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Abstract 

Receiving waters such as rivers, urban estuaries and coastal waters are under increasing pressure from 

anthropogenic impacts due to population growth, rapid urbanisation rates and increased pollution 

levels. Microbial water quality is of particular concern for uses such as fishing and recreation, and it is 

therefore essential to understand the levels and dynamics of faecal microorganisms in these water 

bodies. This can help us estimate the human health risks associated with recreational uses, and will 

also provide valuable information to develop targeted and cost effective mitigation strategies. 

This research project focuses on the city of Melbourne, Australia, as a case study for the analysis of 

faecal microbial contamination of receiving waters. Melbourne is a large metropolitan area located on 

the banks of the Yarra River, which forms an urban salt-wedge estuary. Estuaries are particularly 

complex environments because faecal microbial levels are influenced by a wide range of parameters: 

inputs of faecal contamination, survival of microorganisms in the water column and sediments, 

sediment-microbe interactions, and complex estuarine hydrodynamics. Currently, the only practical 

and possible method to assess faecal contamination is to use complex numerical models; however, 

existing models either do not appropriately characterise inputs of faecal microorganisms, do not 

account for all important dynamic processes within the estuary, and/or are not robust enough due to 

small data sets and inadequate testing. 

The main aim of this research project was therefore to develop and test a more comprehensive and 

robust estuarine microorganism model, using the Yarra River estuary as a case study. The final model 

is based on a substantial data set and compiles a range of different components, which ensure that all 

inputs and estuary processes related to movement and survival of faecal microorganisms are 

accurately characterised.  

The thesis conducted an extensive data collection campaign which included high resolution 

measurements of water levels, flow velocity, temperature, salinity, pH, dissolved oxygen, turbidity and 

Escherichia coli (E. coli - a common faecal indicator organism) over a period of nearly two years. To 

characterise the faecal microbial levels within the estuary with a high temporal and spatial resolution, 

this thesis collected E. coli samples as time series and depth profiles in the water column: 3500 E. coli 

samples were collected from two locations for the time series, and to assess the stratification in the 

estuary, over 80 depth profiles were undertaken in four locations. The data set was supplemented 

with 1600 E. coli samples taken from various freshwater sources entering the estuary to appropriately 

characterise faecal microorganism inputs into the system. 
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Analysis of the collected data revealed that the main driver of E. coli concentrations within the estuary 

was the freshwater input from the Yarra River itself, highlighting the critical need for accurate 

characterisation of faecal contamination inputs. Using the extensive data set collected for this thesis, 

this thesis assessed the existing MicroOrganism Prediction in Urban Stormwater (MOPUS) model for 

its robustness on a variety of water systems and spatial scales. The model was able to predict wet 

weather microbial dynamics not only in stormwater drains, but also in an urban creek and in the Yarra 

River itself. This thesis therefore included MOPUS (coupled with a simple dry weather estimation using 

the collected data points) to model the inputs / boundary conditions at a fine temporal scale for the 

estuarine model. 

The collected data also revealed that spatial variability of E. coli was closely related to salt-wedge 

dynamics and that concentration fluctuations over a tidal cycle were correlated to estuarine flow 

velocity. As such, it was particularly important to accurately model estuarine hydrodynamics. This 

thesis found that the hydrodynamic model TUFLOW FV performed well because it predicted the high 

stratification (salinity and temperature levels) of the Yarra River estuary accurately in addition to 

standard hydrodynamic variables such as water levels and flow velocity. This model was integrated 

into the final model to assess estuarine dynamics. 

The large data set allowed robust development and testing of the final estuarine model and the results 

show that it accurately predicts E. coli dynamics within the Yarra River estuary. The model accounts 

for all complex parameters influencing E. coli in the estuary; a simple sensitivity analysis revealed that 

these are primarily influenced by the inputs and hydrodynamic transport and mixing and that 

conversely, E. coli die-off and sediment-microorganism interactions had limited impact on model 

performance.  

In addition to meeting its initial aim of creating a comprehensive and robust estuarine faecal 

microorganism model for the Yarra River estuary, this research project paves the way for practical 

applications for the management of this iconic water body. Scenario testing will allow the development 

of specific risk management strategies for recreational use of the Yarra, and will facilitate the selection 

of appropriate mitigation strategies to improve microbial water quality within the estuary.  

