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Executive Summary 
 
 
The investment into the quality of water supply arising from catchments of the Mount Lofty Ranges 
(MLR) watershed in South Australia is critical to ensure a safe and reliable water supply to the city of 
Adelaide. The MLR watershed occupies an area of 1,640 km2 and houses a range of land-uses that 
include agricultural, urban and conservation areas.  Soils in the region vary from sandy loam to clay 
and rock and rainfall across the region ranges between 600 to 1200 mm per year. In 1996, a 
composite sampler network was established in the MLR watershed to investigate the impact of 
particular land uses on water quality.  A number of constituents have been studied since this time to 
monitor potential impacts on the water supply and the health of aquatic ecosystems. 
 
The Mt Lofty Ranges watershed is comprised of a number of catchments consisting of the Torrens 
and Little Para catchments in the north and the Onkaparinga and Myponga catchments in the south. 
The focus of this study is the Onkaparinga catchment and contains a number of sub-catchment sites 
that can export very high nutrient loads during periods of intense runoff. The monitoring sites of 
interest in this report were chosen during a workshop with SA Water, SA EPA and SARDI for their 
importance in the catchment under study.  These sites are summarised below.  
 

Location Site ID TN TP TSS 

# Years # Years # Years 

Scott Creek A5030502 605 1996-2009 682 1996-2013 565 1999-2013 

Onkaparinga River at 
Houlgraves 

A5030504 194 2004-2009 677 1996-2013 560 1999-2013 

Echunga Creek A5030506 193 2004-2009 621 1996-2011 508 1999-2011 

Lenswood Creek A5030507 549 1996-2010 594 1996-2012 501 1999-2012 

Aldgate Creek A5030509 163 2004-2009 544 1996-2012 465 1999-2012 

Cox Creek at Uraidla A5030526 666 1996-2012 689 1996-2012 574 1999-2012 

 
Flow data and water quality data is collected at gauges.  Because the composite sampling network 
was established in 1996, historical data for flow date back further than for water quality. 
Furthermore, flow is measured at regular intervals (every 5 minutes) and is easily aggregated to 
obtain measurements of daily flow volumes.  Composite water quality sampling results in flow-
weighted samples of various constituents that are composited for collection every two to four 
weeks. 
 
This report focuses on three key pollutants, namely total suspended sediment (TSS), total nitrogen 
(TN) and total phosphorous (TP).  Using statistical models, we study the processes that drive 
hydrology and water quality in the Onkaparinga catchment and apply these in land-use change 
scenario modelling. Specifically, this report focuses on: 

1. Applying a Bayesian calibration approach to calibrate the SIMHYD rainfall-runoff model for 
use in the Onkaparinga catchment and quantify potential sources of uncertainty in the 
hydrology. 

2. Developing statistical models (site based models) for sites monitored in the Onkaparinga 
catchment in the MLR watershed for the purpose of quantifying constituent loads with an 
estimation of uncertainty. 

3. Using statistical models to investigate three scenarios of land-use change and whether there 
are changes in loads and the uncertainty around loads. 
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Statistical models employed to address the above points, consisted of generalised additive models  
(GAMs) and generalised additive mixed models (GAMMs) through the Loads Regression Estimator 
(LRE) package that was developed for the quantification of loads for the Great Barrier Reef 
catchments. Site based models for the six sites studied in the Onkaparinga catchment used a variety 
of hydrological variables as covariates for understanding the variation in the data measured for each 
site. Specifically, these hydrological variables included flow, decomposed into baseflow and runoff as 
well as flow discounting terms that took into account past characteristics of the hydrograph. This 
could consist of a total accumulation of flow from the start of sampling to the short-term flow record 
prior to the current constituent sampled. Models were fit using the LRE package using the R 
statistical programming language. 
 
Three scenarios that were explored as part of this report consisted of: 

1. Investigating the sale of SA Water land holdings in Scott Creek sub-catchment 
2. Quantifying the impact of continued expansion of perennial horticulture in the Cox Creek 

sub-catchment. 
3. Quantifying the impact on water quality of infill within township boundaries of Aldgate 

Creek Railway Station. 
 
These scenarios were determined at meetings with SA Water and SA EPA and were structured 
around the statistical modelling approach used to evaluate each scenario. A Random Forests 
modelling approach was used to develop a spatio-temporal model for each constituent across the six 
sites of interest in the Onkaparinga catchment. The model is non-parametric and popular in the 
machine learning and is based on decision tree methodology. The approach can take a large number 
of potential covariates as predictors to develop an ensemble of decision trees on bootstrap samples 
of the data. Variable importance rankings can assist in identifying important variables. 
 
A summary of the findings from the statistical modelling performed in this report is provided below 
along with some suggestions in relation to the data collected, models fitted and interpretations from 
each type of model that can be taken forward into the future. 
 

