelling involves 1 D simulation of the water surface profiles using wide cross-sections 
aligned perpendicularly to the direction of flow for representation of the floodplain geometry 
in MIKE 11. Simulated water levels at a given instance of time are draped over the OEM to 
produce inundation maps of the floodplain. In this approach a 1 D representation is imposed 
on essentially a 20 process; therefore, this approach requires a priori information on the flow 
path and flow direction across the floodplain. In the case of KPF, the runners mapped across 
the floodplain a~e discon~inuous ~nd cannot be u~ed directly for representing the flow paths. 
Therefore, spatial analysiS techmques were requ1red to predict drainage patterns across the 
KPF floodplain. 

The earliest and simplest method for specifying flow directions is to assign flow from each 
pixel to one of its eight neighbours, either adjacent or diagonally, in the direction with the 
steepest downward slope. This method, designated DB (B flow directions) was introduced by 
O'Callaghan and Mark (19B4) and has been widely used (Marks et al. 19S4; Band 19B6; 
Jenson and Domingue 19BB; Mark 19BB; Morris and Heerdegen 19BB; Tarboton et al. 19BB; 
Tarboton 19B?; Jenson 1991; _Ma~ and Garbr~cht 1992). In the context of a grid, the 
upslope area 1s the area contnbut.ng to each p1xel and may be estimated as the product of 
t~e number of pix_el_s draining thr'?ugh ?ac~ pixel and_ the pixel area. The DB approach has 
disadvantages ans1ng from the d1scret1sat1on of flow 1nto only one of eight possible directions 
separated by 45° (e.g., Fairfield and Leymarie, 1991; Quinn et al., 1991; Costa-Cabral and ' 
Burg~s, 1994). Tarboton (1997) propos~~ r?bus~, prec_ise and useful multiple flow path 
algonthms, called the Doo method, to m1mm1se d1spers1on and avoid grid bias in determining 
the upstream_ contributing area. The Doo meth_od was _unsuccessful when it was applied to the 
KPF floodplain OEM at 1-, 2- and 5-m resolutions ow1ng to memory overflow in the recursive 
algorithms of the area accumulation procedure. Flow direction and flow accumulation 
algorithms using the DB method were then used with the 1 m OEM to delineate the runners 
and the upslope contribution areas (Figure 25). The runners obtained from the DB method 
matched very well with the spatial patterns of the mapped runners. Additionally they 
enhanced the discontinuous drainage patterns of the mapped runners. ' 

The coarse quasi-20 MIKE 11 setup includes a total of five runners and eight inlet runners 
covering a combined reach length of about B2 415 m (Table B). A total of 100 geo-referen~ed 
cross-sections were used, with an average reach length of B24 m. These cross-sections 
were aligned perpendicularly to the runners delineated by the DB method. Link channels 
were provided between Runner 1 and all other runners to include the effects of flux transfer 
between the runners in either direction. Flood hydrographs for the 1991 1993 2000 and 
2003 events at each KPF inlet were used as the specified flux (inflow) b~unda'ry conditions 
(see Figure 24). At the downstream end of Runners 1 and 4, a system-dependent boundary 
condition was used by specifying the rating curve, and the model estimates flux (outflow) 
depending on the dynamic water levels. 
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Table 8. Network details of the quasi-20 MIKE 11 model of the KPF floodplain (see Figure 25 for 
layout of the runners and the cross-sections) 

No. of 
sections 

Reach length (m) Upstream connection Downstream connection 

Name Distance (m) Name Distance (m) 

Runner1 27 49489 

Runner1Runneri 4 6361 

Runner1 34 067Runner3" 4 6925 

Runner4· 4 4710 

Runners· 4 5340 Runner1 45 535 

Swan-u/s 7 785 Murray 90139 Runner1 0 

Swan-dis 7 785 Murray 90246 Runner1 0 

HorseShoe 8 1100 Murray 109 063 Runner2 0 

Dead River 7 1370 Murray 116 531 Runner2 1721 

Black Gate 7 1522 Murray 120 884 Runner2 4018 

PennyRoyal 7 1196 Murray 129 857 Runner1 14 631 

Upper Thule 7 1184 Murray 137 493 Runner1 18 971 

Lower Thule 7 1648 Murray 139 378 Runner 1 19926 

·unk channel with Runner 1 included, providing for flux transfer in either direction. 

MIKE 11 allows for surface infiltration through the cross-section specific leakage factor 
parameter, expressed in units per second. Initial model simulations were done with no 
surface infiltration and a Manning's roughness coefficient of 0.05 for all the floodplain cross­
sections. Water levels simulated at different times within each historical flood event were 
draped over the DEM at 1 0 m resolution. All historical flood events were simulated and 
inundation area statistics prepared from output grids of the water depth. A scatter diagram of 
flow versus inundation area was developed from the quasi-20 MIKE 11 outputs and was 
compared with the results of the remote sensing analysis (Figure 26a). The results indicated 
that for no leakage and a Manning's n value of 0.05, MIKE 11 overestimates the inundation 
area relative to those from the remote sensing study up to 45 000 MUday; it significantly 
underestimates the inundation area for higher flow values. 

The depth of flooding in the KP~ fl?odplain tends to vary between 0 and 2 m (Lindsay 
~ohns~n, pers. comm.). The vanat1on 1n t~e leakag~ fa~tor with depth of flooding for surface 
1nfiltrat1on rates of 18, 20 and 25 mm/day IS shown 1n F1gure 26b. Assuming an average 
depth of inundation across the KPF floodplain in the range 0.2 to 0.4 m, the plausible range 
of the leakage factor is likely to vary between 5.0 x 10-7 s-1 and 1.0 x 1o-s s-1. Therefore a 
sensitivity analysis was conducted to analyse the impact of surface infiltration rate on th~ 
pattern ~d-~xtent of floodplain inundati~n; t~e leak~ge facto~ was varied in the range 0 to 
1.0 x 10 s . The results show a reduct1on 1n the Simulated Inundation area of up to 15% as 
the leakage factor increased from 0 to 1.0 x 1a-s s-1 (Figure 26c). This is because an 
increase in the leakage factor results in less water being available for the overland flow. The 
corresponding reduction in outflow volume from the KPF can be substantial (up to 50%). The 
area weighted average value of the infiltration rate (with a 1 m hydraulic head) and saturated 
the hydraulic conductivity of the KPF floodplain are 25 and 22.2 mm/day, respectively (see 
Table 2). Therefore, for an area weighted depth of about 0.3m, a leakage factor in the range 
6 x 10-7 s-1 to 8 x 10-7 s-1 is very likely for the KPF (Figure 26b). 
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Figure 25. Layout of the KPF floodplain quasi-20 MIKE 11 hydraulic model (floodplain runners 
generated by the 08 method are shown in blue) 
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Figure 26. Results of sensitivity analysis from the quasi-20 MIKE 11 hydraulic model. (a) Flow 
versus inundation area (RS: Remote sensing; MIKE 11-A: Results with Manning's n = 0.05 and 

1leakage factor= 0 s- ; MIKE 118: Results with Manning's n = 0.042 and leakage factor= 7 x 10-7 

s-1
). (b) Water depth versus leakage factor corresponding to surface infiltration rate of 18 

mm/d, 20 mm/d and 25 mm/d. (c) Leakage factor versus reduction in inundation area (Area) and 
reduction in outflow (Volume). (d) Roughness coefficient versus reduction in inundation area 
for 4 October 2000 and 7 December 2000 
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Three Manning's n values-0 .04, 0.045 and 0.05-were used to conduct a sensitivity 
analysis of the bed resistance. Decreasing Manning's n from 0.05 to 0.04 increases the 
velocity of water and results in lower values of the inundation area relative to those from 
Manning's n of 0.05 (Figure 26d). On the basis of the direction of change in inundation area 
evident from the sensitivity analysis and a comparison with the results of the remote sensing 

1analysis, the leakage factor of 7 x10-7 
S - and Manning's n of 0.042 were optimised for the 

KPF study. Simulations for all historical events were done with the optimised values and a 
relationship of flow versus inundation area was developed (see Figure 26a). The results from 
the quasi-20 MIKE 11 show a good match with those from the remote sensing study up to 
about 35 000 ML/day. Thereafter, the results drift apart and lower estimates for the 
inundation area are obtained from the model relative to those from the remote sensing study. 

