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1 Introduction 

This document contains all appendices and additional information for the Condamine–Balonne 

River Basin hydrological model calibration.  
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2 Appendix A1 – The Source Model 

 

 

For managing rivers 

eWater Source can be used in planning and operations modes for river management. 

Source provides Australia’s first nationally applicable integrated modelling software combining river and catchment 
modelling to support water planning and river operations across the country. Its use in river management is to simulate 
the physical and management aspects of river systems at a range of spatial and temporal scales. It can be run in one of 
two interchangeable operations and planning ‘modes’. The first mode is used to inform day-to-day operational decisions. 
The second mode is used to inform policy decisions relating to the long-term impacts on water and environment 
resources.  

Overview 

Source has been developed to address water sharing and savings for entire river and connected groundwater systems. It 
offers important new features and capabilities dealing with water reform, climate change and environmental water. 

It allows users to: 

 share water between environmental and irrigation demands 

 consider what impact climate change will have on water security 

 manage multiple water owners in storage and in transit in the river system 

 link existing models to build on current approaches. 

Source provides a consistent modelling environment to support transparent river management decisions. Fundamental to 
this design is the flexibility which makes it readily customisable and easy to update as new science becomes available. 
New capabilities can be incorporated via plug-ins developed to suit particular needs. 

Extensive trials with eWater partners have proved the capabilities of Source in river basins across the country. 

 

Modes for planning and operations 

The Source modelling package can be run in one of two inter-changeable modes: 'Operations' to inform day-to-day 
operational decisions; and 'Planning' to inform policy decisions relating to the long-term impacts on water and 
environment resources. This means that managers dealing with daily operations, water accounting and long term 
planning will be able to efficiently and accurately compare analyses using a common platform and river system model. 

  

http://www.ewater.com.au/products/ewater-source/for-rivers/
http://www.ewater.com.au/uploads/images/River Manager diagram - caitlin2.jpg
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Planning 

For assessing the longer term impacts of water resource policy on river behaviour and all users 

 
The Planning mode is designed to explore how changes in policy and 
management will affect the behaviour of the river system in the longer term. It 
can be used by river managers to assess the impact of actual or potential 
changes to the behaviour of the river system and the probable effect on 
system storages, flows and water shares. By exploring the options, river 
planners can decide on which management actions will optimise river 
performance to meet planning objectives. 

Source (Planning) is designed to: 

  

 determine which management rules will best meet planning objectives 

 explore the impact of changes in management, land-use and climate on river behaviour and water availability 

 model the supply, demand and use of water at a range of time scales 

 simulate complex management rules, such as continuous sharing 

 accommodate the needs and conditions of different river catchments across Australia 

 track and account for water shares and ownership 

 assess current and future water availability across entire river systems 

 interact efficiently with river operations. 

Operations 

For day-to-day operational decisions around the release and storage of water in regulated systems 

The Operational mode of Source is designed to inform day-to-day decisions around 
managing storage releases and delivery of water to meet demands in regulated river 
systems. 
It enables the user to build an operational model of the river. The operator can then 
assess the impact of different operational scenarios on the way water moves through a 
river system in response to storage releases, tributary inflows, losses, demands and 
constraints. 

Source (Operations) is designed to: 

 inform decisions on how the system should be operated to deliver water in the 
short and medium term to consumptive and environmental users 

 inform decisions on water transfers between catchments, rivers and reservoirs 
as specified in operation and management plans 

 inform changes in water delivery requirements as a consequence of external 
drivers, such as water trading 

 decide on the optimum storage and weir operations to meet target watering regimes for consumptive and 
environmental demands 

 interact efficiently with long-term river system planning. 

  

http://www.ewater.com.au/products/ewater-source/for-rivers/
http://www.ewater.com.au/uploads/images/Murray River web(1).jpg
http://www.ewater.com.au/uploads/images/Hume Dam wall - RO web.JPG
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3 Appendix A2 – The Sacramento Model 

The Sacramento rainfall-runoff model was developed by Burnash, Ferral and McGuire (1973). 

It can be implemented through the computer programs WINSAC and/or Source. It is an explicit soil 

moisture accounting type model developed by the United States National Weather Service and the 

California Department of Water Resources, originally for flood forecasting applications. 

The Sacramento model consists of a number of storages connected by catchment processes. 

The model components and the relationships between them are shown in Figure 3.1. 

Rainfall on the catchment is considered as falling on one of two types of surface: permeable areas; 

or impervious areas that are linked to the channel system. Runoff is produced from impervious 

areas in any rainfall event. 

The permeable area, in contrast, produces runoff only when the rainfall is sufficiently heavy. In this 

portion, initial soil moisture storage (the upper zone tension storage) must be filled before water is 

available to enter other storages. This represents the depth of precipitation required to meet 

interception requirements and is water bound closely to soil particles. When this tension storage is 

filled, water is accumulated in the upper zone free water storage, from where it is free to drain to 

deeper storages or to move laterally to appear in the stream channel as interflow. 

The vertically draining water, or percolation, can enter one of three lower zone storages, the lower 

zone tension storage (the depth of water held closely by the soil particles) or one of the two lower 

zone free water storages, primary and supplemental (that are available for drainage as baseflow or 

subsurface outflow). The two free water storages fill simultaneously but drain independently at 

different rates to produce the variable baseflow recession. 

Evaporation occurs from surface water areas at the potential rate, but in other areas, varies with 

both evapotranspiration demand and the volume and distribution of tension water storage. 

The surface runoff and interflow are routed to the catchment outlet by a non-dimensional unit 

hydrograph. In catchments where significant nonlinearities may be present, such as extensive 

flood plains that may alter the mean travel times, a layered Muskingum routing technique, 

effectively introducing a number of linear storage-discharge relationships, can be used. 

To implement the model in a given catchment, a set of 18 parameters must be defined. 

These parameters define the generalised model for a particular catchment. The parameters are 

usually derived for a gauged catchment by a process of calibration where the recorded stream 

flows are compared with calculated stream flows and the parameters are adjusted to produce the 

best match between the means and standard deviations of the daily stream flows, and reducing the 

difference in peak flow discharge. 

For ungauged catchments, parameter sets from adjacent or nearby gauged catchments may be 

used. A parameter set may be called a regional parameter set especially if the ungauged 

catchment is located in the same local region where the catchment with the calibrated parameter 

set is located. 
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Figure 3.1 : Sacramento Model Schematic 
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4 Appendix B – FORS 

4.1 Introduction 

A major challenge in the development of hydrologic models is the derivation of model inflows. 

Typically, model inflows are derived (in full or part) from historic rainfall and potential 

evapotranspiration records using conceptual rainfall-runoff models calibrated to simulate the 

catchment behaviour. 

Many conceptual models have been used to simulate Australian catchments over the decades 

(Boughton 2005). The Sacramento Soil Moisture Accounting model (Burnash 1973; Figure 4.1) is 

consistently amongst the best performing in comparison studies (for example Zhang 2013) and for 

that reason is the model of choice for rainfall-runoff modelling at Queensland Hydrology. 

 

Figure 4.1 : The Sacramento soil moisture accounting model simulates catchment runoff using a conceptual 
network of interconnected soil moisture stores. The major processes included in the model are illustrated. 

In order for a Sacramento model to aptly represent the behaviour of a particular catchment, it is 

necessary to estimate suitable values for the model’s many free parameters. There are 17 

numerical parameters describing the sizes of various soil moisture stores and the movement of 

water between them (Adimp, Lzfpm, Lzfsm, Lzpk, Lzsk, Lztwm, Pctim, Pfree, Rexp, Rserv, Sarva, 

Side, Ssout, Uzfwm, Uzk, Uztwm, Zperc), 1 unit hydrograph kernel and, in some implementations, 

weighting factors for the input rainfall datasets. These parameters cannot be measured directly and 

are usually estimated using expert knowledge of the region, and/or inferred such that they best 

reproduce observed streamflows over a historic “calibration period”. There is no clear consensus 

on exactly how this should be done, partly because it depends on the model’s purpose, and partly 

because new methods are continually being researched as enabled by increasing computational 

capacity. 

This appendix outlines an automated method for Sacramento model calibration developed at 

Queensland Hydrology and used in this work. In this method the Sacramento model parameters 

are iteratively adjusted using a global optimisation search algorithm to find the best-fitting 

parameter values. The specifics are explained in the following 3 sections: 
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 The Calibration Objective – what the calibration aims to achieve. 

 The Model Parameterization – which parameters are adjusted during the calibration, and 

what are the constraints. 