Finally, this research project contributes greatly to the growing body of research around faecal 

microbial characterisation of urban waters. It provides a robust methodology for the prediction of E. 

coli inputs into a receiving water body at a fine temporal scale. For stratified estuarine environments 

in particular, it offers a unique study of the spatial distribution of E. coli, shows that it is tidal velocity, 

rather than tidal water levels, which is the determining factor for E. coli concentrations, and that E. coli 
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dynamics is primarily impacted by hydrodynamic processes in these environments. This particular 

estuarine model can be used as a reliable basis to develop and test models for other (similar) estuarine 

environments.  
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1.1 Introduction 

Estuaries across the world are increasingly being developed and managed for recreational purposes. 

However, at the same time, they are placed under environmental stressors, leading to excessive 

pollution and thereby limiting their benefits (Wolanski and Elliott, 2016). The majority of the adverse 

influences affecting estuarine health are anthropogenic (e.g. population growth, urbanization, climate 

change). This is not surprising considering that estuaries and continental shelf areas comprise 5.2% of 

the earth surface and around 60% of the global population lives alongside these systems (Lindeboom, 

2002). Current population growth predictions suggest that population in coastal areas is doubling 

every 20 years (Wolanski and Elliott, 2016), hence, the environmental pressures on estuaries are likely 

to increase in the future.  

Faecal microorganisms are the leading cause of pollution in urban estuaries (Burton and Pitt, 2002), 

and they can have significant impact on the public health. Medical treatment of illnesses associated 

with recreational waters can represent significant economic burden. For example, estimated cost for 

treatment of these illnesses was $3.3 million per year for only two beaches in California, USA (Dwight 

et al., 2005).  

For the above reasons, increased effort has been placed around mitigation strategies for improvement 

of health of urban estuaries. However, faecal microorganisms are influenced by myriad sources/inputs 

(e.g. rivers and creeks, urban stormwater, seawater, bed and bank sediments and other non-host 

habitats, direct deposition by wildlife and humans), various processes (survival in water column and 

sediments, sedimentation, re-suspension) and an array of hydrological factors (e.g. flow, velocity, tide, 

hydrodynamic/density driven mixing). This complexity often makes it difficult to develop accurate 

mitigation strategies that focus on the underlying causal source/mechanism.  

It is therefore hypothesised that adequate mitigation cannot occur without a full understanding and 

appreciation of all the inputs and processes which occur within the system. This lends itself to the use 

of modelling tools which can incorporate these complex dynamics and then be used to explore (by 

means of hypothesis testing) various methods of mitigation and the influence of future externalities 

on the system’s behaviour, including climate change and population growth. Such a tool could be part 

of a wider decision making process. Furthermore, this tool would not only be valuable for assessing 

different mitigation options but also to provide real-time data and warnings to users of estuaries. 

However, the development of microorganism models for estuaries is hindered by the large 

knowledge and data gaps present in the literature, the uncertainty involved in microorganism 

quantification, and the complex hydrodynamics in urban estuaries. 
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There have been a few attempts to model microbial dynamics in estuaries. However, due to their 

complexity, these models include only some of the many possible faecal pollution sources, sinks and 

processes. Modelling was mostly restricted to the water column (Salomon and Pommepuy, 1990; 

Kashefipour et al., 2002; Garcia-Armisen et al., 2006; de Brauwere et al., 2011; Gao et al., 2015), rarely 

including interactions between sediments and overlaying water layer (sedimentation/re-

suspension)(de Brauwere et al., 2014a), and influence of the stratification due to salt wedge and 

temperature (i.e. modelling estuary as layered system). As such, there is a need for the development 

of complex coupled hydrodynamic-microbial models that could accurately predict concentrations of 

faecal microorganisms in estuaries in different hydrological/environmental conditions. 

The main aim of this research is to develop a hydrodynamic-microorganism model that can simulate 

complex microbial dynamics in urban estuarine environments. The objective is to develop a model that 

would help water managers to better understand faecal pollution dynamics, identify most important 

inputs and develop effective mitigation strategies. The new modelling tool will focus on predicting 

microorganism concentrations in the water column of urban estuaries. Since there are many different 

faecal microorganisms present in urban estuaries, the objective is also to develop a model that could 

be easily modified to model a range of different faecal microbes.  