6.2.2 Stage 2-20 f loodplain modelling using MIKE 21 

MIKE 21 is a 20 model , and for large areas like the KPF there can be significant numerical 
overheads. The total area of the KPF is about 33 750 ha, and the total area included within 
the KPF OEM is 68 971 ha. The sizes of the ASCII grid f iles for the KPF OEM at 5, 25 and 
40 m resolution are 418, 17 and 8MB respectively . Ideally, MIKE 21 grids up to 5MB can be 
handled effectively for long-term simulations (about 6 months) with the currently available 
versions of the model operational on high-end PCs. This is because the model needs to hold 
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about 12 grid arrays in banded form in the memory (points in the model domain that can 
potentially get wet): three arrays each of the state variables water depth and flux density (in 
both the x- andy-directions), one array for bathymetry, one array for friction and one array for 
infiltration. At 5, 25 and 40 m resolution, the memory requirements for the KPF are about 3.5 
GB, 140MB and 55MB, respectively. Additionally, for the simulations to run smoothly, the 
Courant number must be constrained to less than or equal to 1 for floodplain problems that 
can potentially have high Froude number flows. The Courant number represents how fast the 
fluid is travelling through the computational domain. It is defined as the ratio of the speed of 
the fluid to the speed of the computation . 

c = umax (6) 
r /'u / /1[ 

where, Cr =Courant number(-), U max = maximum fluid velocity (m s-1
), illc =grid spacing 

(m) and M =time (s). 

Assuming a maximum local fluid velocity of 4 m S-
1

, a grid spacing of 40 m and a Courant 
number value of 1, a simulation time step estimate of 10 s is obtained. The spatial and 
temporal resolutions chosen for the MIKE 21 simulations were 40 m and 10 s, respectively. 
Although the 40 m grid scale is considerably coarser than that of the available OEM data, it 
still pushes the model computations to limits while keeping the simulation times within a 
practical range (5 to 15 days on an Intel® Dual Core ™ PC with a 2.13-GHz processor speed 
and 3.25 GB RAM). 

Two types of boundary conditions were used in setting up the MIKE 21 model. Each of the 
eight KPF inlets was treated as a point source (see Figure 3), and simulated hydrographs at 
each inlet location obtained from the MIKE 11 model for the Murray for 1991, 1993 and 2000 
were used to describe the source terms (see Figure 24). A constant head boundary condition 
was used at the western boundary (Barbers Creek outflow) and the northern boundary 
(Thule Creek outflow). The respective water levels maintained in the simulations were 73.2 
and 74.2 m. The surface infiltration rate grid was prepared by using the soils map (see Figure 
7) and the modified infiltration rates from Table 2. Potential evaporation rate from Figure 11 
was used to specify evaporation from the (dynamic) inundated areas within the model 
domain. The effect of fricti on on inundation area was examined by performing two 
simulations initially, one each for Manning's n of 0.05 and 0.07 for an inflow of 6000 MUday 
over 120 days. The results showed that an increment of ±0.01 from 0.05 resulted in ±4% 
difference in the inundation area (Figure 27a) . In view of the vegetation patterns and 
geomorphology of the KPF floodplain, Manning's n value of 0.05 was considered appropriate 
and used for further analysis with MIKE 21. 

Results from MIKE 21 simulations for the historical flood events of 1991, 1993 and 2000 are 
shown in Figure 27b-d, along with resu lts from remote sensing analysis and the calibrated 
quasi-20 MIKE 11 model. All simulations show that up to about 28 000 MUday the results from 
MIKE 21 closely match those from the remote sensing analysis and quasi-20 MIKE 11 . 
Thereafter, the results from MIKE 21 show significantly higher inundation areas relative to 
those from quasi-20 MIKE 11 . When flow in the Murray is 28 000 MUday, about 2000 MUday 
flow enters the KPF through the inlets. The conveyance of the runners gradually reduces and 
water starts spilling into the floodplain (see Figure 21 ). Analysis of the variation of conveyance 
of the runners in the KPF shows significant variation in different parts of the KPF; up to 2000 to 
2500 MUday the flow is largely constrained in one dimension along the north-west direction of 
flow. Thereafter, the overland flow process becomes 20 and transverse hydraulic gradients 
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substantially affect the inundation patterns. The overland flow process and the inundation 
patterns for high flow conditions are better represented in a fully 20 model (MIKE 21) as 
opposed to 1 D model simulations imposed on the OEM (quasi-20 MIKE 11 ). 

Figure 27. (a) Effect of friction on inundation area in MIKE 21 for 6000 MUday flow in the KPF; 
(b-d) Comparison of inundation areas from remote sensing analysis and quasi-20 MIKE 11 and 
20 MIKE 21 models of the 1991, 1993 and 2000 historical flood events in the Murray 
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The remote sensing study estimated an inundation area of about 69% on 23 September 1993, 
corresponding to 56 970 MUday flow in the Murray. Also, an inundation area of about 73% 
was mapped for the 1946 flood, corresponding to flow in the Murray of about 55 000 MUday. 
The inundation area estimated for the 1993 event from the remote sensing analysis matches 
very well with the inundation areas simulated from MIKE 21 (Figure 27c) and compares well 
with the mapped inundation area for the 1946 flood event. The lower and upper parts of the 
inundation area curve from MIKE 21 in Figures 27b-d correspond to the rising and falling limbs 
of the hydrograph, and the difference results from storage within the system. 

6.2.3. Stage 3-20 floodplain and 1 D channel flow modelling using MIKE FLOOD 

Inundation areas of the KPF floodplain are simulated well by the quasi-20 MIKE 11 model for 
low flow conditions in the Murray (20 000 to 28 000 MUday). Simulations with MIKE 11 can be 
performed quickly, and the simulated water levels can be draped over a fine resolution OEM 
(e.g. 10m OEM in this study). However, the approach forces a 10 simulation on a 20 process 
and markedly underestimates the inundation areas for high flow conditions when transverse 
gradients significantly affect the overbank flow and the inundation patterns. On the other hand, 
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a 20 simulation using MIKE 21 has significant numerical overheads, and compromise between 
the spatial and temporal resolution of the model and the simulation time is required. 

In the case of KPF, 20 simulations could be performed at 40 m grid cell resolution and 10 s 
time step, even though the OEM at 1 m resolution is available. A close investigation of the 
conveyance of the runners in the KPF demonstrated that, in many areas, the runners are very 
well defined and can potentially carry between 8000 and 10 000 MUday. Coarsening the OEM 
at 40 m resolution results in substantial smearing of the runners; conveyance of the runners in 
MIKE 21 is therefore under-represented. There are parts of the KPF floodplain where even 
under high flow conditions water will be channelled into the runners and will likely move faster 
through the forest. This situation is not represented adequately in the MIKE 21 model; 
therefore, it is expected that the inundation areas simulated by MIKE 21 may be somewhat 
higher than those obtainable from a model that captures runner dynamics in addition to 
accounting for floodplain behaviour. Additionally, information is needed on the threshold at 
which the process shifts from inundation of the runners and areas on the fringes of the runners 
to a fully 20 floodplain inundation process. The MIKE 21 results show that this threshold is 
about 28 000 MUday (Figure 27b-d). However, the under-representation of the runner 
conveyance implies that this threshold may in fact be lower. 