 The Optimisation Algorithm – by what procedure are the model parameters iteratively 

adjusted to progressively achieve the calibration objective. 

Afterwards, the calibration method is demonstrated holistically using two case studies – one with 

synthetic data and one with real data. Finally some conclusions are drawn and recommendations 

made for future work. 

4.2 The Calibration Objective 

When calibrating a rainfall-runoff model to observed streamflow records, there are several 

characteristics of the historic flow that may be targeted including but not limited to: 

 the reproduction of daily flow records, with a balance of emphasis on both high and low 

flows 

 the reproduction of hydrograph characteristics such as the shapes of flood peaks and 

recession curves, and the occurrence of cease-to-flow periods 

 the long-term average runoff volume 

 the statistical distribution of flows of different magnitudes, which includes the median flow 

and other percentiles. 

In the automatic calibration paradigm (Gupta 1983, 1985; Sorooshian 1983a, 1983b) these 

qualitative objectives are amalgamated into a single quantifiable statistic, the so-called “objective 

function”, which measures the overall goodness-of-fit between modelled results and observed 

data. An iterative optimisation search algorithm is then used to find the model parameter values 

that minimize the objective function (assuming the usual convention whereby a lower value = 

better fit). 

Common choices for the objective function include Pearson’s correlation coefficient (R2), and the 

Nash-Sutcliffe Efficiency statistic calculated in linear space (NSE) or log space (NSELOG). These 

simplistic choices serve to target good daily flow performance, but tend to give disproportionate 

weight to either the high flows (in the case of R2 or NSE) or low flows (in the case of NSELOG) 

and do little to achieve the observed long-term average runoff volume or the statistical distribution 

of observed flows. More elaborate objective functions have been devised and shown to overcome 

some of these downfalls (e.g. Ellis 2008).  

Recent work by Coron et al (2012) and Lerat et al (2013) has explored a family of objective 

functions of the form 

𝑓 = [1 +
|∑ 𝑄 − ∑ �̂�|

∑ 𝑄
]

𝜇

× [𝛼 ∑(𝑄𝜆 − �̂�𝜆)
2

+ (1 − 𝛼) ∑(𝑅𝜆 − �̂�𝜆)
2

] 

where 𝑄 is the set of observed daily flows, �̂� is the set of corresponding modelled flows, 𝑅 is the 

observed daily flow ranked by amplitude, �̂� is the corresponding modelled flow ranked by 

amplitude, and 𝜆, 𝜇 and 𝛼 are constants governing the relative importance of various parts of the 

expression. The first term in the expression, 1 + |∑ 𝑄 − ∑ �̂�|/ ∑ 𝑄, measures how well the model 

reflects the total runoff volume (i.e. bias) during the calibration period. The exponent 𝜇 regulates 

the relative importance of this term, and a value of 𝜇 = 1 was found to give calibrations with very 

good bias without significantly impacting the daily or statistical performance. The second term has 

two parts: ∑(𝑄𝜆 − �̂�𝜆)
2
 measures the difference between the modelled and observed data on a 
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daily basis; ∑(𝑅𝜆 − �̂�𝜆)
2
 measures the difference between the modelled and observed data on a 

ranked-daily basis. The constant 𝜆 tunes the relative importance of high flow to low flows in both 

parts. A larger value of 𝜆 gives more weight to high flows, and a smaller value gives more weight to 

low flows. A value of 𝜆 = 0.5 was found to give a good balance between high and low flow 

performance for a variety of catchments. The constant 𝛼 regulates the relative balance between 

daily performance and statistical performance. A value of 𝛼 = 0.1 was found to work well across a 

variety of scenarios. 

The work of Coron et al (2012) and Lerat et al (2013) as well as work conducted at Queensland 

Hydrology has demonstrated that this objective function excels in reproducing the target flow 

characteristics discussed earlier, across a broad range of catchments, and is reasonably robust to 

common data issues such as misrepresentative rainfall, and transient streamflow gauge issues. 

This objective function has been adopted for the present work, with the values 𝜇 = 1, 𝜆 = 0.5, and 

𝛼 = 0.1. Hereafter it is referred to as SDEB in reference to the performance aspects that it targets: 

Square root Daily flow, Exceedeance, and Bias. 

The figure below illustrates the typical results from a calibration using the SDEB objective function. 

 

Figure 4.2 : Observed streamflow data at GS925002A (red) and Sacramento modelled flows that maximize 
the NSE statistic (blue) and SDEB statistic (orange). While both modelled series have similar behaviour at 
high flows, the recession behaviour is much better represented when optimising SDEB than NSE (left). 
Moreover the statistical distribution of flows shown by the exceedance curve (right) is also better for SDEB 
than NSE for both high flows and low flows. 

4.3 The Model Parameterization 

The parameterization of the model – what parameters are adjusted during model calibration and 

what values they may take – is critical to ensure that unphysical parameter combinations are not 

explored. The parameterization also affects the efficiency of the optimisation, with the easiest 

parameters to optimise being the ones that influence the objective function linearly and 

independently. For these reasons the original Sacramento model parameterization was revised. 

The Sacramento rainfall-runoff model has 17 basic free parameters. These describe the sizes of 

conceptual stores in the model, and the movement of water between them. In addition there are an 

arbitrary number of elements jointly defining a unit hydrograph kernel which acts to retard the 

modelled surface runoff. The eWater Source Sacramento model supports a 5-element unit 

hydrograph. In addition to these there is a weighting factor for each rainfall sequence contributing 
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to the catchment rainfall. All these parameters are listed in Table 4.1, along with allowed ranges 

conservatively devised following a thorough review of previous calibrations undertaken at 

Queensland Hydrology (QH 2013). The final column shows additional constraints and 

interdependencies that should also be considered (Burnash et al? 1973). 

To account for the constraints and interdependencies presented in the original parameter set 

above, the model software was edited and the model was reparameterized. 

The requirement that LZPK ≤ LZSK was handled by introducing a new independent parameter 

LZPKONSK (valid on the range 0.001–1) and subsequently treating LZPK as a derived parameter 

(LZPK = LZPKONSK * LZSK). Similarly, the requirement that SARVA ≤ PCTIM was handled by 

introducing a new independent parameter SARVAONPCTIM (valid over the range 0.0001–1) and 

subsequently treating SARVA as a derived parameter (SARVA = SARVAONPCTIM * PCTIM). 

The unit hydrograph kernel was replaced with a simple parametric function called the “lag unit 

hydrograph” (Lerat et al 2013). This function has just 1 parameter LAGUH which represents the 

mean hydrograph lag from which the values of all underlying unit hydrograph elements UH1, UH2, 

UH3, UH4 and UH5 are derived. RSERV was fixed in the model (RSERV = 0.3) and subsequently 

omitted from the calibration. 

During this reparameterization, logarithmic transformations were used to introduce a logarithmic 

prior to most parameters, and all parameter ranges were normalized so that the final calibration 

parameters are all independently valid over the range 0–1. The final set of calibration parameters 

and their relationships to the original parameters are shown in   
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Table 4.2. 

The final calibration parameter set consists of 17 independent numerical parameters valid over the 

range 0–1 plus one additional parameter for each rainfall sequence. The final parameters are 

related to the original Sacramento model parameters by the transformations described above. 

The raw values of the final calibration parameters are not directly meaningful, and therefore all 

calibrations have been reported in terms of the original Sacramento parameters. Nevertheless the 

transformations above will be of interest to anyone trying to imitate (or improve) this method. 

The optimisation algorithm used to determine optimal values for these parameters is discussed 

next. 
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Table 4.1 : Sacramento Parameter Ranges and Dependencies 

Original 

parameter 

Description Valid 

ranges 

Constraints and 

interdependencies 

Basic  

ADIMP Additional impervious fraction  0.00001–0.15  

LZFPM Lower zone free primary capacity [mm] 1–300  

LZFSM Lower zone free supplementary capacity 

[mm] 

1–350   

LZPK Lower zone primary drainage rate 0.00001–0.9 LZPK ≤ LZSK 

LZSK Lower zone supplementary drainage rate 0.001–0.9 LZPK ≤ LZSK 

LZTWM Lower zone tension water capacity [mm] 10–600  

PCTIM Permanent impervious fraction 0.00001–0.11 SARVA ≤ PCTIM 

PFREE Proportion of direct percolation to lower 

zone 

0.01–0.5  

REXP Exponent in percolation equation 1–6  

RSERV Fraction of lower zone with no transpiration 0.3 Fixed value 

SARVA Fraction covered by water and riparian veg. 1e-8–0.11 SARVA ≤ PCTIM 

SIDE Channel loss ratio 0.00001–0.1  

SSOUT Channel loss rate [mm/day] 0.00001–0.1  

UZFWM Upper zone free water capacity [mm] 5–155  

UZK Upper zone lateral drainage rate 0.1–1  

UZTWM Upper zone tension water capacity [mm] 12–180  

ZPERC Change in percolation rate from wet to dry 1–600  

Unit hydrograph kernel 

UH1 Unit hydrograph element 1 0–1 ∑ 𝑈𝐻𝑖

𝑖

= 1 

 

Credible kernels are 

single-peaked.  