Item Summary of Findings 

Site Based Statistical Models 

1 The statistical models presented in this report should be regarded as a first (preliminary) 
investigation into the water quality of sites in the Onkaparinga catchment in the Mt Lofty 
Ranges. These models require some detailed investigations into their interpretation and 
the prediction of the loads as presented in this report. 

2 The impact of the sedimentation pond at Brooks Bridge (upstream of the Cox Creek 
monitoring site) is not conclusive and highlights a complex relationship between the pond 
όƻƴŎŜ ƻǇŜǊŀǘƛƻƴŀƭύ ŀƴŘ ƛǘΩǎ ƛƴǘŜǊŀŎǘƛƻƴ ǿƛǘƘ Ŧƭƻǿ ŀƴŘ όǇƻǘŜƴǘƛŀƭƭȅύ ƻǘƘŜǊ ŦŀŎǘƻǊǎΦ ¢ƘŜǎŜ 
models need careful interpretation and investigation to ensure all relationships are 
captured in the model. 

3 While the site-based models for each constituent explained a large proportion of variation 
in the data, there were some difficulties noted for some sites and some constituents when 
extremes (high and low values of the constituent) were predicted. This may be due to the 
nature of sampling (i.e. composite sampling) and may require a more dedicated focus on 
capturing samples at those extremes. 

4 A large proportion of the variation explained by the site based models for each constituent 
is hydrological (i.e. can be explained by patterns in the recent flows) rather than seasonal. 

Constituent and Flow Data 

5 Measurements of flow and concentration for all constituents need to be carefully 
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examined for outliers and highly influential values. While every effort was made in this 
report to use reliable data, additional (new) data would be required if improved modelling 
outputs are considered necessary. Flow in particular for some sites exhibited some unusual 
patterns. While it appears that a dry spell may have contributed to low flow events, it 
would be useful to confirm that the data provided is accurate to ensure the predictions 
resulting from the statistical models is appropriate. 

Scenarios 

6 Scenarios investigated through the Random Forest methodology were preliminary and we 
suggest that the specific scenarios that were implemented in this report be revisited for 
their suitability as there was considerable discussion over the duration of the project in 
relation to the land-uses considered. 

7 Scenarios conducted within the statistical framework presented in this report allows for an 
assessment of confidence around the changes in loads observed. This is an advantage of 
the statistical modelling approach when compared to deterministic modelling approaches 
such as dynamic Sednet. 
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Introduction 
 
The investment into the quality of water supply arising from catchments of the Mount Lofty Ranges 
(MLR) watershed in South Australia is critical to ensure a safe and reliable water supply to the city of 
Adelaide. The MLR watershed occupies an area of 1,640 km2 and houses a range of land-uses that 
include agricultural, urban and conservation areas.  Soils in the region vary from sandy loam to clay 
and rock and rainfall across the region ranges between 600 to 1200 mm per year. Monitoring of the 
quality and quantity of water in MLR watershed has been ongoing since 1996.  A number of 
constituents have been studied since this time through composite sampling measures to monitor 
potential impacts on the water supply and the health of aquatic ecosystems. This report focuses on 
three key pollutants, namely total suspended sediment (TSS), total nitrogen (TN) and total 
phosphorous (TP) and the potential mitigation strategies that could be implemented to reduce the 
impact of these constituents on waterways. Note we do not distinguish between the different 
species of nitrogen that comprise TN in the analyses that follow. 
 
There have been a number of investigations into the quantification of constituent loads in the MLR 
watershed with the aim of assessing the impact to the Adelaide water supply (Anonymous, 2012, 
Cox et al., 2000, Cox et al. 2011, Dougherty et al., 2004, Fleming et al. 2001, Fleming et al. 2012, 
Fleming et al. 2010, Kirkby et al. 1997, Stevens et al. 1999). These studies have focussed on the Cox 
Creek and Onkaparinga River where the former of these has been identified as having poor water 
quality and requiring specialised treatment measures to ensure the water is safe to use. In recent 
years, there has been a focus towards constructing a sediment and nutrient budget through a 
catchment modelling tool such as Source (Welsh et al. 2013) that aims to spatially represent the 
movement of constituents in the catchment through a hydrological network. Flow is generated 
through a rainfall-runoff model that incorporates rainfall and potential evapotranspiration (PET) to 
generate flow based on one or more deterministic relationships. Constituent generation is based on 
a physical-process model (Source and earlier representations of catchment processes such as Sednet 
(Wilkinson et al. 2009) and CMSS (Davis and Farley, 1997) that identifies major sources, sinks and 
loads of sediments at a daily time step (Wilkinson et al. 2014). A more recent focus is the 
quantification of event mean concentrations (EMC) and dry weather concentrations (DWC) for 
calibrating the Source model for different land-uses within the MLR watershed (Fleming et al., 2010, 
Thomas et al., 2010). Calibration of a hydrological model implemented in Source was also 
investigated using the Parameter Estimation tool or PEST (Fleming et al. 2012). 
 