The MIKE FLOOD model was therefore developed to address the issues relating to under­
representation of the runner conveyance in MIKE 21 and to analyse the threshold at which the 
inundation dynamics shift from runner-dominated behaviour to floodplain behaviour. The MIKE 
21 model used in MIKE FLOOD is the same as that developed at 40 m resolution in Stage 2. A 
comprehensive MIKE 11 model was developed in Stage 3 at a fine resolution to capture the 
inundation dynamics and flow exchange between the runners and the floodplain. A total of six 
runners delineated by the 08 method were used (Figure 28). These runners are different from 
the runners used in the coarse MIKE 11 model in Stage 1. Unlike the wide cross-sections 
described in the-coarse MIKE 11 at 40 m intervals and an average spacing of 824 m (Stage 1 ), 
cross-sections up to 200 m width, described at 1 m intervals and an average spacing of 226 m, 
were used in MIKE FLOOD (Stage 3). Critical cross-section locations were included in which 
the geometry changed substantially and could potentially involve significant exchange between 
the runners and the floodplain. 

In view of the very long simulation times with MIKE FLOOD (up to 50 days), only two historical 
events for 1991 and 1993 were simulated. The boundary conditions used in the MIKE 21 
component of the MIKE FLOOD model were exactly the same as those described in the MIKE 
21 application (Stage 2). The surface infiltration rate and potential evaporation rate from 
inundated areas and the Manning's n us~d in the MIKE 21 component of MIKE FLOOD (Stage 
3) were exactly the same as those used ~~ Stage 2. Surface infiltration over the floodplain was 
incorporated through MIKE 21 , and for th1s reason the leakage factor in MIKE 11 was set to 
zero. The calibrated Manning's n of 0.042 from the quasi-20 MIKE 11 modelling in Stage 1 
was used for all six runners in MIKE FLOOD. 

All inflow in MIKE FLOOD was included as point sources in MIKE 21 at the KPF inlets. The 
upstream end of each runner in MIKE 11 was specified to have a zero flow boundary condition. 
Runners 2, 3 and 5 connect with Runner 1 at the downstream end, which in turn connects with 
Runner 6 (Table 9 and Figure 28). Therefore, at the downstream end of Runners 4 and 6, a 
system-dependent boundary condition was used by specifying the rating curve, and the model 
estimates the flux (outflow) depending on the dynamic water level at the downstream 
boundary. In MIKE FLOOD water is permitted to leave the model domain through the outflow 
boundary as channel flow (Runners 4 and 6) as well as overland flow from the northern 
boundary (Thule outflow) and western boundary (Barbers Creek outflow). 
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Figure 28. Layout of the KPF MIKE FLOOD hydraulic model (floodplain runners generated by 
the DB method are shown in blue) 
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Table 9. Network details of the MIKE 11 component of the MIKE FLOOD model of the KPF (see 
Figure 28 for layout of the runners) 

No. of 

sections 

Reach length (m) Upstream connection Downstream connection 

Name Distance (m) Name Distance (m) 

Runner 1 396 81 510'1 Runner 6 31 000 

Runner 2 122 30 250 Runner 1 37 010'1 

Runner 3 55 13 000 Runner1 51 260' 1 

Runner4 52 13 000 

Runner S 22 5000 Runner1 74 760'1 

Runner S 162 40 000 

Total"2 809 182 760 

''Runner 1 is defined between RD 9760 m and 91 270m covering a reach length of 81 510 m. The downstream connection of 
Runners 2, 3 and 4 with Runner 1 represents the distance from the first cross-section of Runner 1 at RD 9760 m. 

' 
2A total of 809 gee-referenced cross-sections represent a combined reach length of 182 760 m at an average spacing of 226 m. 

Figure 29 (a), (b). Comparison of the variation of the areas inundated during the historical flood 
events with flow downstream (d/s) of Torrumbarry Weir, as determined by remote sensing 
analysis (RS) and the MIKE 11, MIKE 21 (M21) and MIKE FLOOD (MF) models. 

(a) Compar ison of inundation areas (b) Com parison of inundation areas 
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Lateral links along the left and right banks of the MIKE 11 cross-sections were included for 
each runner throughout the reach length. A cell to cell method was used for flow exchange 
between each reach length described by the MIKE 11 cross-sections and the overlapped 
MIKE 21 grid cells . MIKE 11 cross-sections were derived from a 1 m OEM at an average 
spacing of 226 m (Table 9). The bed level to be used for flow exchange at each overlapped 
40 m grid cell in the reach length is internally defined in the model as the maximum of the 40 
m grid cell elevation in MIKE 21 and the interpolated bank elevation from the MIKE 11 cross­
sections. Therefore, MIKE FLOOD includes a good description of the runners and floodplain 
geometry through the use of lateral links between MIKE 11 and MIKE 21 . 

The results of MIKE FLOOD simulations of the historical flood events of 1991 and 1993, 
along with the results of the remote sensing analysis, quasi-20 MIKE 11 model and MIKE 21 , 
are shown in Figure 29a, b, Figure 30 and Table 6. The inundation area versus flow 
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relationship simulated by MIKE FLOOD shows substantial reductions in inundation area 
estimates in comparison with those from MIKE 21 (Figure 29). MIKE FLOOD simulations for 
the 1993 (1991) event show a reduction of about 12.3% (17%) in the maximum inundation 
area of 69.3% (54.8%) simulated by MIKE 21 . The numbers in parentheses indicate the 
corresponding values for the 1991 event. The reduction in the inundation area estimate in 
MIKE FLOOD results from appropriate representation of the conveyance of the runners , 
which was not represented in MIKE 21. Additionally, MIKE 21 simulations showed significant 
differences in the flow versus inundation area relationship at a threshold of about 28 000 
ML!day, indicating a shift from a runner-dominated 1 D process to a 2D floodplain inundation 
process. In contrast, the MIKE FLOOD simulations show that the shift from a 1 D to a 2D 
inundation process begins around a threshold of 28 000 ML/day and increases gradually up 
to 36 000 ML/day, after which the process is largely 2D. Since the responses of all natural 
systems are generally highly damped because of large differences in storage relative to 
inflow and outflow, the gradual transition in inundation area simulated by MIKE FLOOD 
appears more realistic. 

The 1991 flood event commenced on about 15 August 1991 with a single peak, and the 
Landsat TM image for 4 October 1991 corresponds to peak flow of 43 055 ML/day (see 
Figure 23). Comparison of the spatial inundation patterns from the remote sensing and MIKE 
FLOOD for 4 October 1991 shows good agreement (see Figure 30). However, the inundation 
areas east of the Thule outlet towards the northern boundary predicted by remote sensing do 
not compare well with those from MIKE FLOOD. Similar disagreement in the predicted 
inundation patterns also exist for the areas east of Thule outlet for 23 September 1993 and 
for the mapped inundation patterns on 7 August 1946. The corresponding flow of 
56 790 ML/day is close to the peak flow of 59 944 ML/day on 14 October 1993, and the 
mapped flood inundation area for the 1946 flood event corresponds to a flow of about 
55 000 ML/day. With the exception of some differences along the northern boundary east of 
Thule outlet, the broad inundation patterns across the KPF floodplain predicted by the two 
approaches compare well. For the lower flow of 36 319 ML!day on 22 August 1993, the 
inundation pattern from MIKE FLOOD is packed around the fringes of the ru nners that 
describe the lower parts of the floodpl~in, unli~e the results of the remote sensing analysis, 
which show a wider distribution of the 1nundat1on areas around the runners . 