UH2 Unit hydrograph element 2 0–1 

UH3 Unit hydrograph element 3 0–1 

UH4 Unit hydrograph element 4 0–1 

UH5 Unit hydrograph element 5 0–1 

Rainfall weighting factors (one per rainfall dataset) 

RF1 Rainfall factor 1 0–3 One rainfall weighting 

factor per rainfall 

dataset 
… … … 
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Table 4.2 : Relationship between Original Sacramento Parameters and Calibration Sacramento Parameters 

Final calibration 

parameters 

Relationship to original parameters 

Basic  

G_ADIMP ADIMP = 10^(G_ADIMP * (Log(0.15) − Log(0.00001)) + Log(0.00001))) 

G_LZFPM LZFPM = 10^(G_ LZFPM * (Log(300) − Log(1)) + Log(1))) 

G_LZFSM LZFSM = 10^(G_ LZFSM * (Log(350) − Log(1)) + Log(1))) 

G_LZPKONSK LZPKONSK = 10^(G_LZPKONSK * (Log(1) − Log(0.001)) + Log(0.001))) 

LZSK = 10^(G_LZSK * (Log(0.9) − Log(0.001)) + Log(0.001))) 

LZPK = LZPKONSK * LZSK 
G_LZSK 

G_LZTWM LZFSM = 10^(G_ LZTWM * (Log(600) − Log(10)) + Log(10))) 

G_SARVAONPCTIM SARVAONPCTIM = 10^(G_SARVAONPCTIM * (Log(1) − Log(0.0001)) + 

Log(0.0001))) 

PCTIM = 10^(G_PCTIM * (Log(0.11) − Log(0.00001)) + Log(0.00001))) 

SARVA = SARVAONPCTIM * PCTIM 

G_PCTIM 

G_PFREE PFREE = 10^(G_PFREE * (Log(0.5) − Log(0.01)) + Log(0.01))) 

G_REXP REXP = 10^(G_REXP * (Log(6) − Log(1)) + Log(1))) 

G_SIDE SIDE = 10^(G_SIDE * (Log(0.1) − Log(0.00001)) + Log(0.00001))) 

G_SSOUT SSOUT = 10^(G_SSOUT * (Log(0.1) − Log(0.00001)) + Log(0.00001))) 

G_UZFWM UZFWM = 10^(G_UZFWM * (Log(155) − Log(5)) + Log(5))) 

G_UZK UZK = 10^(G_UZK * (Log(1) − Log(0.1)) + Log(0.1))) 

G_UZTWM UZTWM = 10^(G_UZTWM * (Log(180) − Log(12)) + Log(12)))  

G_ZPERC UZTWM = 10^(G_UZTWM * (Log(600) − Log(1)) + Log(1))) 

Unit hydrograph kernel 

G_LAGUH LAGUH = G_LAGUH * 3 

UH1 = Max(0, 1 − LAGUH) 

UH2 = IF(LAGUH < 1, Max(0, LAGUH − 0), Max(0, 2 − LAGUH)) 

UH3 = IF(LAGUH < 2, Max(0, LAGUH − 1), Max(0, 3 − LAGUH)) 

UH4 = IF(LAGUH < 3, Max(0, LAGUH − 2), Max(0, 4 − LAGUH)) 

UH5 = IF(LAGUH < 4, Max(0, LAGUH − 3), Max(0, 5 − LAGUH)) 

Rainfall weighting factors (one per rainfall dataset) 

G_RF1 RF1 = G_RF1 * 3 

… … 

 

4.4 The Optimisation Algorithm 

Despite the efforts in the previous section to create an optimisation-friendly set of model 

parameters, the Sacramento rainfall-runoff model is inherently nonlinear. Conditional operations 

that take place within the model mean that the objective function result does not change smoothly 

with respect to the model’s parameters (i.e. its derivative is discontinuous). These nonlinearities 

cause difficulty for most optimisation algorithms, and especially for gradient-based methods which 
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depend on the ability to estimate derivatives of the objective function. In addition to being highly 

nonlinear, the objective function is typically pitted with local optima which can prevent optimisation 

algorithms from discovering the globally optimum solution, and again these impact gradient-based 

methods most. 

The Shuffled Complex Evolution Algorithm 

The Shuffled Complex Evolution (SCE; Duan 1991, Duan etal 1992) global optimisation algorithm 

stands out as one of the most capable algorithms for solving these difficult optimisation problems. 

It is a stochastic evolutionary (non-gradient based) algorithm developed at the University of 

Arizona specifically for the calibration of watershed models, and Sacramento models in particular 

(Duan etal 1994, Soroosihan 1993).  

The SCE algorithm starts with the selection of a large number of models with randomly chosen 

parameter sets. The Latin hypercube sampling method is used for this to ensure that the initial 

sample has good coverage of parameter space. These models are run and the fitness of each 

assessed using the objective function. The population is then ranked by fitness and shuffled into q 

smaller groups, referred to as ‘complexes’. Each complex is evolved using the competitive complex 

evolution algorithm (CCE) for i ‘breeding iterations’. During these iterations better fitting models are 

discovered and introduced into the complex, and poorly fitting models are discarded. After i 

breeding iterations the termination criterion is checked: does the total number of model runs 

exceed some very large number d. If this criterion is satisfied, the SCE algorithm terminates, 

otherwise all complexes are recombined, sorted, shuffled into new complexes, and the 

evolutionary process begins again. When the algorithm terminates the best-fitting model is 

returned as the ‘optimal model’. 

Figure 4.3 shows the SCE algorithm and the embedded CCE algorithm. 
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Figure 4.3 : The Shuffled Complex Evolution algorithm (left) and the Competitive Complex Evolution 
algorithm that is embedded within it (right). 

 

Parameters of the Shuffled Complex Evolution Algorithm 

The SCE algorithm itself has several parameters which can be used to tune the algorithm for 

particular optimisation problems. These were introduced in the previous section and are listed in 

Error! Reference source not found. with their recommended values. The dimensionality of the 

problem n refers to the number of parameters being optimised, i.e. nominally n = 17 + 1 per rainfall 

series. The next 4 parameters, m, s, i, and p, can be calculated from n using relationships 

recommended by Duan et al (1994). 

 

Table 4.3 : Recommended values for SCE algorithm parameters 

Parameter Description Value 

n Dimensionality of problem ? 

m Number of points in each complex m = 2n + 1 

s Total population size over all complexes s = m * n 

i Number of breeding iterations per shuffle i = m 

p Number of parents in each simplex p = n + 1 

q Number of complexes q = 12 

d Minimum number of model runs d = 80,000 
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Suitable values for the number of complexes q and the minimum number of model runs d (the 

termination criterion) were determined empirically using hundreds of trial calibration runs with 3, 6, 

12, and 24 complexes and d=200,000. When using 3 or 6 complexes, the SCE converged too 

quickly and regularly became trapped in local optima. Using 12 complexes gave a good balance 

between reliability and speed and q=12 was adopted as the default. In the tests with 12 

complexes, very little improvement in the calibration was observed beyond about 40,000 model 

runs. A very conservative default value of d=80,000 was adopted to ensure sufficient time for 

convergence under conditions that differed from our test conditions. 

These findings are consistent with Duan et al (1994) who tested calibrations of up to 13 

Sacramento parameters using just 1 year of data and determined that at least 4 complexes and an 

average of over 13,000 model runs were required for successful optimisation. 

4.5 Demonstration of Calibration Method 

The calibration method is demonstrated below using 2 case studies. In the first case study, the 

calibration method is applied to synthetic streamflow that was generated using a Sacramento 

model with known parameter values. The ability of the calibration method to reproduce the 

synthetic streamflow data and retrieve the known parameter values is assessed. In the second 

case study, the calibration method is applied to real streamflow data at measured at GS925002A 

on the Wenlock River. 

Case 1 – Synthetic data 

A synthetic sequence of streamflow data was generated using a Sacramento model previously 

calibrated for the Barron River at Picnic Crossing GS110003A headwater catchment. 