While there has been considerable effort in applying these models in the MLR watershed, it was 
noted in Thomas et al. (2010) that a considerable improvement in modelling the TN, TP and TSS 
processes is required to ensure the model is applicable for the MLR watershed and has the capacity 
to support natural management policy and planning initiatives. As such, this report has focussed on 
three activities (outlined below) to assist in the delivery of a methodology that can assist in 
managing the water quality and quantity in the MLR watershed. 
 
Activity 1. 
In the first activity, we applied a Bayesian calibration approach similar to that recently developed by 
Pagendam et al. (2014) to quantify uncertainties in flow data and obtain calibrations that 
acknowledge these uncertainties.  This calibration involved the specification of a Bayesian 
Hierarchical Model (BHM) through three components: (i) a parameter model; (ii) a process model; 
and (iii) a data model.  Each of these component models is used to formulate our scientific 
understanding about the relationship between rainfall and runoff and account for potential sources 
of uncertainty.  The process model used in this activity was based upon the SIMHYD rainfall-runoff 
model (Chiew et al., 2002), which is a popular rainfall-runoff model in Source.  The data model used 
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in this activity was based on a characterisation of error in the rating curve by comparing it to 
gaugings.  Under the BHM formulation, the parameters of the SIMHYD rainfall-runoff model were 
estimated (with measures of uncertainty also provided) and the calibrated model was visually 
compared to the observed stream flow records. 
 
Activity 2. 
This second activity revolved around developing statistical models (site-based models and spatio-
temporal models) for sites monitored in the Onkaparinga catchment in the MLR watershed for 
predicting concentrations of TSS, TN and TP.  This work was based on methods developed in Great 
Barrier Reef (GBR) catchments (Kroon et al., 2011; Kuhnert et al., 2012) which rely on the use of 
Generalized Additive Models (GAMs) and Generalized Additive Mixed Models (GAMMs) (Wood, 
2006) for the purpose of estimating constituent loads and the uncertainty around these estimates.  
The work conducted in Activity 1 was incorporated into these site-based models to provide an 
estimate of the error in flow rates.  The GAMs and GAMMs used in this activity made use of a 
number of predictors based on important characteristics of flow in addition to flexible 
nonparametric spline terms. 
 
Activity 3. 
Activity three evaluated three land-use change scenarios within a statistical modelling framework, to 
investigate whether these resulted in changes in loads.  The statistical models adopted in this activity 
were Random Forests  (Breiman, 2001), which use decision trees constructed on the predictor 
variables to partition the observed data into homogenous groups and then apply simple prediction 
models within each group.  Individual trees are created on bootstrap samples of the data and with 
random feature selection (random selection of predictors), with the Random Forest itself then 
constructed as an ensemble of trees (either regression or classification based), which when 
averaged, lead to more accurate predictions.  The Random Forests were built using a variety of 
predictor variables including important characteristics of flow (as in Activity 2) as well as the 
proportions of the catchment in different land-use categories.  Once these models were constructed 
from the observed data for the existing monitoring sites, predictions were made using modified 
land-use variables.  For two of the scenarios, an increase in urbanisation was considered and the 
rainfall-runoff calibrations from Activity 1 were used to generate synthetic time series of stream flow 
ōȅ ƛƴŎǊŜŀǎƛƴƎ {LaI¸5Ωǎ ǇŜǊǾƛƻǳǎ ŦǊŀŎǘƛƻƴ ǇŀǊŀƳŜǘŜǊ ǘƻ ōŜ ƛƴ ƭƛƴŜ ǿƛǘƘ ǘƘŜ ƴŜǿ ǇǊƻǇƻǊǘƛƻƴ ƻŦ ǳǊōŀƴ 
land-use in the catchment. 

Study Region 
 
The Mt Lofty Ranges Watershed (Figure 1 (a)) is comprised of a number of catchments consisting of 
the Torrens and Little Para catchments in the north and the Onkaparinga and Myponga catchments 
in the south. The focus of this study is the Onkaparinga catchment (see Figure 1 (b)) and contains a 
number of sub-catchment sites that can export very high nutrient loads during periods of intense 
runoff. The monitoring sites of interest in this study are outlined in Table 1 and were identified at a 
workshop with SA Water, SA EPA and SARDI staff because they offered good spatial coverage of the 
Onkaparinga catchment. Daily measurements of flow are available from gauges at water quality 
monitoring sites over a number of decades (Figure 2). Within the catchment, flow and water quality 
data are collected at different temporal resolutions.  Flow data is captured at regular intervals 
(daily), whereas water quality sampling conducted in the Onkaparinga catchment has concentrated 
on capturing data during low flow periods with large flows being captured a small proportion of the 
time.  Events are typically measured using composite water quality samples, whereby a broad range 
of samples might be collected over the event. Figure 6 highlights the sampling distribution for TSS 
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stratified by percentiles of flow for the sites monitored in Table 1.  It is apparent from these 
histograms that water quality samples are more representative of the lower percentiles of flow 
(baseflow) than the higher percentiles of flow.  Similar plots arise for TN and TP.  Figures 3 ς 5 
summarise the raw TSS, TN and TP data for the six sites investigated. 
 