During high flows in excess of 50 000 ML/day, there are two possible reasons for the 
differences in inundation patterns towards the northern boundary east of the Thule outflow. 
Firstly, some inflow into the KPF is sourced from the northeast, and this is not included in the 
MIKE FLOOD model wherein all water is sourced from the KPF inlets adjoining the Murray. 
Examination of the cross-sections of the KPF floodplain (see Figure 5) confi rm that the 
northern boundary of the KPF is higher than the main floodplain; therefore, water sourced 
from the KPF inlets is unlikely to reach the northern boundary; this is confi rmed by the 
remote sensing images (4 October 1991 and 23 September 1993) and the mapped 
inundation areas for the 1946 flood event. A close look at the results from the remote sensing 
of areas north and northeast of the KPF confirms this possibility. Secondly, the large amount 
of debris from dead trees during high flow events constrains flow in the runners, so that the 
inundation process is biased towards 2D floodplain inundation, as represented by MIKE 21. 
The flood inundation patterns from MIKE 21 compare better with those from remote sensing 
and the mapped 1946 flood event than w ith those from MIKE FLOOD (see Figure 30). The 
total inundation area of 65.9% estimated from MIKE 21 also compares well with the 68.8% 
inundation area from the remote sensing study, as against 51.9% simulated from M IKE 
FLOOD. 
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Figure 30. KPF flood inundation maps from remote sensing analysis, inundation mapping, and 
the MIKE FLOOD hydraulic model (continued) 
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Figure 30. KPF flood inundation maps from remote sensing analysis, inundation mapping, and 
the MIKE FLOOD hydraulic model (continued) 
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Figure 30. KPF flood inundation maps from remote sensing analysis, inundation mapping, and 
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From the discussion above and Figures 29 and 30, it can be concluded that up to flows of 
about 28 000 ML!day, all three hydraulic models provide similar estimates of the inundation 
area in the range 0% to 10%. As the flow increases further, the results from the models tend to 
differ. Quasi-2D MIKE 11 substantially underestimates the inundation areas in comparison with 
the results from MIKE 21, MIKE FLOOD and the remote sensing analysis. MIKE 21 , on the 
other hand, overestimates the inundation area by lack of representation of the conveyance of 
the runners when it is implemented at 40 m resolution (due to computational overheads)_Up to 
a 45 000 ML!day flow and 45% inundation area, MIKE FLOOD provides the best estimates of 
the inundation area and patterns by suitably accounting for conveyance of the runners and the 
transition from a 1 D runner-dominated flow process to the 2D floodplain process. Thereafter, 
high flows up to 70 000 ML!day can potentially involve constraints in the runners because of 
the presence of debris and the occurrence of possible flood flows from areas northeast of the 
KPF boundary; such flows are therefore better simulated by MIKE 21 . 

6.3 SCENARIO MODELLING, WATER BALANCE AND RETURN FLOW 

The desired flooding regime in the KPF is at a frequency of 1 in 3 years and an areal extent of 
at least 30% of the forest. The design discharge capacity of the Torrumbarry Cutting was 
estimated to be between 5000 and 6000 ML!day on the basis of an analysis of the Murray flow 
data downstream of Torrumbarry Weir (see Section 4 ). MIKE FLOOD simulations were done 
for four scenarios with inflow boundary conditions of 2000, 3000, 5000 and 6000 ML!day for 45 
days at the downstream end of the Torrumbarry Cutting (see Figure 3 for the alignment of the 
Torrumbarry Cutting)_ MHL modelling of the Torrumbarry Cutting using MIKE 11 indicated that 
a 500 ML!day flow will likely be available within the Bullock Head Creek outlet (upstream end of 
Runner 1 ), and the remaining portion of the diversion flow from the Murray will likely be 
available across the floodplain_ Therefore, for each scenario, a specified flux inflow boundary 
condition of 500 ML!day was used at the upstream end of Runner 1 in MIKE FLOOD (see 
Figures 3 and 28)_ The remaining inflow (e.g_ 5500 ML!day for the 6000 ML!day inflow 
scenario) was included in MIKE 21 as point sources distributed uniformly across a 1.6km width 
of the floodplain at the downstream end of the Torrumbarry Cutting. The hydrograph for each 
scenario was ramped up gradually over a week from zero to the maximum flow value. At the 
downstream end of the KPF (Runners 4 and 6), the same boundary conditions as in Stage 3 
modelling were used. All other data and the parameters from Stage 3 model ling were also 
used in scenario modelling, and simulations were done for a 45 day period at 1 os time steps. 

Flood inundation maps for the KPF from MIKE FLOOD simulations for each scenario are 
shown in Figure 31 . The inundation areas in the KPF, simulated under steady-state 
conditions for flow diversions of 2000, 3000, 5000 and 6000 ML!day from the Torrumbarry 
Cutting for 45 days are 12%, 17%, 28% and 32%, respectively. The variation in the 
inundation area with time shows that a steady state is reached in about 3 weeks from 
commencement of the flow diversion from ~he Torrumbarry Cutting (Figure 31 ). Measured 
flow data in the Murray at Torrumbarry We1r and Barham shows that for flow in the Murray of 
about 40 000 ML!day, combined flow diverted naturally into the KPF and Gunbower is about 
30% (see Figure 14). MIKE 11 modelling in the Murray shows approximately 50% partitioning 
of overbank flows into the KPF and Gunbower under historical conditions (i.e. 15% overbank 
discharge into each forest) (see Table 7). Therefore, a flow diversion of about 6000 ML!day 
from the Torrumbarry Cutting is equivalent to natural diversion from the Murray under 
historical conditions when flow in the Murray is about 40 000 ML!day. In the case of the 1991 
historical event with a peak flow of about 43 000 ML!day, the maximum inundation area 
simulated using MIKE FLOOD is about 37.8% (see Figure 29). 
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Figure 32. Water balance components from MIKE FLOOD simulations for a 2000- to 6000­
MUday discharge from the Torrumbarry Cutting over 45 days 
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Therefore, an inundation area of 32% corresponding to a diversion flow of 6000 MUday from 
the Torrumbarry Cutting is consistent with the results of the historical modelling (see Figure 
29). The results indicate that a simulated inundation area of 28% corresponding to a 5000 
MUday diversion from the Cutting is close enough to the ecological target of 30% inundation 
of the KPF. Given the uncertainty around floodplain modelling and the possible impacts of 
debris constraining conveyance by the runners in the inundation area, it is possible that a 
30% inundation target may be achievable with a diversion flow of 5000 MUday via the 
Torrumbarry Cutting. 

The depth of water from flooding for different scenarios of diversion flow via the Torrumbarry 
Cutting varies in the range 0 to 4m. Depth-inundation area curves for each scenario were 
prepared at 0.1 m depth intervals (Figure 31). The curves show the percentage inundation 
areas under water depths greater than or equal to Dw. As an example, for a 6000MUday 
scenario 15% of the KPF area inundated from fl ooding will likely have a water depth greater 
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than or equal to 0.4m. The area weighted average depth of water across the KPF floodplain, 
and its variation with time, were obtained from the depth-inundation area curves (Figure 31 ). 
The area weighted depths of water equal to 0.141, 0.188, 0.315 and 0.36 m corresponded to 
2000, 3000, 5000 and 6000 MUday flow under steady state conditions. 

Partitioned water balance components for the KPF are shown in Figure 32. The MIKE 
FLOOD model does not provide partitioned water balance components in the list of options 
for outputs. Therefore, these need to be obtained implicitly by using spatiotemporal fluxes 
such as inflow, outflow, potential evaporation, inundation depth and area. Inflow to the KPF is 
known from the imposed boundary condition. MIKE FLOOD model simulations provide 
outflow from the model domain for both of the component models, i.e. MIKE 21 as well as 
MIKE 11. Using the daily potential evaporation data in Figure 11 (pink line) and the simulated 
inundation area for each historical and future scenario in Figure 31, an evaporation volume 
can be obtained. To estimate the amount of ponded water, a depth versus inundation area 
curve was first prepared in ARC GIS at a depth interval of 10cm (Figure 31, bottom right). An 
area weighted average depth for each day was obtained for each scenario. Multiplying the 
area weighted depth by the respective inundation area gives a daily trace of the ponded 
volume. The cumulative infiltration volume can thus be estimated as inflow minus outflow 
minus evaporation minus ponded volume. Please note that the depth versus inundation area 
curve involves numerical approximation at 1 Ocm intervals and that the standard deviation of 
the depth is high (see Figure 35). If this analysis were done at a very fine depth interval, then 
the ponded volume would increase a little more gradually (red line in Figure 32); 
consequently, the infiltration volume would keep increasing linearly until the steady state was 
reached, instead of tapering off. However, this transitional inconsistency does not affect the 
overall final estimate of return flow, because the volume of inflow minus outflow minus 
evaporation is fixed. 