The sequence was generated for the period 1/1/1889 to 28/08/2013 and set as the target flow 

sequence for 100 individual Sacramento model calibration runs. Each calibration run followed the 

method outlined in this appendix, using an SCE optimiser to calibrate 18 parameters (since there 

was just 1 input rainfall sequence) to optimise the SDEB objective function. The same rainfall and 

potential evapotranspiration data was used in the calibration as was used to generate the target 

streamflow sequence, and therefore the calibrations were theoretically capable of reproducing the 

target sequence with indefinite precision. 

Figure 4.4 shows the synthetic target streamflow data (black line) and the 95th percentile range of 

calibrated flows (green bands, hidden behind the black line) during the years of the largest two 

floods. For all practical purposes, the calibrations reproduced the synthetic target streamflow data 

perfectly with all calibrations yielding NSE=1.000, R^2=1.000 and bias=1.000. 
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Figure 4.4 : Synthetic streamflow data (black line) and 95th percentile range of calibrated flows. 

Since the underlying parameter values were already known, it was possible to compare them to the 

calibration results. Table 4.4 shows the ideal values, and the mean and standard deviation of the 
optimised results. The optimised values compare very well to the known underlying values. The 
only exceptions were ADIMP which had a large standard deviation compared to the ideal value 
(indicating insensitivity in the parameter in this particular case), and SIDE and SSOUT which both 
have a similar effect in the model and took variable anticorrelated values. 
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Table 4.4 : Sacramento parameters 

Parameter Ideal value (known) Mean optimised value Standard deviation of 

optimised values 

ADIMP 0.00002 0.00055 0.00059 

LZFPM 250 250.4931 0.5137 

LZFSM 100 99.96232 0.17650 

LZPK 0.015 0.015005 0.000050 

LZSK 0.15 0.15009 0.00038 

LZTWM 125 124.819 0.184 

PCTIM 0.0006 0.000486 0.000223 

PFREE 0.28 0.28024 0.00126 

REXP 1.9 1.9027 0.0059 

SARVA 0.0015 0.00125 0.00065 

SIDE 0.007 0.003747 0.003168 

SSOUT 0.0018 0.003125 0.003826 

UZFWM 35 34.96864 0.05109 

UZK 0.6 0.59961 0.00075 

UZTWM 12 12.01651 0.10822 

ZPERC 32 32.10454 0.16630 

UH1 0 0 0 

UH2 0.12 0.1200 0.0001 

UH3 0.88 0.8800 0.0001 

UH4 0 0 0 

UH5 0 0 0 

RF1 1.07 1.06849 0.00147 

This case study demonstrated the ability of the calibration method to consistently and accurately fit 

a Sacramento model to (ideal) streamflow data. 

Case 2 – Real data 

Real historic streamflow data recorded at Wenlock River at Wenlock GS925002A was used to 

perform 100 Sacramento calibrations of the upstream catchment. Each calibration run followed the 

method outlined in this appendix, using an SCE optimiser to calibrate 18 parameters (since there 

was just 1 input rainfall sequence) to optimise the SDEB objective function. Due to observational 

errors in the data and limitations inherent in the conceptual model, the calibrations were not 

expected to reproduce the observed flows exactly.  
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Figure 4.5 shows the synthetic target streamflow data (black line) and the 95th percentile range of 

calibrated flows (green bands) during the years of the largest two floods. 

For reasons which remain unclear, the use of real (not synthetic) streamflow data led to increased 

variability in the calibration results compared to the previous case study. The reasons may be 

related to an increased occurrence of local optima in the objective function when using real data, 

but further study is required to fully understand this effect. Despite the slightly increased variability 

the modelled flow sequences, the results are consistently of a very high quality, giving confidence 

that any single calibration is likely to be acceptably close to the optimal solution for practical 

purposes. In this test all calibrations yielded NSE=0.60±0.01, R^2=0.795±0.005 and 

bias=1.000±0.001. 

 

Figure 4.5 : Historic streamflow data from GS925002A (black) and 100 calibrated modelled flows (green 
band). The variability in the calibration results reflects that the optimisation did not consistently achieve 
unique optimal Sacramento parameters. Nevertheless the results are consistently of high quality, giving 
confidence that any single calibration is likely to be acceptably close to the optimal solution. 

 

4.6 On the calibration of rainfall weighting factors 

For rainfall-runoff modelling purposes, catchment rainfall is typically estimated using a weighted 

combination of rainfall data collected at stations in or around the catchment. The weighting factors 

used are normally calculated prior to calibration on the basis of the proportions of the catchment 

each rainfall station is thought to represent. This simple idea harbours some subtle problems. 

For instance it is not straightforward, when attributing fractional areas to each rainfall station, to 

account for topographical effects such as the influences of mountain ranges, plains, and coastlines 

– the very popular Thiessen weighting method blatantly ignores these land features. And in cases 

where the catchment rainfall is suspected to be ubiquitously under- or over-estimated by the 
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available rainfall data the modeller may be challenged with contriving a suitable bias adjustment for 

the measured rainfall data. 

In the present work the rainfall weighting factors have been treated as parameters that can be 

calibrated and the observed streamflow itself is used to determine how much of the catchment 

rainfall is represented by each input rainfall sequence. 

The catchment average rainfall 𝑃𝑖 on each day 𝑖 is calculated as a weighted average of the data 

𝐷𝑖𝑗 from each station 𝑗 using calibrated rainfall weighting factors 𝑅𝐹𝑗. 

𝑃𝑖 = ∑ 𝐷𝑖𝑗 𝑅𝐹𝑗

𝑗

 

For quality assurance of the weighting factors, all final weighted catchment rainfall sequences are 

compared to the corresponding 50-year mean annual isohyets. In most cases they agree well with 

the estimated isohyet values (within 10–20 per cent). Larger discrepancies may call for a review of 

the assumed catchment area, rainfall station selection, and/or reverting to fixed rainfall weighting 

factors that are consistent with the estimated isohyets. The runoff coefficients (the ratio of modelled 

runoff to catchment rainfall) are also calculated to verify that the Sacramento models have 

physically reasonable levels of runoff efficiency – these coefficients should normally be in the 

range 0.20–0.35. 

4.7 Discussion 

The method outlined in this appendix uses a Shuffled Complex Evolution optimisation algorithm 

and the SDEB objective function to calibrate Sacramento rainfall-runoff models to historic 

streamflow data. The success of this method does depend substantially on the details of the 

implementation, which have been described. 

The primary benefits compared to manual calibration are that the automated method is very fast, 

repeatable (increasing the consistency between modellers of different levels of experience) and 

can produce very high-quality results (limited by modelling assumptions and data quality). 

The method may be improved in future work. Recommended work includes: 

 Exploration of alternative optimisation algorithms with the aim to improve convergence 

performance (speed and reliability) and to better understand how convergence 

performance decays with increasing numbers of model parameters. Two optimisation 

algorithms of particular potential are CMA-ES (Hansen and Ostermeier 2001, Hansen 

2006) and DREAM (Vrugt etal 2006). 

 Investigation of alternative unit hydrograph parameterizations. 

 Assessment of the benefits and drawbacks of decreasing the number of Sacramento 

parameters as suggested by Kuzmin et al (2008). 

There is ongoing academic work on fully Bayesian calibration frameworks (Beven and Biney 1992, 

Kavetski et al 2006, Vrugt et al 2009, Renard et al 2010). These frameworks combine model 

calibration and simultaneous estimation of the uncertainties in the calibrated parameter values, 

catchment rainfall data and observed streamflow data. Unfortunately this work has not matured 

and the methods do not yet adequately account for limitations in modelling structure, the complex 

nature uncertainty in catchment rainfall estimation, and they have not been trialled with 

complicated models (including the Sacramento model) nor with calibration periods longer than a 
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couple of years. Nevertheless progress is being made, and should be watched carefully over the 

coming years. 
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5 Appendix C – The DMM Process 

5.1 RUNDMM2S 

RUNDMM2S is a data modification module (DMM) that consists of a number of programs that can 

be used to adjust subarea inflows on a daily basis to give good agreement between the Source 

modelled flow and the flow recorded at a stream gauge. 

The inflows estimated by the calibrated Sacramento model for each subarea are used in the 

Source to simulate the flows at the stream gauge for the period of record. The DMM compares the 

recorded and simulated flow to determine daily factors that are used to adjust the inflow 

sequences. 