 

 
 
Figure 1: Maps showing (a) the Mt Lofty catchment and contributing areas and (b) the Onkaparinga catchment with sites 
that were investigated as part of this project overlayed. 

 

Table 1: Summary of sites used in this study that span the Onkaparinga catchment with numbers of observations and years 
when TN, TP and TSS were collected.  

Location Site ID TN TP TSS 

# Years # Years # Years 

Scott Creek A5030502 605 1996-2009 682 1996-2013 565 1999-2013 

Onkaparinga River at 
Houlgraves 

A5030504 194 2004-2009 677 1996-2013 560 1999-2013 

Echunga Creek A5030506 193 2004-2009 621 1996-2011 508 1999-2011 

Lenswood Creek A5030507 549 1996-2010 594 1996-2012 501 1999-2012 

Aldgate Creek A5030509 163 2004-2009 544 1996-2012 465 1999-2012 

Cox Creek at Uraidla A5030526 666 1996-2012 689 1996-2012 574 1999-2012 
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Figure 2: Raw flow data for the six sites in the Onkaparinga catchment. 
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Figure 3: Plots of the raw data showing samples of TSS for the six sites in the Onkaparinga catchment. 
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Figure 4: Plots of the raw data showing samples of TN for the six sites in the Onkaparinga catchment. 
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Figure 5: Plots of the raw data showing samples of TP for the six sites in the Onkaparinga catchment. 
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(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

 
(f) 

Figure 6: Summary of TSS samples stratified by flow and represented through a histogram for (a) Cox Creek (A5030526), (b) 
Scott Creek (A5030502), (c) Lenswood Creek (A5030507), (d) Echunga Creek (A5030506), (e) Aldgate Creek (A5030509); and 
(f) Onkaparinga River at Houlgraves (A5030504). 
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Activity 1: Rainfall-Runoff Model Calibration & Error Quantification 

Motivation 
 
As stated in the introduction, this report focussed on three key activities for assisting in managing 
the water quality and quantity in the MLR watershed.  The first activity was to obtain rainfall-runoff 
calibrations that acknowledge uncertainties in the observed flow data and acknowledge the 
existence of model structural error (i.e. that the rainfall-runoff model itself is imperfect).  Rainfall-
runoff models are widely used in hydrology and allow stream flow to be predicted from time-series 
of rainfall and potential evapotranspiration.  These models are a core component of catchment 
models such as Source and require careful calibration to observed flow data.  Once calibrated, a 
rainfall runoff model can be used for a variety of purposes, including infilling periods of missing flow 
data in hydrographic records and predicting flow records in ungauged catchments. 
 
This section demonstrates how a statistical modelling framework known as Bayesian Hierarchical 
Modelling (BHM) can be used to calibrate rainfall-runoff models whilst acknowledging uncertainty in 
the observed flow data and structural errors in the rainfall-runoff model.  Specifically, this is 
demonstrated for six gauged sites in the Onkaparinga catchment with the SIMHYD rainfall-runoff 
model (Chiew et al., 2002).  Using the BHM approach outlined in the subsequent section, we provide 
calibrated parameter sets for each of the six gauges so that these might be used in future modelling 
ŀŎǘƛǾƛǘƛŜǎΦ  ¢ƘŜǎŜ ŎŀƭƛōǊŀǘƛƻƴǎ ŀǊŜ ƛƴ ŦŀŎǘ ǳǎŜŘ ƛƴ ǘƘŜ ǎŜŎǘƛƻƴ ά{ŎŜƴŀǊƛos for the Onkaparinga 
/ŀǘŎƘƳŜƴǘέΣ ǿƘŜǊŜ ǿŜ ƛƴǾŜǎǘƛƎŀǘŜ ǘƘŜ ƭƛƪŜƭȅ ǿŀǘŜǊ ǉǳŀƭƛǘȅ ƛƳǇŀŎǘǎ ŦǊƻƳ ŀ ƴǳƳōŜǊ ƻŦ ǎŎŜƴŀǊƛƻǎΦ 
 