Cumulative fluxes for each scenario are shown in Figure 32. In the case of the 2000 MUday 
and 3000 MUday scenarios, the volume of ponded water is much smaller than the infiltration 
volume; therefore, the ecological objectives are unlikely to be met with these diversion flows. 
In the case of the 6000 MUday diversion flow the volume of ponded water is greater than the 
infiltration volume. In the case of the 5000 MUday diversion flow they are broadly similar in 
magnitude. Note that the 45-day simulation period used in the scenario modelling from 15 
June to 30 July corresponds to low potential evaporative demand (see Figures 11 and 32). 
However, if environmental watering were done during a different period, then the inundation 
areas, as well as the water balance components, would be different. In general, an increase 
in potential evaporation will likely reduce the inundation area, depth of water and infiltration 
volume. 

The volume of water infiltrating the soil surface would be further apportioned into three 
components: soil moisture storage, groundwater recharge and lateral through flow. 
Breakdown of the infiltration volume into these components is not possible without the use of 
an unsaturated zone eco-hydrological model. However, recharge to groundwater from the 
KPF floodplain is likely to be very small (Evans and Barnett 2007). Therefore, the bulk of the 
infiltration volume will likely be stored as soil moisture storage and water in excess of soil 
moisture storage would leave the KPF as lateral through flow and groundwater recharge. Soil 
moisture storage would in turn be available for evapotranspiration and help meet the 
ecological objectives. 

Likely return flows from the KPF outflow boundaries under the historical and likely future 
conditions from all simulations are shown in Table 10. The results show that return flows 
from enhanced flooding in the KPF are likely to vary in the range 65% to 84%. MIKE FLOOD 
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simulations for diversion flows of 2000, 3000, 5000 and 6000 MUday show return flows in 
the range 69% to 75%. Flood events for 1991 and 1993 extend over 76 days and 139 days, 
respectively, whereas the MIKE FLOOD simulations for scenario modelling extend over 45 
days only. Therefore, the return flows from environmental flooding are likely to increase from 
about 70% for short-duration flooding over 40 to 50 days to about 84% for flooding durations 
of about 1 00 to 120 days. 

Table 10. Predicted return flows from enhanced flooding in the KPF 

Quasi-20 MIKE 11 MIKE21 MIKE FLOOD 

Historical -1991 event 66% 77% 84% 

Historical- 1993 event 65% 83% 84% 

Historical - 2000 event 66% 77% 

Future - 2000 MUday 74% 

Future- 3000 MUday 69% 

Future - 5000 MUday 75% 

Future - 6000 MUday 73% 

MIKE FLOOD implementation includes the effects of runner and floodplain dynamics and 
allows for flow exchange between the runners and the floodplain. The magnitude of flow 
exchange can be assessed from the plots showing variation of flow/incremental flow along 
the length of the runners for different scenarios (Figure 33). The runner reach lengths where 
flow increases indicates contribution from the floodplain to the runners; flow exchange is in 
the opposite direction when flow in the runner decreases. Variation of flow in Runners 1 and 
6 indicates that there are reaches of significant length in Runners 1 and 6 that can carry up 
to 5000 MUday, and it is this conveyance that results in the lower inundation area estimates 
from MIKE FLOOD as opposed to MIKE 21. The range of variation in flow in the runners is 
also shown in a schematic (Figure 34) for the 2000 MUday and 6000 MUday scenarios. 

Average water depth and the standard deviation of water depth over each vegetation species 
are shown in Figure 35. The average water depths estimated for SQ1, SQ2, SQ3, Box, Red 
Gum/Box and open plains and swamps for 6000 MUday are 0.214, 0.15, 0.06, 0.044, 0.118 
and 0.2 m, respectively. The high standard deviation (up to 0.36 m) indicates the high 
variability in water depth across the KPF floodplain. 
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Figure 33. Variations of flow in Runner 1 under steady state conditions with a 6000 MUday flow 
from the Torrumbarry Cutting 
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Figure 35. Average water depth and standard deviation of water depth across the vegetation 
species in the KPF 

Average water depth for each vegetation species Standard deviation of water depth for each vegetation species 

.. 
Gl~ 1iie 0.30 
3':­ liii6000MUdIB6000MUd I >; 0.20 
Cll a. B5000MUd•soooMuct 1 "C Cll 
"C"C 0.10IJ3000MUd I IJ3000MUdu; 

IJ2000MUd I 0.00 IJ2000MUd 

Koondrook Perricoota Forest Flood Enhancement Project- Hydraulic Modelling: The Living Murray 

7 	 Flood inundation process and linkage of the 
hydraulic and hydrological models 

7.1 	 HYSTERETIC FLOOD INUNDATION PROCESS 

The MIKE FLOOD and MIKE 21 simulations ofthe historical events of 1991, 1993 and 2000 
show a hysteretic floodplain inundation response (Figure 36). The historical flooding events 
in 1991 and 1993 consist of a single peak hydrograph, whereas the event in 2000 consists of 
multiple peaks (Figure 36a, b). In all cases, the inundation area versus flow relationship 
consists of two limbs that represent the wetting and drying phases of the KPF floodplain 
(Figure 36c, d). The wetting and drying limbs of the inundation response curves are 
consistent for all historical events. 

The hysteretic inundation response can be conceptualised as in Figure 36e. The equilibrium 
inundation area at a given flow in the Murray is greater in the drying phase than in the 
wetting phase because of dynamic storage within the KPF. As flow in the Murray increases 
along the rising limb of the hydrograph, the inundation response follows the primary wetting 
curve (lower bound in Figure 36e). When the hydrograph recedes from a maximum flow 
value in the Murray (say 100 000 ML/day) that could potentially inundate the maximum 
floodplain area of the KPF, the inundation response curve follows the primary drying curve 
(upper bound in Figure 36e). The primary wetting and drying curves define the bounds of the 
KPF inundation response to flow conditions in the Murray, and all flooding in the KPF under a 
variety of hydrological conditions will be bound within these two extremes. 

A number of secondary wetting and secondary drying curves are possible, depending on 
the magnitude and distribution of multiple peaks of the hydrograph (dotted lines in Figure 
36e). As an example, consider the inundation response of the 2000 flooding event simulated 
by MIKE 21 and corresponding to the first peak with a maximum flow of 30 000 ML/day 
(M21-2000a, Figure 36c) and the second peak with a maximum flow value of 45 000 ML/day 
(M21-2000b, Figure 36c). As flow in the Murray increases to 30 000 ML/day (20 September), 
the simulated inundation area increases to 12% along the primary wetting curve. Flow in the 
Murray then drops to about 22 000 ML/day (29 September) but the inundation area increases 
to about 21%. The flow increases further to 28 000 ML/day (3 October) and then drops to 
14 000 MUday (23 October), and a corresponding reduction in inundation area from 29% to 
23% occurs along the secondary drying curve. Thereafter, the curve of the inundation 
response to the second peak of the 2000 hydrograph follows a similar inundation response 
pattern along the primary wetting and drying curves as simulated for the 1991 and 1993 flood 
events (M21-2000b, Figure 36c). 

The hysteretic inundation response of the KPF can be expressed in a simplified parametric 
form described by equation 6. 