When the modelled flow is greater than zero, the daily inflow from each subarea is multiplied by the 

following factor: 

Factor = (Measured Flow + Residual difference) / (Modelled Flow + Residual difference) 

where the Residual difference from the Source model is specified by the user. 

When there is no modelled flow, a daily flow is added to the appropriate daily flow in each inflow 

sequence. The amount of flow added to a particular subarea inflow is determined by the difference 

between the measured flow and the modelled flow scaled by a factor. The scaling factor is usually 

estimated by dividing the subarea area by the total catchment area upstream of the gauge. 

The DMM process is undertaken in two steps. In the first step, the factors are estimated from the 

measured and modelled flow. In the second step, the factors are applied to the inflow sequences 

allowing for any lag caused by routing in Source. In the second step, the user can define the 

periods of time that the DMM factors are to be applied. 

It should be noted that Source is nonlinear because of routing, impacts of weirs and losses that 

depend on the flow. The DMM process is essentially a linear process. Therefore in most situations 

it may be necessary to iterate the process a number of times. In some situations, smoothing may 

have to be used to smooth out oscillations in the low flows. 

5.2 Residual Catchments 

In adjusting the subarea inflows for residual catchments, which are catchments between two 

stream gauges, the process needs to take into account the flows recorded at the upstream gauge 

(or gauges). Because these flows have been recorded, they cannot be adjusted. All adjustments 

have to be carried out on the subarea inflows downstream of the upstream gauge. 

The formula used to calculate the adjustment factors in this situation are as follows. 

When the modelled flow is greater than the upstream flow, the daily flow from each subarea is 

multiplied by the following factor: 

Factor = (Measured Flow – Upstream Flow + Residual difference) / (Modelled Flow – 

Upstream Flow + Residual difference)) 

where the Residual difference is the Residual difference in the Source model specified by 

the user. 
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When the modelled flow is less than the upstream flow, a value is added to each subarea inflow as 

described above. 

If there is routing and lag between the upstream gauge and the downstream gauge, the upstream 

flow sequence should be routed through Source before being used in the program. 

When there are inconsistencies between the rating curves of the two gauges, the DMM process 

will try to compensate. For example, if the rating curve of the upstream gauge underestimates the 

flow, then the DMM process will increase the flow in the downstream catchments to ensure that the 

predicted flow at the downstream gauge matches the upstream flow. A small discrepancy can be 

almost impossible to detect. If the rating curve of the upstream gauge overestimates the flow, the 

DMM process will reduce the flow in the downstream catchments. If the problem is severe, there 

will be no flow in the downstream catchments. This situation is easier to detect. Any suspicions 

about the stream gauge ratings are referred to the hydrographers. 

However, it cannot change the poorly-routed flow from the upstream gauge. This usually leads to 

an overestimation of the flows. This can be dealt with using an overall adjustment process built into 

the software. 

5.3 Multiple Reaches 

The DMM process is carried out in each reach upstream of a gauge. When this process has been 

completed for each reach, a daily inflow sequence is created for each subarea upstream of the 

stream gauge consisting of flows originally estimated using the Sacramento model. In some 

periods, the flow has been adjusted using the DMM process to give good agreement to the flows 

recorded at the downstream gauge. For the periods of time when there are no recorded data at the 

gauge, the flows are purely Sacramento model estimates. 

In the final Source model, the flow at a downstream gauge is an accumulation of all the subarea 

inflows from all the reaches upstream. Sometimes there is a long-term gauge at the end of system 

and a comparison between the predicted flow and the recorded flow shows considerable losses in 

the period where the upstream subarea flows are based purely on the Sacramento model. In this 

situation, the DMM process can be applied to all the subarea inflows upstream. This is done only 

for the periods when there is no local stream gauge data to undertake a local DMM process. 

5.4 FORSDMM 

ForsDMM works similarly to RUNDMM2S in that it iteratively adjusts the model inflows to achieve 

observed flows at the 'target gauge' but reads in a Fors model. The adjusted inflows are then 

saved for future use. The target gauge is the gauge where you desire to improve the flows. 

ForsDMM automatically detects the target gauge – it is the most downstream gauge in your Fors 

model for which you have provided observed data. 

ForsDMM will automatically detect all the inflow nodes upstream of the target gauge. These are the 

ones which it may adjust to improve flows at the target gauge. 

If some of the inflows are well determined from streamflow gauge data, ForsDMM can prevent 

inflows to being adjusted during those periods. This is pertinent for headwater inflows during 

periods where gauge data are available, and for residual inflows when gauge data are available 

both upstream and downstream of the residual reach. ForsDMM will automatically detect where 

gauge data haves been specified and will not adjust any inflows above that gauge data during the 

relevant periods. Similarly ForsDMM can prevent calculated residual inflows from being adjusted. 
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6 Appendix D – NEGFLO6S 

NEGFLO6S can be used to calculate the difference between two Source format files. It is 

especially useful for calculating the residual catchment inflow by subtracting the upstream gauged 

flow routed through a Source model from the flow recorded at the downstream gauge. 

The subtraction can generate negative flows due to differences in routing. If the flows are set to 

zero, the resultant modelled flows can significantly exceed the measured downstream flow. 

This can cause a particular problem if the reach flows into a dam, so the final model tends to 

predict higher dam levels than the recorded levels. Therefore, NEGFLO6S includes a number of 

methods for correcting the positive flows. 
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7 Appendix E – Storage Volume-Area-Discharge 

Relationships 
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Table 7.1 : Leslie Dam Storage Volume-Area-Discharge Relationships 

Storage Level 

(m) 

Volume (ML) Area (ha) Spillway 

Discharge 

(ML) 

Valve 

Discharge 

(ML) 

444.60 0 0 
 

0 

452.40 1,349 0.49 
  

453.50 
   

0 

454.40 2,766 1 
  

457.40 7,150 2 
  

459.25 
   

1,500 

459.60 12,627 2.99 
  

461.40 19,579 4 
  

463.20 26,747 4.98 
  

464.80 35,587 6 
  

466.00 43,432 7 
  

467.20 52,415 8 
  

468.40 62,608 9 
  

469.60 74,041 10.08 
  

470.60 84,598 11.06 
  

471.60 96,149 12.05 
  

472.40 106,118 12.88 0 2,000 

472.64 
  

15,600 
 

472.72 
  

37,590 
 

472.83 
  

92,450 
 

472.97 
  

193,710 
 

473.08 
  

295,490 
 

473.32 
  

314,500 
 

473.40 119,538 13.98 
  

474.40 134,098 15.15 
  

475.20 146,595 16.11 532,220 
 

476.00 159,868 17.09 532,220 
 

478.00 196,588 19.64 
  

480.00 238,367 22.14 
 

2,000 
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Table 7.2 : Talgai Weir Storage Level-Volume-Area-Discharge Relationships 

Storage Level 

(m) 

Volume (ML) Area (ha) Spillway 

Discharge 

(ML) 

Valve 

Discharge 

(ML) 

406.5 0 0 0 0 

407.0 1 0.01   

408.0 25 0.05   

409.1 92 0.09  0 

410.0 215 0.15   

411.0 395 0.21   

412.0 640 0.28 0 740 

413.0 985 0.42 100,000,000 740 

414.0 1,530 0.68   
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Table 7.3 : Yarramalong Weir Storage Volume-Area-Discharge Relationships  

Storage Level 

(m) 

Volume (ML) Area (ha) Spillway 

Discharge 

(ML) 

Valve 

Discharge 

(ML) 

0.0 0 0 0 
 

4.0 4 0.005 
  

7.0 7 0.01 
  

16.0 16 0.03 
  

28.0    0 

44.0 44 0.08 
  

94.0 94 0.12 
 

470 

170.0 170 0.18 
 

574 

270.0 270 0.22 
 

644 

390.0 390 0.26 0 700 

390.1   100,000,000  

530.0 530 0.29 
  

685.0 685 0.32 
  

855.0 855 0.37 
  

1,050.0 1,050 0.41 
  

1,270.0 1,270 0.46 
  

1,515.0 1,515 0.53 
  

1,800.0 1,800 0.61 
  

2,120.0 2,120 0.68 
  

100,000,000.0    700 
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Table 7.4 : Lemon Tree Weir Storage Volume-Area-Discharge Relationships  

Storage Level 

(m) 

Volume (ML) Area (ha) Spillway 

Discharge 

(ML) 

Valve 

Discharge 

(ML) 

0.0 0 0 0 0 

30.0 30 0.03 
  

85.0    0 

85.1    231 

100.0 100 0.1 
  

155.0    292 

200.0 200 0.14 
  

277.0    350 

300.0 300 0.2 0 
 

300.1   100,000,000  

400.0 400 0.24 
  

100,000,000.0    350 



Hydrology Report Number: ?????.PR/? 