The Yarra River estuary was used as a case study, because it is the iconic waterway of the city of 

Melbourne, commonly used for recreation and has a complex catchment. A data set including 

measurements of water level, flow rates, flow velocities, electrical conductivity (salinity), temperature, 

pH, DO, Turbidity and E. coli concentrations was collected from the Yarra River estuary, urban 

stormwater drains as well as the upstream Yarra River to enable the development of a model that can 

holistically account for the sources, sinks and processes influencing faecal microbial dynamics in urban 

estuarine environments. 

 

1.2 Thesis scope 

There are many aspects of developing a model of faecal microorganism dynamics in urban estuaries.  

However, within the limited time and resources available, it is not possible to explore each of these 

aspects to a great extent in this thesis. Rather, time and resource allocation to certain aspects was 

based on the hypothesised level of importance and available knowledge/data in the literature. This 

section outlines the scope of this thesis and discusses not only the aspects that were considered but 

also what was not considered. 
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The main focus of the thesis will be development and testing of an estuarine microorganism model. 

The model will predict concentrations of the microorganisms in estuarine environment. As such, the 

model will not explicitly assess the health risk to the users of the estuary. Therefore, health risks 

assessments will not be implemented as a part of the new model and as such remain in domain of 

future development and additions to the model. Nevertheless, addition of health risk assessment 

feature to the model can be achieved by adding a risk assessment tool based on Quantitative Microbial 

Risk Assessment (QMRA) framework. 

A major part of the thesis was collecting sufficient data for model testing and development. In addition 

to hydrology/hydrodynamic data (e.g. water levels, flow velocity etc.) needed for testing the 

hydrodynamic model of the estuary, significant amount of data was collected for development and 

testing of faecal microorganism model. These included E. coli concentrations within the estuary as well 

as within the major inputs to the estuary, and various water quality parameters such as, water 

temperature, electric conductivity/salinity, turbidity, pH and dissolved oxygen. Due to resource 

constraints only a standard indicator organism (i.e. E. coli) and not specific pathogens, could be 

monitored. However, the model will be flexible for adapting to the range of other indicator and 

pathogenic microorganisms. As such, testing of the model using a range of pathogens is part of the 

future research plan for this model.  

The collected data was used to analyse the dynamics of E. coli within the Yarra River estuary and 

identify major processes governing its levels, so that the model could be more accurately constructed. 

Inputs were hypothesised to be extremely important for accurate prediction of the E. coli dynamics 

within the estuary, hence, a major task involved characterising all significant inputs of E. coli as best as 

possible. This was achieved by employing existing models for microorganism prediction.  

Hydrodynamics is known to significantly impact the water quality and as such, validating and sensitivity 

testing of the hydrodynamic model of the Yarra River estuary was another major task. However, whilst 

accurate hydrodynamics is necessary for accurate pollutant prediction, hydrodynamic modelling is not 

the focus of this research. As such, a commercial software for hydrodynamic modelling was used to 

develop a hydrodynamic model of the Yarra River estuary. 
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1.3 Outline of the thesis 

The thesis consists of eight chapters in total (discussed briefly below). The four main chapters of this 

thesis (Chapters 4 to 7) contain publications that have been published or are currently under internal 

review. Additional discussions have also been included to supplement these publications.  

Chapter 2: Literature review. This chapter provides a review of the published literature from 

perspective of modelling pathogens/faecal microbes in urban estuaries. The existing microorganism 

models are assessed based on selection of key criteria formulated from the review of literature. 

Current research gaps are identified and the objectives and main hypotheses underlined in the present 

thesis are presented. 

Chapter 3: Monitoring program and collected data. This chapter describes the comprehensive data 

collection campaigns conducted as one of the essential parts of this research project in order to collect 

data needed for model testing and development. Monitoring site locations, equipment used and data 

collected are presented.  

Chapter 4: E. coli dynamics within the Yarra River estuary. This chapter presents analysis of the E. coli 

dynamic within the Yarra River estuary using the newly collected datasets. The chapter consists of 

three mains sections: 1) exploration of estuarine hydrodynamics and E. coli levels; 2) a journal paper 

titled “Influence of tides on E. coli levels in an urban estuary” published in Marine Pollution Bulletin in 

2017 and; 3) a journal paper titled “Spatial variability of E. coli in an urban estuary” also published in 

Marine Pollution Bulletin in 2017.  