Overview of Statistical Modelling of Hydrographic Data 
 
In order to use catchment models such as Source for studying the potential impacts of land-use 
change scenarios, reliable calibration of rainfall-runoff models are required.  Typical calibrations rely 
on maximising a suitable objective function (usually some measure of fit between the model 
predictions and observed data).  However, the ƳƻŘŜƭƭŜǊΩǎ ŎƘƻƛŎŜ ƻŦ ǘƘƛǎ ƻōƧŜŎǘƛǾŜ ŦǳƴŎǘƛƻƴ typically 
subjective and often does not acknowledge various sources of error or uncertainty that exist in the 
data and the model itself.  For example, hydrographic data is understood to have observation errors 
that one can quantify by comparing data from gaugings to rating curves.  In addition, we cannot 
treat a rainfall-runoff model as being a perfect representation of the true stream flow, there are 
structural errors in these deterministic models that should be acknowledged and quantified.  One 
could also argue that the rainfall time series that drives the rainfall-runoff model contains errors that 
could also be acknowledged, but these can also be accounted for to some degree through model 
structural error. 
 
In this section, we undertake statistical analyses that estimate the most appropriate parameters for 
rainfall-runoff models, given the observed hydrographic data, whilst acknowledging: (i) uncertainty 
in the observed data; and (ii) model structural error.  These analyses build on the methods used in 
the recent work of Pagendam et al. (2014).  The statistical approach employed for these calibrations 
belongs to the Bayesian Hierarchical Modelling framework and, more specifically, is known as 
Bayesian State-Space Modelling (see Cressie and Wikle, 2011).  In recent years the approach has 
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been steadily gaining in the hydrology literature (see Kuczera et al, 2006; Vrugt et al. 2008; Wu et al, 
2010; Schmelter et al. 2011).  Bayesian statistical methods typically rely on a computational 
approach known as Markov chain Monte Carlo (McMC).  For the work undertaken herein, the McMC 
algorithm used was the Particle Marginal Metropolis-Hastings (PMMH) algorithm and this was 
implemented using the LibBi modelling language (www.libbi.orgύΣ ƻƴ /{LwhΩǎ .ǊŀƎƎ Dt¦ ŎƭǳǎǘŜǊ.  For 
a thorough account of Bayesian Hierarchical Modelling for spatio-temporal statistics, we direct the 
reader to the book by Cressie and Wikle (2011).  We outline the approach adopted in this activity 
below. 
 
A Bayesian Hierarchical Model (BHM) of the type outlined by (Cressie and Wikle, 2011), consists of 
three component models: (i) a parameter model; (ii) a process model; and (iii) a data model.  The 
parameter model summarises our prior beliefs about parameter values given previous studies or 
scientific knowledge from expert opinions, but can also be uninformative if there is little prior 
information to draw upon.  The process model is constructed by conditioning on the parameter 
values and is usually based on some stochastic analogue of a deterministic process model, this is 
often achieved by adding Gaussian noise (or noise from some other distribution) to the process 
model.  The data model is formulated as being conditional on a set of parameters and a realisation 
of the underlying process and is simply the likelihood of the data given the parameters and the true 
underlying process.   
 
Statistical analyses were undertaken for six gauged sites within the Onkaparinga catchment in the 
Mount Lofty ranges watershed.  The process model chosen to represent the relationship between 
rainfall and runoff was the SIMHYD model (Chiew et al., 2002), which is a popular model choice 
within the Source community.  For each of these analyses, slightly different parameter models were 
used for each of the gauges (these are outlined in the section for each of the modelled gauges) and 
each calibration was performed assuming that the contributing area to each gauge behaved as a 
single homogeneous unit. 
 
The process model employed in the BHM was: 
 

ὣͯ Ὕὔήȟ„ , 
 
where  ὣ is the true (latent) stream flow at time t,  Ὕὔ‘ȟ„  represents a truncated-normal 
distribution with mean ‘ and variance „  όǘǊǳƴŎŀǘŜŘ ŀǘ ȊŜǊƻΣ ǎƻ ǘƘŀǘ ƛǘΩǎ ŘƻƳŀƛƴ ƛǎ ǘƘŜ ƴƻƴ-negative 
real line), ώ ήȟὫȟί  is the state of the SIMHYD rainfall runoff model at time t, with ή denoting 
the total runoff, Ὣ the groundwater store and ί the soil moisture store.  From one time step to the 
next, the state of the SIMHYD model is propagated forward as, ώ Ὢώ ȟὶȟὴ , where Ὢẗ 
denotes the operation performed by SIMHYD to propagate the state vector forward one day using 
the rainfall ὶ and potential evapotranspiration (PET) ὴ.  
 