29 

Table 7.5 : Cecil Plains Weir Storage Volume-Area-Discharge Relationships 

Storage Level 

(m) 

Volume (ML) Area (ha) Spillway 

Discharge 

(ML) 

Valve 

Discharge 

(ML) 

0.0 0 0 0 0 

2.0 2 0 
  

12.0 12 0.04 
  

49.0 49 0.08 
 

0 

49.1    10,000 

111.0 111 0.12 
  

197.0 197 0.16 
  

315.0 315 0.22 
  

469.0 469 0.28 
  

654.0 654 0.32 
  

700.0   0 10,000 

700.1   100,000,000  

703.0 703 0.34 
  

750.0 750 0.40 
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Table 7.6 : Cooby Dam Storage Volume-Area-Discharge Relationships 

Storage 

Level (m) 

Volume (ML) Area (ha) Spillway 

Discharge 

(ML) 

Valve 

Discharge 

(ML) 

461.00 0.0 0.000  0 

461.50 0.2 0.001   

461.75 1.1 0.005   

462.00 2.6 0.008   

462.25 5.3 0.012   

462.50 8.8 0.015   

462.75 13.5 0.021   

463.00 19.3 0.025   

463.25 26.3 0.030   

463.50 34.4 0.035   

463.75 44.4 0.043   

464.00 56.2 0.051   

464.25 70.2 0.060   

464.50 86.2 0.068   

464.75 104.8 0.079   

465.00 125.6 0.088   

465.25 149.1 0.100   

465.50 175.4 0.111   

465.75 206.0 0.130   

466.00 240.4 0.145   

466.25 279.6 0.166   

466.50 323.3 0.184   

466.75 372.3 0.206   

467.00 426.5 0.228   

467.25 487.1 0.253   

467.50 552.9 0.274   

467.75 625.5 0.304   

468.00 705.6 0.338   

468.25 795.4 0.375   

468.50 892.9 0.406   
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Storage 

Level (m) 

Volume (ML) Area (ha) Spillway 

Discharge 

(ML) 

Valve 

Discharge 

(ML) 

468.65    0 

468.75 999.6 0.443   

468.90    150 

469.00 1,114.6 0.478   

469.25 1,239.6 0.516   

469.50 1,372.9 0.550   

469.75 1,514.8 0.583   

470.00 1,664.3 0.613   

470.25 1,821.5 0.644   

470.50 1,986.2 0.673   

470.75 2,158.6 0.705   

471.00 2,338.6 0.735   

471.25 2,527.6 0.770   

471.50 2,723.4 0.796   

471.75 2,926.2 0.824   

472.00 3,135.6 0.851   

472.25 3,353.0 0.887   

472.50 3,579.4 0.924   

472.75 3,818.1 0.975   

473.00 4,067.2 1.018   

473.25 4,327.0 1.058   

473.50 4,596.6 1.099   

473.75 4,876.1 1.135   

474.00 5,163.9 1.168   

474.25 5,461.0 1.206   

474.50 5,767.0 1.242   

474.75 6,082.7 1.281   

475.00 6,407.3 1.316   

475.25 6,741.3 1.355   

475.50 7,084.9 1.394   

475.75 7,438.6 1.433   
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Storage 

Level (m) 

Volume (ML) Area (ha) Spillway 

Discharge 

(ML) 

Valve 

Discharge 

(ML) 

476.00 7,801.6 1.471   

476.25 8,174.8 1.513   

476.50 8,558.4 1.556   

476.75 8,953.4 1.602   

477.00 9,359.8 1.649   

477.25 9,779.9 1.708   

477.50 10,214.2 1.766   

477.75 10,668.5 1.853   

478.00 11,140.7 1.924   

478.25 11,632.7 1.995   

478.50 12,138.0 2.047   

478.75 12,657.8 2.112   

479.00 13,192.6 2.165   

479.25 13,739.6 2.210   

479.50 14,297.7 2.255   

479.75 14,866.9 2.300   

480.00 15,448.2 2.352   

480.25 16,043.1 2.407   

480.5.0 16,652.1 2.464   

480.75 17,275.2 2.520   

481.00 17,912.8 2.582   

481.20    150 

481.25 18,565.4 2.639   

481.50 19,231.9 2.692   

481.75 19,911.6 2.744   

482.00 20,603.8 2.793   

482.20 21,166.2 2.832 0  

482.26   163.296  

482.30 21,200.0 2.850   

482.36   678.240  

482.40 21,400.0 2.870   
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Storage 

Level (m) 

Volume (ML) Area (ha) Spillway 

Discharge 

(ML) 

Valve 

Discharge 

(ML) 

482.46   1,399.680  

482.50 21,900.0 2.890   

482.56   2,298.240  

482.60 22,200.0 2.910   

482.70 22,400.0 2.930   

482.76   4,518.720  

482.80 22,700.0 2.950   

482.90 22,900.0 2.970   

482.96   7,274.880  

483.00 23,200.0 2.985   

483.10 23,400.0 3.005   

483.16   10,540.800  

483.20 23,700.0 3.020   
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Table 7.7 : Loudons Weir Storage Volume-Area-Discharge Relationships 

Storage Level 

(m) 

Volume (ML) Area (ha) Spillway 

Discharge 

(ML) 

Valve 

Discharge 

(ML) 

0.00 0.0000 0.000 0 0 

0.10    999,999 

0.07 13.3448 0.191   

3.07 588.0000 0.223 0 999,999 

3.08   99,999,999  
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Table 7.8 : Chinchilla Weir Storage Volume-Area-Discharge Relationships 

Storage Level 

(m) 

Volume (ML) Area (ha) Spillway 

Discharge 

(ML) 

Valve 

Discharge 

(ML) 

0.0 0 0.00 0 0 

1.0 1 0.02   

25.0 25 0.06   

74.0 74 0.10   

125.0    0 

160.0 160 0.17   

284.0 284 0.24   

335.0    335 

457.0 457 0.33   

697.0 697 0.45   

1010.0 1,010 0.57   

1390.0 1,390 0.71   

1870.0 1,870 0.87   

2450.0 2,450 1.03   

3160.0 3,160 1.25   

3970.0 3,970 1.42   

4910.0 4,910 1.66   

6160.0 6,160 2.43   

7800.0 7,800 2.95   

9780.0 9,780 3.58 0 410 

9780.1   100,000,000  

11000.0 11,000 4.00   
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Table 7.9 : Condamine Weir Dam Storage Volume-Area-Discharge Relationships  

Storage Level 

(m) 

Volume (ML) Area (ha) Spillway 

Discharge 

(ML) 

Valve 

Discharge 

(ML) 

 0 0   

 60 9.0   

 

Table 7.10 : Surat Weir Storage Volume-Area-Discharge Relationships  

Storage Level 

(m) 

Volume (ML) Area (ha) Spillway 

Discharge 

(ML) 

Valve 

Discharge 

(ML) 

 0 0   

 152 8.0   

 305 16.1   

 458 24.1   

 610 32.1   

 

Table 7.11 : Neil Turner Weir Storage Volume-Area-Discharge Relationships  
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Storage Level 

(m) 

Volume (ML) Area (ha) Spillway 

Discharge 

(ML) 

Valve 

Discharge 

(ML) 

 0 0   

 1 1   

 8 1   

 12 2   

 17 3   

 25 5   

 37 8   

 45 9   

 56 12   

 84 17   

 102 19   

 123 22   

 146 25   

 172 27   

 199 28   

 229 30   

 260 33   

 294 36   

 332 40   

 375 45   

 423 49   

 472 51   

 524 52   

 577 55   

 633 57   

 691 59   

 752 62   

 815 64   

 879 66   

 946 67   

 1014 67   
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Storage Level 

(m) 

Volume (ML) Area (ha) Spillway 

Discharge 

(ML) 

Valve 

Discharge 

(ML) 

 1085 72   

 1158 74   

 1232 75   

 1308 77   

 1386 79   

 1467 83   

 1641 92   

 2218 100   

 2319 104   

 2969 112   

 4039 126   

 4960 136.5   

 5950 149   

 6858 156   
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Table 7.12 : Combined E J Beardmore Dam, Jack Taylor Weir, Moolabah Weir & Buckinbah Weir Storage 
Volume-Area-Discharge Relationships  

Storage Level 

(m) 