Chapter 5: Modelling flow and E. coli inputs to the Yarra River estuary. This chapter describes 

modelling of the flow and E. coli concentrations from main inputs to the Yarra River estuary. The 

chapter consists of three main section: 1) a journal paper titled “Conceptual modelling of E. coli in 

urban stormwater drains, creeks and rivers” published in Journal of Hydrology in 2017; 2) a section 

describing how the models tested in a journal paper above were used for providing continuous inputs 

of flow and E. coli concentrations for all stormwater, creek and riverine inputs to the estuary, and; 3) 

sections of the paper “Integrated conceptual modelling of faecal contamination in an urban estuary 

catchment” published in Water Science and Technology in 2015 relevant for the input assessment. 

Chapter 6: Modelling hydrodynamics of the Yarra River estuary. Main focus of this chapter is 

hydrodynamic model of the Yarra River estuary. The chapter presents assessment of the model 

performance as well as the sensitivity of the model outputs to a range of input data and model 

parameters. This work is described in a journal paper titled “Modelling shallow and narrow urban salt-
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wedge estuaries: Evaluation of model performance and sensitivity to optimise input data collection” 

published in Estuarine, Coastal and Shelf Science in 2019. 

Chapter 7: Modelling E. coli dynamics in the Yarra River estuary. This chapter presents modelling of 

E. coli dynamics within the Yarra River estuary. The chapter consists of two main sections: 1) a journal 

paper “Integrated conceptual modelling of faecal contamination in an urban estuary catchment” 

published in Water Science and Technology in 2015, presenting a simple conceptual model of the E. 

coli dynamics in the Yarra River estuary, and; 2) a journal paper titled “Integrated modelling of fate 

and transport of E. coli within an urban salt-wedge estuary”, currently under internal review, to be 

submitted to Water Research.  

Chapter 8: Conclusions, strengths and weaknesses of the research. The final chapter provides a 

summary of the key findings, a discussion of the strengths and weaknesses of the thesis and a summary 

of the areas requiring further investigation. 

Appendix A: Supplementary materials. This appendix contains supplementary materials of all journal 

articles presented in the above chapters.  

Appendix B: Conference papers. This appendix contains two conference papers produced during the 

course of this research project. 

Appendix C: Co-authored journal papers. This appendix encloses two journal papers co-authored by 

the candidate during the course of this research project.  
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2.1 Introduction 

The following literature review has five sections. The first introduces waterborne pathogens and faecal 

indicators and presents the justification of the faecal indicator selected for this study. The second 

section gives an overview of the inputs of faecal contamination from an estuarine perspective, while 

the third section gives background information on estuarine environment (i.e. estuarine 

hydrodynamics and water quality). The fourth section identifies the key processes influencing levels of 

faecal microorganisms in estuarine environments. Finally, the last section summarises what is needed 

from an estuarine hydrodynamic-microorganism model, reviews the currently available models and 

highlights their benefits and deficiencies. 

The scope of this literature review will cover three main groups of microorganisms: bacteria, protozoa 

and viruses. Although other groups exist, such as worm and fungi, they are not considered in this 

literature review, as the most of the waterborne pathogens come from the first three groups 

mentioned. Furthermore, the focus of this literature review will be on faecally derived human 

pathogens, due to the dominant exposure pathway being faecal-oral route. The overall focus of the 

research project will be on estimating waterborne pathogen concentrations. Whilst this is only one of 

the factors in estimating the risk of contracting a waterborne disease, the outputs of this project could 

possibly later feed into a risk assessment framework to estimate human health risks due to waterborne 

pathogens. 

 

2.2 Microorganisms in aquatic environment and public health risk 

The term microorganism refers to wide range of organisms that are too small to be seen clearly by the 

unaided eye (CWP, 2000; Willey et al., 2008). Microorganisms are ubiquitous in the environment and 

exist on nearly every surface of the earth. They are very diverse and can be divided by different criteria. 

From a water pollution perspective, there are three main groups of microorganisms of interest: 

bacteria, protozoa and viruses (there are others, such as worm and fungi, but these are outside the 

scope of this research). Bacteria are single-celled organisms with cells 0.4 - 14 μm in length and 0.2 - 

1.2 μm in width. They are the major inhabitants of human skin, mouth, and intestines (Willey et al., 

2008), and inhabit almost all living creatures and environmental systems. Protozoa are a large group 

of usually motile unicellular eukaryotic organisms ranging in size from 2 - 100 μm (CWP, 2000; Horan, 

2003b; Willey et al., 2008). Protozoa are widely distributed through almost every aquatic environment 

(Horan, 2003b). They are normally inhabitants of animal intestinal tracts where they help with 

digestion of complex  materials (Willey et al., 2008). Viruses are acellular entities that have to invade 
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host cell in order to replicate (Willey et al., 2008). They are the smallest of all microorganisms, ranging 

in size from 0.02 - 0.09 μm.  