The data model used in the BHM was: 
 

ὤ Ὕͯὔὣȟ‎ὣ , 
 
where ὤ is the observed stream flow in m3/s and ‎ is the coefficient of variation.  The coefficient of 
variation was quantified offline by examining the deviations between derived flow from rating 
curves and flow measured during gaugings by hydrographers.  These deviations were quantified for 
each of the six stations and the results are summarised in Table 2.  The coefficients of variations are 
assumed known and fixed at these values for each of the analyses in the subsequent sections.  Table 
2 also provides values for the coefficient of variation in stream cross-section measurements that are 
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ǳǎŜŘ ƛƴ ǘƘŜ ǎǘŀǘƛǎǘƛŎŀƭ ƳƻŘŜƭǎ ŘƛǎŎǳǎǎŜŘ ƛƴ ǎŜŎǘƛƻƴ ǘƛǘƭŜŘ ά5ŜǾŜƭƻǇƳŜƴǘ ƻŦ {ƛǘŜ-Based Statistical 
aƻŘŜƭǎέ. 

 
Table 2: Summary of errors in flow for each of the 7 sites in the Onkaparinga catchment. Note, as there is no information 
about the potential error in the gauge positioning, we have borrowed from GBR studies that suggest this is around 10%. 

Location Site ID Rating Curve 
Variance (log scale) 

Measurement 
Error (CV) 

Cross-sectional 
Error (CV) 

Scott Creek A5030502 (0.2830)2 0.2888 0.1 

Onkaparinga River 
at Houlgraves 

A5030504 (0.0838)2 0.0839 0.1 

Echunga Creek A5030506 (0.1280)2 0.1285 0.1 

Lenswood Creek A5030507 (0.1389)2 0.1396 0.1 

Aldgate Creek A5030509 (0.0326)2 0.0326 0.1 

Cox Creek at 
Uraidla 

A5030526 (0.0594)2 0.0594 0.1 

 
The output of the BHM analysis was a posterior probability distribution over the rainfall-runoff 
model parameters and the model structural error variance.  These posterior distributions 
represented our understanding of these drivers of the system behaviour after having observed the 
hydrographic data.  The primary motivation for these analyses was to obtain useful calibrations of 
the SIMHYD rainfall-runoff model at the six gauges in the Onkaparinga catchment.  SIMHYD has nine 
parameters (see Table 3), however, we assumed that for each gauge, the pervious fraction was 
Ŝǉǳŀƭ ǘƻ ǘƘŜ ŦǊŀŎǘƛƻƴ ǘƘŀǘ ǿŀǎ ƴƻǘ ŎƭŀǎǎƛŦƛŜŘ ŀǎ άŘŜƴǎŜ ǳǊōŀƴέ ƭŀƴŘ-use.  The remaining eight 
ǇŀǊŀƳŜǘŜǊǎ ŀǊŜ άŎƻƴŎŜǇǘǳŀƭέ ǇŀǊŀƳŜǘŜǊǎ ǘƘŀǘ Řƻ ƴƻǘ ŎƻǊǊŜǎǇƻƴŘ ǘƻ ŀŎǘǳŀƭ ƳŜŀǎǳǊŜŀōƭŜ ŀǘǘǊƛōǳǘŜǎ 
and therefore do not have units associated with them.  Uninformative prior distributions were 
placed on these parameters using uniform distributions spanning the range of parameters allowed 
by the SIMHYD model.  The posterior distributions over the remaining eight parameters, provided 
probability distributions showing the likely values that these parameters should take, acknowledging 
the structural error in the model and the uncertainties in the hydrographic data.  Following the 
statistical analysis, summary statistics of the posterior distributions (mean and standard deviation) 
for each of the calibrations (one for each gauging station) were reported and, using the posterior 
mean as the calibrated parameter value, the quality of the calibrated model was examined visually 
by plotting the modelled hydrographs over the observed flow data.  This was carried out for periods 
ōƻǘƘ ŜŀǊƭȅ ŀƴŘ ƭŀǘŜ ƛƴ ǘƘŜ ƎŀǳƎƛƴƎ ǎǘŀǘƛƻƴΩǎ ƘƛǎǘƻǊƛŎŀƭ ǊŜŎƻǊŘ.  The subsequent sections summarise 
these SIMHYD calibrations for each of the gauges, so that these parameter values might be used in 
future modelling activities. 
 
Traditionally in ǘƘŜ άŎŀƭƛōǊŀǘƛƻƴέ ƻŦ hydrological modelling, plots of modelled daily flow data against 
observed daily flow data have been used as a way of assessing goodness-of-fit.  Under the BHM 
framework, we intentionally steer away from the use of these plots for two reasons: (i) the 
traditional approach treats discrepancies between the observed data and the model as arising 
because of error in the model and does not acknowledge that the data also contain error; and (ii) 
the BHM approach, results in a distribution for the flow on each day, which is difficult to plot in this 
way.  We have therefore opted for plotting the estimated flow time series (samples from the 
posterior distribution) under the calibrated model over the observed data.  This provides a visual 
depiction of the agreement between the data and the estimated flows and is common in modelling 
papers employing Bayesian Hierarchical models in surface water hydrology (see Vrugt et al. 2008; 
Pagendam et al. 2014).   In our analyses we provide estimates of the error in stream flow data 
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derived from rating-curve information and posterior estimates of the error in the SIMHYD model.  
Both of these variances summarise the error between what we consider to be the true flow and the 
observations and model outputs respectively and are preferred under the BHM framework to other 
measures of goodness-of-fit (e.g. mean square error between model output and observed data) that 
ƳƛƎƘǘ ōŜ ǳǎŜŘ ƛƴ ǎƛƳǇƭŜǊ άƳƻŘŜƭ ŎŀƭƛōǊŀǘƛƻƴέ ŀŎǘƛǾƛǘƛŜs. 
 