Volume (ML) Area (ha) Spillway 

Discharge 

(ML) 

Valve 

Discharge 

(ML) 

0.0 0 0 0 0 

4,540.0 
   

0 

4,540.1 
   

2,900 

8,945.0 8,945 4.346 
  

17,890.0 17,890 7.374 
  

22,985.0 22,985 9.052 
  

28,080.0 28,080 10.380 
  

33,175.0 33,175 11.705 
  

38,270.0 38,270 12.993 
  

43,365.0 43,365 14.364 
  

48,460.0 48,460 15.837 
  

52,545.0 52,545 17.154 
  

56,630.0 56,630 18.511 
  

60,715.0 60,715 19.908 
  

64,800.0 64,800 21.397 
  

68,885.0 68,885 22.889 
  

72,970.0 72,970 24.363 
  

77,055.0 77,055 25.882 
  

81,140.0 81,140 27.456 
  

85,730.0 85,730 29.210 
  

90,320.0 90,320 31.024 
  

94,910.0 94,910 32.915 
  

99,669.0 
  

0 
 

99,669.9 
   

2,900 

99,670.0 99,670 35.486 1E+08 2,900 

  



Department of Environment and Science 

40 

8 Abbreviations 

AHD Australian Height Datum 

AMTD Adopted Middle Thread Distance 

APFD  Annual Proportional Flow Deviation  

BoM Bureau of Meteorology 

CA catchment area 

CINRS Climate Impacts and Natural Resource Systems (a group within DERM) 

Ck. Creek 

cumecs cubic metres per second 

DERM Department of Environment and Resource Management (Qld) 

DLWC Department of Land and Water Conservation (NSW) 

DMM Data Modification Module 

DPI Department of Primary Industries 

D/S downstream 

DS dead storage  

EFO  Environmental Flow Objective  

FSA full supply area 

FSL full supply level 

FSV full supply volume 

GL gigalitres 

GS Gauging Station 

ha hectare 

HNFY historical no-failure yield 

HW headwater 

IQQM Integrated Quantity-Quality Model 

IROL Interim Resource Operations Licence 

IRM Integrated Resource Management 

IWA Interim Water Allocation 

km kilometres 

km2 square kilometres 
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Lat latitude 

Long longitude 

m metres 

MAD Mean Annual Diversion  

MAF Mean Annual Flow 

MAR Mean Annual Rainfall 

MARO Mean Annual Runoff 

Max maximum 

Min minimum 

ML megalitres 

mm millimetres 

mth month 

m3/s cubic metres per second 

n/a not applicable 

PET potential evapotranspiration 

ROL Resource Operations Licence 

ROP Resource Operations Plan (Post-WROL the ROP is split into a water management 

protocol (rules for unsupp WAs + dealings for supp WAs), ROLs & Operation 

Manuals (water sharing rules for supp WAs)). 

Qld Queensland 

SID Storage Inflow Derivation 

SILO BoM’s Internet website that provides meteorological and agricultural data  

TWS town water supply 

U/S upstream 

WASO Water Allocation Security Objectives 

WERD Water Entitlements Registration Database 

WP Water Plan 

WROL Water Resource Operation Licence 

WRP Water Resource Plan 

WSI Water Sharing Index 

WSS Water Supply Scheme  
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9 Glossary 

Alluvial: Alluvial refers to deposits of clay, silt, sand, gravel, or other particulate material that has 

been deposited by a stream or other body of running water in a streambed, on a flood plain, on a 

delta, or at the base of a mountain. 

Adopted Middle Thread Distance (AMTD): AMTD is the distance in kilometres, measured along 

the middle of a watercourse, from the mouth or junction.. 

Allocation: A water allocation is an authority granted under section 146 or 147 of the Water Act 

2000 to take water. 

Announced allocation: Announced allocation is a ratio (expressed as a percentage), which is 

announced from time-to-time by the Resource Operation Licence holder which sets a limit to the 

amount of supplemented water which a water allocation holder can divert during the water year as 

a proportion of the water allocation holder’s nominal volume. The announced allocation may 

increase but cannot decrease during a water year. 

Aquifer: An aquifer is a body of permeable material or rock, capable of transmitting significant 

amounts of water underlain by impermeable material and through which underground water flows. 

Artesian (water): Artesian water is water that occurs naturally in, or is introduced artificially into, 

an aquifer, which if tapped by a bore, would flow naturally to the surface. 

A-depletion: A-depletion is the depletion (expressed in millimetres) in soil moisture from the 

maximum soil moisture capacity that a crop can withstand before it requires watering to sustain it. 

Once the A-depletion value falls below the nominated value, the allocation holder starts placing 

irrigation water orders to restore the soil moisture capacity to the nominated A-depletion value. 

Authorisation: An authorisation refers to a licence, permit, interim water allocation or other 

authority to take water given under the Water Act or a repealed Water Act, other than a permit for 

stock or domestic purposes. 

Annual Proportional Flow Deviation (APFD): APFD refers to the statistical measure of changes 

to flow seasonality and volume in the simulation period. 

Baseflow: Baseflow is the natural stream flow derived from underground water seepage from 

aquifers and/or through the lateral movement of water through soils and into the stream. At times 

of peak flow, baseflow represents only a small proportion of total flow, whereas in periods of 

drought, it may represent all of the flow. 

Basin: A basin is the total area from which water drains to a river system, or a grouping of 

adjacent river systems. In geological terms, a basin is defined as either a broad tract of land in 

which the rock strata are tilted toward a common centre, or a large, bowl-shaped depression in the 

surface of the land or ocean floor. 

Benefited/Supplemented groundwater area: A benefited/supplemented groundwater area 

contains aquifers that are recharged from augmented surface water supplies from water storage 

structures. 

Bore: A bore is a hole drilled to extract, recharge or investigate groundwater resources. In the 

Water Act, it means a shaft, well, gallery, spear or excavation and any works constructed in 

connection with the shaft, well, gallery, spear or excavation, which taps the aquifer. 
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Calibration model: A calibration model involves the modelling of flows, extractions, operational 

rules and infrastructure that occurred historically. 

Catchment: A catchment is an area, bounded by natural topographic features such as hills or 

mountains, from which a drainage system derives its water. 

Confluence node: A confluence node is defined as a node representing the confluence of two 

watercourses. These watercourses may be supplemented or unsupplemented streams. 

Current development: The current development case is modelling the existing entitlements within 

the system, to the degree to which they are presently operating. Authorisations are set to take only 

the water they are currently accessing, as indicated by data investigation reports and knowledge of 

the system operation. 

Dam: A dam is works that include a barrier, whether permanent or temporary, that does, or could, 

or would, impound, divert or control water; and the storage area created by the works. 

Discharge (water): Discharge is the rate at which a volume of water passes through a cross-

section per unit of time; measured in cubic metres per second (m3/s) or in megalitres per day 

(ML/d). 

Distribution efficiency: Distribution efficiency is the efficiency of the system in delivering water 

from the dams to the users. This is determined by dividing deliveries by releases. (Note: this often 

excludes hydropower releases and deliveries). 

Data Modification Module (DMM): DMM is a program used to adjust inflows using recorded flows 

downstream. 

Drawdown: Drawdown is the lowering of the water table resulting from the extraction of water. 

Entitlement: A water entitlement is a water allocation, interim water allocation or water licence. 

Environmental flow: Environmental flow is the flow required to sustain a healthy environment. 

The release of water from a storage to a stream to maintain the healthy state of the stream. 

Environmental Flow Objective (EFO): An EFO is a flow objective associated with a water plan 

(WP), for the protection of the health of natural ecosystems for the achievement of ecological 

outcomes. 

Event duration: The event duration for a flow at a point in a watercourse, means the period of 

time when the discharge is greater than or less than the level necessary for a particular riverine 

process to happen. 

Full development case: The full development case is modelling the full use of existing 

entitlements within the system. Authorisations are set to take all the water they are allowed to, 

regardless of climate or other factors not specifically mentioned in the licence. Generally, the full 

development case represents a higher level of use than the current development case, as it can 

include defunct licences and sleepers. 

Headwater: A headwater reach is the source and upper reaches of a stream. 

Hydrograph: A hydrograph is a graph showing the change in stream flow discharge at some 

location over time. 
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Hydrologic model: A hydrologic model is a computer program that simulates stream flows, water 

losses, storages, releases, in-stream infrastructure, water diversion and water management rules 

within a river system. 

Infiltration: Infiltration is the downward entry of water into soil through the soil surface. 