2.2.1 Waterborne pathogens  

Microorganisms can be beneficial to humans, have no impact at all or they can cause illness/disease 

(CWP, 2000). Microorganisms that are known to cause disease are called pathogens (CWP, 2000; 

Willey et al., 2008) and their ability to cause disease is called pathogenicity (Willey et al., 2008). The 

actual risk of contracting a waterborne disease depends on a number of factors: pathogen 

concentration, way and time of exposure or transmission (inhalation, ingestion or penetration), 

infectious dose, and age and immune system status of the exposed individual (CWP, 2000; Pond, 2005). 

The focus of this project will be on just one of these factors in risk estimation: that is, estimating 

waterborne microbial concentrations. 

Table 2 - 1, Table 2 - 2 and Table 2 - 3 provide lists of pathogenic bacteria, protozoa and viruses 

(respectively) commonly found in water bodies. Adverse effects of these microorganisms on human 

health vary, but mostly involve gastrointestinal symptoms with diarrhoea and some infections can 

result in hospitalisation, surgery or death (Pond, 2005). These tables show that some pathogens are 

autochthonous to aquatic environments (i.e. those which are naturally present in the environment, 

e.g. Legionella spp., Vibrio spp., Naegleria Fowleri), but most are allochthonous (i.e. introduced in 

aquatic environments, e.g. faecal microbes from human and/or animal faeces). Although 

autochthonous free-living pathogens can cause severe health effects, infections by these agents are 

much rarely reported (Pond, 2005). Conversely, allochthonous faecally derived pathogens are 

identified as a major concern to public health (WHO, 2011). Indeed, of the pathogens listed in Tables 

2.1 to 2.3, the faecal-oral route is the dominant exposure pathway for causing disease, meaning these 

allochthonous faecal microbes are of most concern for mitigating waterborne disease. Therefore, the 

focus of this research project will be on faecally derived pathogens. 
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Table 2 - 1 Bacterial pathogens found in aquatic environments with their sources/origins, exposure route and mechanism of 
infection and effects on human health 

Pathogenic 
Bacteria 

Sources/Origin Exposure route / Mechanism 
of infection 

Adverse Health Effects 

Campylobacter 
spp. 

Faecal – animals1,4 (esp. 
birds1,4) 

Faecal-oral/ ingestion of 
contaminated water1,4 

Gastrointestinal infections 
(GI) 1,4 

    
E. coli O157:H7 Faecal – humans1 and 

animals1 
Faecal-oral / ingestion of 
contaminated water1 

GI1; bloody diarrhoea1 ; 
vomiting1 

    
Helicobacter pylori Faecal – humans1 Faecal-oral / ingestion of 

contaminated water1 
GI1,4 
 

    
Legionella Free-living aquatic 

environment1,4, 
heating/cooling 
systems, soils4 

Inhalation of aerosols1,4; 
ingestion of contaminated 
water1 

Pneumonic legionellosis1,4; 
Pontiac fever1,4 

    
Leptospira spp. Kidneys of animal 

hosts1,2 
Inhalation of aerosols1,2; 
Penetration through skin1,2 

Leprospirosis1,2; kidney 
and liver failure1,2; severe 
muscle pain1 

    
Mycobacterium Almost every 

environment in contact 
with humans and 
animals1,4 

Ingestion of contaminated 
water1 

Fever1; Lung damage1,4; 
haemoptysis1; chest pain1 

    
Salmonella spp. Faecal – humans1,3,4 

and animals1,3,4 
Faecal-oral / ingestion of 
contaminated water1 

GI1,4; Typhoid and 
paratyphoid fever1,4 

    
Shigella spp. Faecal – humans1,4 and 

gorillas1 
Faecal-oral / ingestion of 
contaminated water1,4 

Shigellosis1 – bacillary 
dysentery1,4; GI1,4 

    
Vibrio spp. Free-living in estuarine 

and marine 
environments1,2 

Ingestion of contaminated 
water1,2; inhalation of 
aerosols2; consumption of 
contaminated shellfish2 

Necrotising wound 
infections1,2; GI1,2,4; 
primary septicaemia1; 
cholera2,4; pneumonia2 