Table 3: The nine parameters in the SIMHYD rainfall-runoff model. 

SIMHYD Parameter Parameter Description 

BFC Baseflow Coefficient 

ImpT Impervious Threshold 

InfC Infiltration Coefficient 

InfS Infiltration Shape 

IntC Interflow Coefficient 

RISC Rainfall Interception Store Capacity 

RC Recharge Coefficient 

SMSC Soil Moisture Store Capacity 

PF Pervious Fraction 

 
 
It should be noted, that our BHM used for identifying appropriate parameters for SIMHYD did not 
attempt to model the uncertainty around the forcing variables for rainfall and PET.  Because these 
forcing variables are based on a complex pre processing of weather station data, it is difficult to 
formulate (by necessity) informative priors on these model inputs.  Since error in rainfall and PET 
manifests itself as an error in flow, we effectively account for errors in these forcing variables 
through the model structural error. 
 

Scott Creek (A5030502) 
 
The BHM constructed for stream flow at Scott Creek used rainfall, PET and stream flow data 
collected between 1/1/1980 and 9/9/2014.  Rainfall and PET data were extracted from a Source 
model for the Onkaparinga as time series of spatially averaged SILO data over the contributing area 
to the gauge.  Table 4 summarises the prior and marginal posterior distributions for each of the 
parameters in the model.  tŀǊŀƳŜǘŜǊǎ ŘŜƴƻǘŜŘ ŀǎ άŦƛȄŜŘέ ǿŜǊŜ ŀǎǎǳƳŜŘ ƪƴƻǿƴ ǿƘŜƴ Ŏƻƴǎtructing 
the BHM and therefore have no summary statistics for the posterior distribution noted as NA (not 
applicable). 
 
Table 4: Prior distributions and posterior distribution summary statistics for Scott Creek. 

Parameter Prior Posterior 
Mean 

Posterior Std. 
Dev. 

BFC Uniform(0.0, 1.0) 0.5095 0.01653 

ImpT Uniform(0.0, 5.0) 4.515 0.06926 

InfC Uniform(0.0, 400.0) 368.8 6.9786 

InfS Uniform(0.0, 10.0) 2.541 0.1711 

IntC Uniform(0.0, 1.0) 0.01044 0.009041 

RISC Uniform(0.0, 5.0) 2.981 0.08707 

RC Uniform(0.0, 1.0) 0.5372 0.03487 

SMSC Uniform(1.0, 500.0) 441.86 5.688 
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PF Fixed at 0.9882 NA NA 

„  Uniform(0.0, 50.0) 0.08196 0.003346 

‎ Fixed at 0.568 NA NA 

 
Modelled hydrographs were obtained by running SIMHYD using parameter values equal to the 
posterior means in Table 4.  All of the parameters estimated had very tight posterior distributions 
compared to the diffuse prior distributions, indicating that the data was highly informative about all 
of the parameters and that there was a high degree of sensitivity to all of the parameters.  Figures 7 
and 8 overlay the modelled flow from SIMHYD with the observed flow data for a two-year period 
early in the time series (1985-1987) and later (2005-2007).  These figures also show the trajectories 
of stream flow sampled from the posterior distribution of the BHM using McMC in grey.  These 
samples included a noise term to capture model structural error.  For the Scott Creek site, there is 
very little difference between the BHM samples and the SIMHYD model, suggesting that the 

structural error contribution was small (this is confirmed by the fact that the posterior mean for „  
is small relative to flows). 
 
Discrepancies between SIMHYD and observations in Figures 7(b) and 8(b) are attributable to a 
combination of model structural error and observation error in the flows.  In modelling the latter 
error we assumed a constant coefficient of variation, resulting in larger absolute errors at higher 
flows than at lower flows.  This explains the apparent close agreement at lower flows, with more 
obvious deviations at higher flows.  A major difficulty in using deterministic rainfall-runoff models 
such as SIMHYD to mimic observed flows is that the rainfall input data can be error prone and that 
catchments can respond differently to the spatial distribution of rainfall.  This source of error is most 
likely one of the main sources of discrepancy between the observed and the modelled series.   
 