Integrated Quantity-Quality Model (IQQM): IQQM is a computer program, with associated 

statistical analysis and reporting programs, which simulates daily stream flows, flow management, 

storages, releases, in-stream infrastructure, water diversions, water demands and other hydrologic 

events within a modelled area. 

Licence: A water licence is licence granted under chapter 2, part 3, division 2 of the Water Act 

2000 for the taking and using of water or for interfering with the flow of water. A water licence does 

not have a specified performance. 

Licence volume: Licence volume is the nominal volume of water that may be taken under a water 

licence in one water year. The amount drawn may be subject to other licence conditions or 

allocation rules. 

Link: A link in a Source model is a reach of river between two nodes. 

Low flow regime: The low flow regime for a watercourse refers to magnitude, frequency, duration, 

timing and rate of change of low flow through the watercourse. 

Mean Annual Diversion (MAD): The mean annual diversion is the average volume of water taken 

by an allocation or group of allocations in a year. It is calculated by adding the total volume of 

water taken over a period of years and dividing by the number of years in that period. 

The calculation is performed on a water year basis. 

Mean Annual Flow (MAF): The mean annual flow is the average volume of water in a year that 

would flow past a point and is calculated by adding the total volume of flow over a period of years 

and dividing by the number of years in that period. The calculation is performed on a water year 

basis. 

Node: A node in a Source model is used to represent a point on a river system where certain 

processes occur. The node type identifies the rules and parameters that are used by the model to 

simulate the relevant processes at a given location. 

Nominal operating volume: A nominal operating volume of a storage is the level that is to be 

maintained during the specified period by releasing extra water (if available) from the upstream 

storage. 

Nominal volume: A nominal volume is the volume of water, in megalitres, that represents the 

proportional annual volumetric share of water available to be taken by holders of water allocations 

in a priority group or a water allocation group. 

On-Farm storage: An on-farm storage is a private storage constructed on a property to store 

water. 

Order time: Order time is the number of days in advance that an order has to be made to ensure 

that the ordered water arrives on time. 

Over order factor: An over order factor in a Source model is the factor by which water orders 

need to be increased to account for operational inefficiencies in a water supply scheme. This factor 

does not account for transmission losses. 
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Overland flow water: Overland flow water is water, including floodwater, flowing over land, other 

than in a watercourse or lake after having fallen as rain, or after rising to the surface naturally from 

underground, or in any other way. 

Pre-development case: The pre-development case is created by removing all infrastructure, 

diversions and operation rules from the full development case. No adjustment is made for the 

effect of land clearing, natural changes in river course, or climate change. 

Performance indicators: Performance indicators are measures that are calculated and stated in 

the WP with the purpose of assessing the effect of allocation and management decisions or 

proposals on water entitlements and natural ecosystems. 

Plan Area: The Plan Area is the total area to be managed under the WP. 

Pseudo crop method: The pseudo crop method involves the arrangement of evaporation, crop 

factors and planted area in a Source model to ensure that the full amount of water allowed to be 

diverted each year is diverted if available. 

Reach: A reach in a Source model is a series of nodes connected by links. A river reach refers to a 

defined stretch of river. 

Recharge (of underground water/aquifer): The replenishment of underground water by the 

gradual downward movement of water from the soil to the water table, by actions such as rainfall, 

overland flow or infiltration from streams percolating through the unsaturated zone; the volume of 

water added to the amount of water stored in the aquifer over a particular period; by artificial 

means, such as direct injection. 

Resource Operations Licence (ROL): An ROL is granted under section 180 or 181 of the Water 

Act 2000. It authorises the holder of the licence to interfere with the flow of water to the extent 

necessary to operate the water infrastructure to which the licence applies.  

Resource Operations Plan (ROP): A ROP was used to implement a WRP in specified areas. 

It detailed the operating rules for water infrastructure and other management rules that was applied 

in the day-to-day management of the flow of water in a reach or subcatchment. ROP specifies 

water access rules, environmental flow rules, trading rules, the conversion of licences to water 

allocations and monitoring requirements. 

Post-WROL the ROP is split into a water management protocol (rules for unsupp WAs + 

dealings for supp WAs), ROLs & Operation Manuals (water sharing rules for supp WAs). 

Return flow: Return flow is the water that flows out of the end of a channel system and back into a 

natural river system without being diverted by any user. 

Riparian: Riparian refers to the area adjacent to a watercourse. Riparian access refers to an 

authority for an owner of land abutting a watercourse to take water for stock watering or domestic 

purposes. 

River section: A river section in a Source model comprises a chain of links and nodes 

commencing with a headwater inflow node or a confluence node and finishing with a confluence or 

end-of system node. 

Riverine: Riverine refers to rivers and their flood plains. 

Routing: Routing occurs as water flows from one point to another in a system. Routing is the 

attenuation (flattening out) of the flow hydrograph as water moves down the system. 
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Scenario/Simulation model: A scenario/simulation model involves a fixed set of parameters for 

infrastructure, rules and licences. Scenario/simulation models are used to produce a 

representation of what may occur in the system, if the selected set of parameters were in place. 

Simulation period: The simulation period is defined by the start and end dates of the model. 

Sleepers: A sleeper is a licence which is current, but not in use. 

Source Rivers (Source): Source is a computer program, with associated statistical analysis and 

reporting programs, which simulates daily stream flows, flow management, storages, releases, in-

stream infrastructure, water diversions, water demands and other hydrologic events within a 

modelled area. 

Subartesian water: Subartesian water is water that occurs naturally in, or is introduced artificially 

into an aquifer, which, if tapped by a bore, would not flow naturally to the surface. 

Subcatchment area (subarea): A subarea is a portion of a catchment within the Plan Area. 

A subarea may be physically defined or simply a result of breaking the catchment into smaller 

sections for the purposes of modelling. 

Supplemented: Supplemented refers to a water supply where the natural flow is reduced or 

increased by a dam or some other water storage facility. 

Surface water: Surface water is water that is on the earth’s surface, such as in a watercourse, 

spring, lake or reservoir. 

Sustainable management: Sustainable management allows for the allocation and use of water for 

the physical, economic and social wellbeing of people within limits that can be sustained 

indefinitely while protecting the biological diversity and health of natural ecosystems. 

Transmission losses: Transmission losses are losses from surface water (other than into defined 

groundwater systems) as it flows from one location in a system to another. This can include 

evaporation, seepage, uptake by plants and unauthorised usage. 

Tributary: A tributary is a stream that joins another stream or body of water. 

Tributary recession factor: The tributary recession factor in a Source model specifies the 

percentage of each tributary inflow which can be used by downstream water users as part of the 

supplemented water supply. 

Underground water: Underground water or groundwater is water found in the cracks, voids or 

pore spaces or other spaces between particles of clay, silt, sand, gravel or rock within the 

saturated zone of a geologic formation. In the saturated zone, all cracks, voids or pore spaces are 

completely filled with water – not to be confused with soil water in the unsaturated zone where 

voids are filled with both air and water. The upper surface of the saturated zone is called the water 

table. 

Underground water levels: The physical measurement of the distance from the natural surface or 

reference point to the water surface in a subartesian bore when it is in a fully recovered state. 

A negative value indicates that the water level is below the reference point. Underground water 

level measurements provide an estimate of the ‘depth to the water table’-or upper surface to the 

saturated zone-where the reference point is the natural surface. 

Unsupplemented: Refers to water in a watercourse that is not supplemented from storage or 

diversion facilities. 
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Water year: A water year is a continuous 12-month period starting from a specified month, used 

for the accounting of entitlements. 

Water Allocation (WA): A Water Allocation is an authority granted under the Water Act 2000 to 

take water, interfere with water or a single combined water licence to authorise both the 

interference and take of water where these two activities are inextricably linked. 

Water Allocation Security Objectives (WASO): WASOs are objectives that may be expressed 

as performance indicators and are stated in a WRP to ensure protection of a water entitlement to 

obtain water in accordance with a water allocation. 

Water Supply Scheme (WSS): A WSS is a water infrastructure development designed and 

constructed for storage, supply and distribution of water from and to a watercourse. 

Water Resource Operation Licence Allocation (WROL): This is a licence granted in relation to 

existing infrastructure or proposed infrastructure in an area where a resource operations plan had 

not been approved. 

Water harvesting: Water harvesting is an entitlement to take unsupplemented water from a 

watercourse during specified high flow events and generally involves diverting water into an on-

farm storage for later use. Water harvesting is licensed. 

Weir: A weir is a barrier constructed across a watercourse below the banks of the watercourse that 

hinders or obstructs the flow of water in the watercourse. 

 