(6) 


where, A = (inundation area/total area) (m2/m2), Q =flow (MUday} Os =upper bound of the 
KPF inflow (ML/day), A,= residual inundation area fraction (m2/m ), As =saturated inundation 
area fraction (m2/m2), a, n and m are the empirical parameters affecting the shape of the 
inundation response curve, and m = 1 - 1/n. 
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The form of the inundation response curve described by equation 6 is analogous to the van 
Genuchten (1980) equation, used extensively in soil physics to describe the relationship 
between soil moisture and matric suction. The parameters in equation 6 were optimised for the 
wetting and drying phases of the conceptualised KPF inundation response in Figure 36e. The 
fitted parameters are shown in Table 11 and the fitted models are shown in Figure 36f. The 
fitted models compare very well with the conceptualised inundation response curves, and R2 

values of 0.993 and 0.988 were obtained for the wetting and drying phases, respectively. The 
inundation response model in parametric form provides a simple and practical tool for 
assessment of the inundation area in the KPF under any hydrological flooding regime. 
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Figure 36(a-b). Observed and simulated flow in the Murray under 1991 and 2000 historical 
conditions. (c) Flow downstream of Torrumbarry Weir versus inundation area (RS: Remote 
sensing; MIKE 118: Results with Manning's n = 0.042 and leakage factor= 7 x 1o-7 s- ; M21: MIKE 
21 results under 1991, 1993 and 2000 conditions). (d) Flow downstream of Torrumbarry Weir 
versus inundation area {RS: Remote sensing; MIKE 118: Results with Manning's n = 0.042 and 

1leakage factor= 7 x 10-7 s- ; M21: MIKE FLOOD results under 1991, 1993 and 2000 conditions). 
(e-f) Conceptualised and fitted hysteretic responses of the KPF to environmental flooding. 
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Table 11. Parameters of the KPF inundation response curve 

Wetting phase Drying phase 

Ar(m2/m2) 0 0 

As (m2/m2) 0.7367 0.74168 

a(day/ML) 0.00002 0.0000175 

n(- ) 7.78819 4.49187 

Q5 (MUday) 100000 10.0000 

R2 0.993 0.988 

7.2 	 LINKING OF THE KPF HYDRAULIC MODEL WITH THE HYDROLOGICAL MODEL 
OF THE RIVER MURRAY 

Hydrological models require a priori information on inflow, outflow and storage characteristics 
of the hydrological system so that the empirical model parameters can be calibrated. 
However, in the case of KPF this information is not available; therefore, the KPF hydraulic 
models need to provide this information to the MDBC hydrological model. 

Lumped hydrological routing models disregard heterogeneity within the model domain and 
use the following two fundamental equations: 

dS 
Mass balance: Qinflow - Q outflow = dt 	 (7) 

Storage-outflow relationship: S- S0 = KQt,,tflow 	 (8) 

where, Qinfiow = inflow (ML!day), Q outflow = outflow (ML!day), S = storage in the hydrological 

system (ML), S0 = residual storage threshold required before outflow from the hydrological 

system commences (ML), K = time constant of the storage in the hydrological system or the 
scale parameter (day-1

) , and f3 = parameter describing the non-linearity of the hydrological 

system (- ). 

Losses in the mass balance equation of the hydrological model can be included either 
explicitly or through the use of constant or seasonally varying gain factors. In general, 
hydrological systems are large and the storage within the system is larger than the inflow to 
and outflow from the hydrological system. Therefore, the hydrological response is highly 
damped and the hydrological system can be approximated as linear, i.e. the parameter j3 
equals unity. Substituting equation (8) into (7), Nash (1960) showed that, under the 
constraints of conservation, stability, high damping and the absence of feedback, the two 
parameter case described by equation (9) with 17 as integer and positive K is as general a 

case as the differential equation of the input-output system of unlimited order. Providing 
additional flexibility by allowing n to take fractional values, the impulse-response function has 
the ability to represent adequately almost all the impulse-response shapes commonly 

Koondrook Perricoota Forest Flood Enhancement Project- Hydraulic Modelling: The Living Murray 

encountered in the hydrological context. Although other parametric and non-parametric forms 
exist, the Gamma function routing model form is widely used for hydrological routing. 

1
1

h(r) = exp(=-!...)(.!.._)'1-	 (9) 
Kr(17) K K 

"' 
where, r(rJ) = fexp(-r) r'~- 1 dr is the incomplete gamma function (dimensionless). 

0 

Figure 37. (a) Storage versus outflow data for the KPF; (b) Relationship between threshold 
storage in the KPF and diversion flow from the Cutting before outflow commences from the 
KPF; (c) Storage versus outflow relationship, and table showing threshold storage So and time 
constant K for different scenarios of diversion flow from the Torrumbarry Cutting 
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If inflow to and outflow from the hydrological system are known, then the model described by 
equation (9) or its alternative model forms can be easily calibrated for the parameters K and 
TJ. In the case of KPF, inflow to and outflow from the KPF are unknown, and therefore 
information from hydraulic models needs to be used in the hydrological model. The flow 
duration curves at Torrumbarry Weir and Barham provide the information on total diversion 
flow from the Murray to the Gunbower and KPF (see Figure 14). The results from Table 7 
provide information on partitioning between the KPF and Gunbower for historical conditions. 
The time series for these historical events from the MIKE 11 model of the Murray can be 
used to develop empirical relationships for the inflow into each forest. Return flows and 
partitioning of the water balance components for the historical and likely future conditions can 
be used as calibration datasets for incorporating the effects of enhanced flooding of the KPF 
into the MDBC's hydrological model for the Murray. 

The storage-outflow relationship described by equation 8 was developed for the KPF by 
using the water balance components for each diversion flow scenario from the Torrumbarry 
Cutting (Figure 37a). The storage-outflow data in Figure 37a show that for each case of 
diversion flow from the Torrumbarry Cutting (2000 to 6000 MUday), a threshold storage So 
must be reached before outflow from the KPF commences. The plot also shows that once 
outflow commences the storage-outflow relationship is linear. Therefore, the following 
information is required for incorporating KPF results into the hydrological model: a 
relationship between threshold storage So versus diversion flow from the Torrumbarry 
Cutting, and the time constant or slope K of the storage-outflow data. 

The threshold residual storage So for the KPF corresponding to a given diversion flow from 
the Torrumbarry Cutting can be estimated from the linear regression equation with a slope of 
4.282 and an intercept of 14 884 (Figure 37b). Using the residual threshold estimate So from 
the equation in Figure 37b, regression equations for the diversion flow scenarios of 2000, 
3000, 5000 and 6000 MUday flow were developed (Figure 37c). The time constant Kin the 
range 3.48 to 3.7 day-1, is recommended for the KPF storage-outflow relationship. The R2 

values for the regression equations vary between 0.77 and 0.98 (see the table in Figure 37 
for details of the regression equations); therefore, the linear models developed can be 
confidently used in the hydrological model of the Murray. Finally, information on the 
evaporation losses can be obtained by using parametric forms of the inundation response 
model described by equation (6) and the appropriate inundation response model parameters 
corresponding to the wetting and drying phases of the KPF (Table 11 ). 
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8 Conclusions 
Koondrook-Perricoota Forest is in the NSW part of the Ramsar listed Gunbower-Perricoota 
Forest and covers about 33 750 ha along the Murray River. The natural frequency of flooding 
for 3 to 5 months at a time in the KPF has decreased from once every 4 years to once every 
10 to 12 years owing to regulation of the River Murray and increasing demand for water 
supply. Within the TLM and the TLM EWMP, it is proposed to construct a channel, called the 
Torrumbarry Cutting, in the KPF to allow water from Torrumbarry Weir to take its natural 
course through the forest, eventually returning the water to the Murray and its tributary 
Wakool. 