    
Yersinia spp. Faecal – animals4 Faecal-oral / ingestion of 

contaminated water4 
GI4 
 

    
Aeromonas spp. Free-living in aquatic 

environments2 
Water contact through open 
wounds2; ingestion of 
contaminated water2; 
consumption of contaminated 
shellfish2 

GI2,4; diarrhoea2,4 ; 
septicaemia4 

    
Pseudomonas 
aeruginosa 

Faecal – human and 
animal4; free-living in 
water and soil4 

Water contact through open 
wounds4 or injured body 
parts4 

Destructive lesions4; 
septicaemia4; rashes4 

1(Pond, 2005); 2(WHO, 2003); 3(CWP, 2000); 4(NHMCR, 2011) 
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Table 2 - 2 Protozoan pathogens found in aquatic environments with their sources/origins, exposure route and mechanism 
of infection and effects on human health 

Pathogenic 
Protozoa 

Sources/Origin Exposure route / Mechanism 
of infection 

Adverse Health Effects 

Cryptosporidium 
spp. 

Faecal – livestock1,3,4 
and infected 
humans1,3,4 

Faecal-oral/ ingestion of 
contaminated water1,4 

Cryptosporidiosis1; 
diarrhoea1,4; abdominal 
pain1; fever1 

    
Giardia spp. Faecal – humans1,3 and 

animals1,3,4 
Faecal-oral/ ingestion of 
contaminated water1,4 

Giardiasis1,4; diarrhoea1,4 

    
Amoebae 
(Naegleria 
Fowleri) 

Free-living in 
environmental 
waters1,2,4 and soil1 

Intranasal adsorption of 
water1,4, contact with 
contaminated water2 

Primary amoebic 
meningoencephalitis 
(PAM)1,2,4 

    
Amoebae 
(Acanthamoeba) 

Free-living in 
environmental waters2,4 
and soil2,4 

Contact with contaminated 
water1 

Granulomatous amoebic 
encephalitis (GAE)2,4; 
Keratitis2,4 

    
Microsporidia Faecal – animals1 Faecal-oral/ ingestion of 

contaminated water1 
Microsporidiosis1 – GI1; 
infections of reproductive, 
respiratory, muscle, 
excretory, and nervous 
tissues1 

1(Pond, 2005); 2(WHO, 2003); 3(CWP, 2000); 4(NHMCR, 2011) 
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Table 2 - 3 Viral pathogens found in aquatic environments with their sources/origins, exposure route and mechanism of 
infection and effects on human health 

Pathogenic Viruses Sources/Origin Exposure route / Mechanism 
of infection 

Adverse Health Effects 

Adenovirus Faecal – humans1,2 Faecal-oral/ ingestion of 
contaminated water1; 
Inhalation of aerosols2 

Fevers1,2; upper 
respiratory tract 
symptoms1; 
conjunctivitis1,2; GI2 

    
Enterovirus Faecal – humans2,3 Faecal-oral/ ingestion of 

contaminated water2 
GI2; sore throat2,3; rashes2; 
aseptic meningitis2,3; 
conjunctivitis2,3 

    
Coxsackievirus 
(A and B) 

Faecal – humans1,3 Faecal-oral/ ingestion of 
contaminated water1; 
inhalation of aerosols1 

Rashes1; headaches1; 
fever1; haemorrhagic 
conjunctivitis1,3; heart 
disease1,3; meningitis1,3; 
encephalitis1,3 

    
Echovirus Faecal – humans1 Faecal-oral/ ingestion of 

contaminated water1; 
inhalation of aerosols1 

GI1 

    
Hepatitis A Faecal – humans1,2,3 Faecal-oral/ ingestion of 

contaminated water1,2; 
consumption of contaminated 
shellfish1,2 

Fever1,2; GI1,2,3; rashes1 

    
Hepatitis E Faecal – animals1 and 

humans2,3 

Faecal-oral/ ingestion of 
contaminated water1,2; 
consumption of contaminated 
shellfish1,2 

Fever1,2,3; GI1,2; 

    
Norovirus Faecal – humans2,3 Faecal-oral/ ingestion of 

contaminated water2; 
consumption of contaminated 
shellfish2 

GI2,3; vomiting2,3; fever2; 

    
Rotavirus 
 

Faecal – humans2,3 Faecal-oral/ ingestion of 
contaminated water2 

Diarrhoea2; GI2,3 

1(Pond, 2005); 2(NHMCR, 2011); 3(Moe, 2002) 
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2.2.2 Faecal indicator microorganisms 

As highlighted above, to quantify the risk that waterborne pathogens pose to humans, it is important 

to not only determine the presence of infectious agents but also their concentration (Hurst, 2002; 

NHMCR, 2008). However, detection of waterborne pathogens is impractical for number of reasons 

such as (Moe, 2002; Toranzos et al., 2002; Savichtcheva and Okabe, 2006): large number of different 

pathogens, low concentration and intermittent presence of pathogens in environmental waters, 

problems with microbiological procedures and labour-intensive and expensive detection methods. 