Whilst the calibration results obtained through the BHM estimation are satisfactory, there does 
appear to be a tendency for the SIMHYD model to have lower peaks than the observed series in 
high-flow events and higher peaks in some of the smaller events at this site. 
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Figure 7: Rainfall-runoff model calibration results for Scott Creek (A5030502) between 1985 and 1987 showing: (a) rainfall 
input data; (b) SIMHYD Calibration using parameters equal to the mean of the posterior distribution; and (c) posterior 
samples from the BHM. 

  



 

31 
 

 

 
Figure 8: Rainfall-runoff model calibration results for Scott Creek (A5030502) between 2005 and 2007 showing: (a) rainfall 
input data; (b) SIMHYD Calibration using parameters equal to the mean of the posterior distribution; and (c) posterior 
samples from the BHM. 

 
 

Onkaparinga River at Houlgraves (A5030504) 
 
The BHM constructed for stream flow at Houlgraves Weir used rainfall, PET and stream flow data 
collected between 1/1/1980 and 9/9/2014.  Rainfall and PET data were extracted from a Source 
model for the Onkaparinga as time series of spatially averaged SILO data over the contributing area 
to the gauge.  Table 5 summarises the prior and marginal posterior distributions for each of the 
parameters in the model.  ParaƳŜǘŜǊǎ ŘŜƴƻǘŜŘ ŀǎ άŦƛȄŜŘέ ǿŜǊŜ assumed known when constructing 
the BHM and therefore have summary statistics of the posterior distribution noted as NA (not 
applicable). 
 
Unlike the other sites in this study, the gauged flows at Onkaparinga are the sum of the natural flow 
from the contributing area and water that has been diverted from the Murray River and released 
upstream at Hahndorf Creek.  The former component (i.e. natural flow) is what is modelled by a 
rainfall-runoff model and therefore to calibrate the SIMHYD model, it was first necessary to correct 
the observed flow data by subtracting the time series of diversions from the time series of flow at 
this site. 
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Modelled hydrographs were obtained by running SIMHYD using parameter values equal to the 
posterior means in Table 5.  All of the parameters estimated had very tight posterior distributions 
compared to the diffuse prior distributions, indicating that the data was highly informative about all 
of the parameters and that there was a high degree of sensitivity to all of the parameters.  Figures 9 
and 10 overlay the modelled flow from SIMHYD with the observed flow data for a two-year period 
early in the time series (1985-1987) and later (2005-2007).  These figures also show the trajectories 
of stream flow sampled from the posterior distribution of the BHM using McMC in grey.  These 
samples included a noise term to capture model structural error.  For the Houlgraves site, there are 
some noticeable differences between the SIMHYD model and the BHM samples, particularly at lower 
flows.  The structural error in the BHM samples provides a mechanism for the stochastic model to 
provide better agreement with the data.  We note however, that the discrepancies at lower flows 
may not have been due to model structural error, but possibly an artefact of this flow data having 
been corrected for the effects of water diverted from the Murray River and entering at Hahndorf. 
 
Table 5: Prior distributions and posterior distribution summary statistics for the Onkaparinga River at Houlgraves. 

Parameter Prior Posterior 
Mean 

Posterior Std. 
Dev. 

BFC Uniform(0.0, 1.0) 0.2208 0.01482 

ImpT Uniform(0.0, 5.0) 1.527 0.05130 

InfC Uniform(0.0, 400.0) 310.8 2.541 

InfS Uniform(0.0, 10.0) 7.757 0.07199 

IntC Uniform(0.0, 1.0) 0.5938 0.02017 

RISC Uniform(0.0, 5.0) 4.559 0.06048 

RC Uniform(0.0, 1.0) 0.9152 0.003087 

SMSC Uniform(1.0, 500.0) 480.7 0.2356 

PF Fixed at 0.9446 NA NA 

„  Uniform(0.0, 50.0) 3.921 0.01338 

‎ Fixed at 0.296 NA NA 

 
 
Figures 9(b) and 10(b) show reasonable agreement between the SIMHYD modelled and observed 
flow data.  The SIMHYD flow contains a number of small άǇƘŀƴǘƻƳέ events not present in the 
observed data.  This is either as a result of: (i) spurious peaks in the rainfall time series that drive the 
SIMHYD model (possibly rainfall that fell in the catchment but did not lead to events at the gauge); 
or (ii) the erroneous removal of small events from the observation series in correcting for diversions 
at Hahndorf. 
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Figure 9: Rainfall-runoff model calibration results for the Onkaparinga River at Houlgraves (A5030504) between 1985 and 
1987 showing: (a) rainfall input data; (b) SIMHYD Calibration using parameters equal to the mean of the posterior 
distribution; and (c) posterior samples from the BHM. 

  


















































































































































































