This report describes the development and implementation of the MIKE suite of hydraulic 
models for the KPF. As far as the authors are aware, this is one of the most comprehensive 
and biggest hydraulic modelling studies in Australia to date. It is also the first study in 
Australia to propose a hysteretic inundation response of the Murray floodplain to variations in 
flow in the Murray during flooding events. A range of historical and likely future conditions for 
flow diversion from the Torrumbarry Cutting were assessed to explore whether the ecological 
target of 30% inundation of the KPF can be achieved. Additional issues discussed in the 
report include the design capacity of the Torrumbarry Cutting; partitioning of flow from the 
Murray into the adjoining KPF and Gunbower Forest; spatial inundation patterns and depth; 
partitioning of the water balance; and likely return flows from enhanced flooding of the KPF. 
An inundation response model has been developed and the relationships for coupling the 
results of the KPF hydraulic model into the MDBC hydrological model have been derived. 

The hydraulic model for the KPF was developed by using the DEM at 1 m grid cell resolution 
obtained from the LiDAR survey conducted as part of the Hume-Euston Project (MDBC 
2005). The average elevations along the wid~h of the forest towards the eastern and western 
boundaries are 84.7 m and 76.56 m, respectively, and the overall relief is about 8.14 m (see 
Figure 3). The general flow direction in the KPF is north-~est, and the slope of the KPF 
varies from 1 in 4613 towards the eastern boundary to 1 1n 7310 towards the western 
boundary. 

The vegetation species map delineates the main species in the KPF as Box, Box/Red Gum, 
Red Gum SQ1 (high productivity), Red Gum SQ2 (low productivity), Red Gum SQ3 (low 
productivity), Open Plains or Swamp (Figure~). In general, the vegetation species map 
indicates the degree of wetness in the KPF, w1th more frequent wetting of the areas under 
SQ1 (downstream end) and least wetting under Box vegetation (upstream end). 

Extensive soils investigations, including soil survey and surface infiltration experiments, were 
done in the KPF to support the hydraulic modelling work. Typically, the majority of the soils 
have a medium to heavy clay layer within the top 30cm of the profile. KPF soils were 
classified into six major soil hydrological groupings that reflect the relative infiltration rates of 
the most representative impermeable near-surface horizon (see Figure 7). Spatially 
distributed surface infiltration rates under positive hydraulic head were used in the hydraulic 
modelling (see Table 2). An area weighted infiltration rate of 25 mm/day was estimated 
across the entire KPF floodplain, which includes areas that may or may not be inundated. 
Infiltration rate varies in the range 5 to 20 mm/day across the bulk of the areas likely to be 
inundated under enhanced flooding conditions. 

Floodplain inundation mapping was developed from a hard copy of the inundation maps and 
the prevailing vegetation patterns prepared from the aerial survey on 7 August 1946 by the 
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RAAF. Additional data used for producing the final inundation map included aerial photos 
from two sources at 1 :50 000 and 1:15 000 scales, as well as from LiDAR data and SPOT 
imagery. This flood event corresponds to 55 000 MUday flow in the Murray and forms a 
useful dataset. A total mapped inundation area equal to 73% of the KPF was estimated for 

·the 1946 flood event (see Figure 30). 

Remote sensing analysis of the KPF floodplain inundation was conducted using 12 images 
fro~ the Landsat satellite for the _floo~ ?vents i_n 1991, 1993 and 2000 by the methodology of 
Sha1kh et al. (2001, 1998). Dens1ty shc1ng, an 1mage enhancement technique, was used to 
delineate spatial patterns of the inundation areas in the KPF. A DN threshold was used to 
produce a new image in which the pixels have a binary representation of wet and dry areas. 
A sensitivity analysis of the DN threshold was also conducted on three images to evaluate 
the impact of assumptions in the method on the overall inundation patterns in the KPF. The 
results of the inundation area estimates from the remote sensing analysis were found to 
compare well with the inundation information produced by Forests NSW from a 
reconnaissance survey during historical flood conditions in the KPF: i.e. 30-day minimum 
flow in the Murray versus percentage inundation area (see Figure 19, Table 6). 

Water availability analysis was done to explore the opportunity for diverting a range of 
discharges into the Torrumbarry Cutting. A carrying capacity of the Torrumbarry Cutting in 
the range 4000 to 7000 MUday could potentially achieve the desired ecological outcomes. 
On the basis of hydraulic efficiency, a design discharge capacity of 5000 to 6000 MUday 
would appear reasonable for the Torrumbarry Cutting. The effectiveness of different 
diversion flow scenarios from the Torrumbarry Cutting (2000, 3000, 5000 and 6000 MUday) 
to achieve the ecological objectives was assessed later from hydraulic modelling. 

Natural flow diversion from the Murray into the KPF and Gunbower Forest commences at 
about 17 000 MUday, and flow diversions increase substantially with an increase in flow in 
the Murray from 20 000 to 65 000 MUday. When the observed flow downstream of 
Torrumbarry Weir is 20 000, 30 000,40 000, 50 000 and 65 000 MUday, the proportion of 
combined flow naturally diverted to the Gunbower and Koondrook-Perricoota Forests is 0% 
14%, 30%, 41% and 46%, respectively. A MIKE 11 model was set up for the Murray betwee'n 
T orrum barry Weir and Barham to partition flows between the two forests on either side of the 
Murray. Very good model calibrations were achieved for the historical flood events of 1991, 
1993, 2000 and 2003 (see Figure 23). For a given flood event, flow diversions between the 
KPF and Gunbower are broadly comparable. Simulated combined inflow from all inlets of the 
KPF for each of the flood events in 1991, 1993 and 2000 are much more than the volume of 
water in the range 4000 to 6000 MUday planned for diversion into the KPF from the 
Torrumbarry Cutting (see Figure 24). Inflow hydrographs for each inlet, obtained from MIKE 
11 modelling of the Murray, were used for hydraulic modelling of the KPF floodplain. 

The KPF floodplain modelling was performed in three stages, moving progressively from 
simple to more complex forms. Knowledge of the KPF flood inundation processes was 
improved in each stage to better formulate more complex model forms. The primary reason 
for the choice of a staged approach was to account for the scale of the hydraulic modelling 
problem. The problem size is huge and involves significant numerical overheads. On the 
basis of prototype benchmarking, it was estimated that the simulation tim~s for 
implementation of the MIKE FLOOD model would be very long (>30 days). It was considered 
mandatory to commence simulations with simple model forms using MIKE 11 (Stage 1: 
quasi-20) and then conduct targeted simulations using MIKE 21 (Stage 2: 20) and MIKE 
FLOOD (Stage 3: combined 1 D flow in the runners and 2D flow in the floodplain). 
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An inundation response relationship comprising flow in the Murray versus percentage 
inundation area was developed, and the results from MIKE 11 were compared with those 
from the remote sensing study. The results showed a good match with those from the remote 
sensing study up to about 35 000 MUday. Thereafter, the results drifted apart, and lower 
estimates of the inundation area were obtained from the model relative to those from the 
remote sensing study. 

The MIKE 21 model set up for the KPF_involves marked numerical overheads and the 
following considerations: spatial and temporal resolution of the model, memory requirements 
and processor speed, and the Courant criterion. On the basis of these considerations, MIKE 
21 simulations were performed at 40 m grid cell resolution and 10 s time steps. Although the 
40 m grid scale is considerably coarser than that of the available DEM data, it still pushes the 
model computations to limits while keeping simulation times within a practical range (5 to 15 
days). 

The results of the MIKE 21 simulations closely matched those of the remote sensing analysis 
and quasi-2D MIKE 11 up to about 28 000 MUday (see Figure 27). Thereafter, MIKE 21 
gave significantly higher inundation areas than those from quasi-2D MIKE 11. The remote 
sensing study estimated an inundation area of about 69% on 23 September 1993, 
corresponding to a 56 970 MUday flow in the Murray. Also, an inundation area of about 73% 
was mapped for the 1946 flood, corresponding to flow in the Murray of about 55 000 MUday. 
The inundation area estimated for the 1993 event from the remote sensing analysis matches 
very well with the simulated inundation areas from MIKE 21 and compares well with the 
mapped inundation area for the 1946 flood event. 

The MIKE FLOOD model was developed to address the issues relating to under 
representation of the runner conveyance in MIKE 21 and to analyse the threshold at which 
the inundation dynamics shift from runner dominated behaviour to floodplain behaviour. The 
MIKE 21 model used in MIKE FLOOD was the same as that developed at 40 m resolution in 
Stage 2. A comprehensive MIKE 11 model was developed in Stage 3 at a fine resolution to 
capture inundation dynamics and flow exchange between the runners and the floodplain. 
Simulation times with MIKE FLOOD were up to 50 days on an Intel® Dual Core ™ PC with 
2.13-GHz processor speed and 3.25-GB RAM. · 

The inundation area versus flow relationship simulated by MIKE FLOOD showed substantial 
reductions in the inundation area estimates compared with those from MIKE 21 (see Figure 
29). The MIKE FLOOD simulations for the 1991 and 1993 events showed a reduction of 
about 17% and 12.3%, respectively, in the respective maximum inundation areas of 54.8% 
and 69.3% simulated by MIKE 21. Additionally, the MIKE 21 simulations showed significant 
differences in the flow versus inundation area relationship at around a 28 000 MUday 
threshold, indicating a shift from a runner dominated 1 D process to a 2D floodplain 
inundation process. In contrast, the MIKE FLOOD simulations showed that the shift from a 
1 D to a 2D inundation process begins around a threshold of about 28 000 MUday and 
increased gradually up to 36 000 MUday, after which the process was largely 2D. Since the 
responses of all natural systems are generally highly damped because of large differences in 
storage relative to inflow and outflow, the gradual transition in the inundation area simulated 
by MIKE FLOOD appears more realistic. 

Comparison of the spatial inundation patterns from remote sensing and MIKE FLOOD 
showed good agreement. However, during high flows (in excess of 50 000 MUday), the 
inundation areas predicted by remote sensing east of the Thule outlet towards the northern 
boundary did not compare well with those from MIKE FLOOD. Two possible reasons for the 
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differences in inundation patterns towards the northern boundary east of the Thule outflow 
were identified. Firstly, some inflow into the KPF is sourced from the northeast, and this is 
not included in the MIKE FLOOD model wherein all water is sourced from the KPF inlets 
adjoining the Murray. A close look at the results from remote sensing for areas north and 
northeast of the KPF confirmed this possibility. Secondly, the large amounts of debris from 
dead trees during high flow events constrain flow in the runners; therefore, the inundation 
process is biased towards 2D floodplain inundation, as represented in MIKE 21. 

On the basis of the results from the MIKE 11, MIKE 21 and MIKE FLOOD models, it was 
concluded that up to flows of about 28 000 MUday, all three hydraulic models provide similar 
estimates of the inundation area in the range 0% to 1 0%. As flow increases further, the 
results from the models tend to differ. Quasi-2D MIKE 11 substantially underestimates the 
inundation areas in comparison with MIKE 21, MIKE FLOOD and the remote sensing 
analysis. MIKE 21, on the other hand, overestimates the inundation area owing to lack of 
representation of the conveyance of the runners when the model is implemented at 40 m 
resolution (because of computational overheads this was the grid cell resolution adopted). 
Up to 45 000 MUday flow and 45% inundation area, MIKE FLOOD provides better estimates 
of the inundation area and patterns by suitably accounting for conveyance of the runners and 
transition from a 1 D runner dominated flow process to a 2D floodplain process. Thereafter, 
high flows up to 70 000 MUday can potentially involve constraints in the runners because of 
the effect of debris and possible flood flows from areas northeast of the KPF boundary; these 
high flows are better simulated by MIKE 21. 

MIKE FLOOD simulations were done for four scenarios with inflow boundary conditions of 
2000, 3000, 5000 and 6000 MUday for 45 days at the downstream end of the Torrumbarry 
Cutting. The inundation areas in the KPF, simulated under steady state conditions for flow 
diversions of 2000, 3000, 5000 and 6000 MUday from the Torrumbarry Cutting for 45 days, 
were 12%, 17%, 28% and 32%, respectively. The variation in the inundation area with time 
shows that the steady state is reached in about 3 weeks after the commencement of flow 
diversion via the Torrumbarry Cutting (Figure 31). It was shown that the 1991 historical 
event, with a peak flow of 43 000 MUday, is close to the diversion flow of 6000 MUday from 
the Torrumbarry Cutting. The simulated inundation area of 37.8% for the 1991 event from 
MIKE FLOOD compares well with the 32% inundation area estimated for the 6000 MUday 
diversion flow from the Torrumbarry Cutting. 

Area weighted water depths equal to 0.141, 0.188, 0.315 and 0.36 m were obtained, 
corresponding respectively to 2000, 3000, 5000 and 6000 MUday flows under steady state 
conditions. Variation in the water balance components with time was obtained for each 
scenario, and the volume of water in pending, evaporation loss, surface infiltration and return 
flow was estimated (see Figure 32). In the case of the 2000 MUday and 3000 MUday 
scenarios, the volume of water in pending was much smaller than the infiltration volume; 
therefore, the ecological objectives are unlikely to be met with these diversion flows. In the 
case of 6000 MUday diversion flow, the volume of ponded water was greater than the 
infiltration volume. The two were broadly similar in magnitude in the case of 5000 MUday 
diversion flow. The 45-day simulation period used in the scenario modelling from 15 June to 
30 July corresponds to low potential evaporative demand (see Figures 11 and 32). However, 
if environmental watering were done during a different period, then the inundation areas as 
well as the water balance components would be different. In general, an increase in potential 
evaporation would be likely to reduce the inundation area, depth of water and infiltration 
volume. 
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The results showed that return flows from enhanced flooding in the KPF are likely to vary in 
the range 65% to 84% (see Table 10). MIKE FLOOD simulations for diversion flows of 2000, 
3000, 5000 and 6000 MUday showed return flows in the range 69% to 75%. The flood 
events in 1991 and 1993 extended over 76 days and 139 days, respectively, whereas the 
MIKE FLOOD simulations for scenario modelling extended over 45 days only. Therefore, 
return flows from environmental flooding are likely to increase from about 70% for short 
duration flooding over 40 to 50 days to about 84% for flooding durations of about 1 00 to 120 
days. 

The average water depth estimated for SQ1, SQ2, SQ3, Box, Red Gum/Box, and open 
plains and swamps at 6000 MUday were 0.214, 0.15, 0.06, 0.044, 0.118 and 0.2 m, 
respectively (see Figure 35). The high standard deviation (up to 0.36m) indicated high 
variability in water depth across the KPF floodplain. 

Finally, the results from complex hydraulic modelling of the KPF were synthesised into 
simple and practical tools for use by environmental water managers and to help implement 
basin scale hydrological models (e.g. the MDBC model for the Murray), thus incorporating 
the effects of environmental flow diversions within the TLM Initiative. A storage-outflow 
relationship was developed for the KPF for use in the hydrological model (see equation 8 and 
Figure 37). The results show that, for the purposes of lumped hydrological modelling, the 
KPF storage can be approximated as a linear reservoir with a time constant K of about 3.5 to 
3.7 day-1 and a threshold storage dependent on flow in the Murray, as defined by a 
calibrated linear form (see Figure 37b). 

A hysteretic inundation response model comprising flow in the Murray versus percentage 
inundation area was proposed for the KPF, and the accuracy of the calibrated parametric 
form of the response model was about 99% (see Figure 36 and equation 6). The proposed 
inundation response model consists of primary wetting and drying curves that define the 
lower and upper bounds of the wetland inundation; all possible wetland inundation processes 
dependent on hydrological conditions in the Mur~ay can _be defined by the secondary wetting 
and drying curves. We believe that the parametnc form IS robust and applicable to any 
wetland (especially the Murray wetlands). If developed further and extended to other areas, 
this model can greatly help water managers to assess the ecological benefits from the 
environmental watering of wetlands. 
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