Furthermore, new pathogens are still emerging and for some of the known pathogen 

detection/quantification methods are yet to be developed. Therefore, it is almost impossible to assay 

all pathogens for water quality monitoring purposes on a routine basis. As result, faecal indicator 

organisms (FIOs) are used to indicate potential microbial risk (CWP, 2000). They are more easily 

detected than pathogens, thus allowing greater monitoring frequency in a timely manner (Yan and 

Sadowsky, 2007). Properties of an ideal faecal indicator organism are summarized as follows (Edberg 

et al., 2000; NHMCR, 2011; WHO, 2011): 

 non-pathogenic themselves 

 universally present in faeces of humans and animals in large numbers 

 do not multiply in natural waters 

 at least as resistant as pathogens to environmental conditions and treatment processes  

 readily detected by simple, inexpensive culture methods 

From a review of the literature, it becomes evident that one single indicator that possesses all of these 

properties does not exist (Horan, 2003a; Savichtcheva and Okabe, 2006). However, indicators are still 

commonly used, not just for the reasons outlined above, but also because some epidemiology studies 

have found a direct dose-response relationship between illness rates in recreational water bodies and 

FIO concentrations (Harrington et al., 1993; Kay et al., 1994; Prüss, 1998; Dorevitch et al., 2012). The 

following provides a description of some of the conventional and alternative indicators. 

Conventional indicators 

Most commonly, detection of faecal contamination of water has relied on bacterial indicators. Coliform 

bacteria have been used as indicators of faecal pollution for decades. They are typically found within 

intestines of warm-blooded animals and humans and include total coliforms, faecal coliforms and the 

group Escherichia coli (CWP, 2000). 

Total coliforms include a wide range of aerobic and facultative anaerobic, Gram-negative, non-spore 

forming bacilli (WHO, 2011). The coliform group comprises of bacteria that utilize lactose to produce 

gas and acid, or possess the enzyme β-D-galactosidase (Edberg et al., 2000; Horan, 2003a). In the past 
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they have been used routinely as indicators of the general bacteriological quality of water but are no 

longer recommended for this use. They have been marked as a poor parameter for measuring potential 

faecal contamination because they were found to be able to grow in water and soil environments in 

the absence of faecal contamination (NHMCR, 2011). 

Faecal coliforms are coliforms of exclusively faecal origin and able to grow and ferment lactose at 44°C 

(Horan, 2003a). They are often known interchangeably as thermotolerant coliforms because high 

temperature is supposed to suppress bacteria of non-faecal origin. However, some non-faecal 

coliforms may also grow at these higher temperatures (Horan, 2003a). Hence, the more appropriate 

name is thermotolerant coliforms. Given that they encompass bacteria that are present in the 

environment as well as in faeces, they are not a guarantee for true assessment of faecal contamination 

(Paruch and Maehlum, 2012). Public health authorities have traditionally used faecal coliforms 

extensively for indicating potential risk, and to set water quality standards for drinking water, 

recreational activities and shellfish consumption (CWP, 2000). 

Escherichia coli as a FIO has been seen as far superior to all other coliform bacteria. It satisfies most of 

the criteria for an ideal indicator organism: most of the strains are non-pathogenic, they are found in 

faeces in large numbers (109 org per 1g of faeces (Edberg et al., 2000) [97% of the coliforms normally 

present in intestines of humans (Makepeace et al., 1995; NHMCR, 2004) and 94% in animals (NHMCR, 

2004) are E. coli],  do not multiply appreciably in the environment (Edberg et al., 2000), and are readily 

detectable by simple and inexpensive methods (Edberg et al., 2000). Furthermore, it was found to be 

the indicator microorganism best correlated with health outcomes in freshwater systems (Prüss, 1998). 

Therefore, many water quality guidelines and monitoring programs today have implemented E. coli 

for indication of faecal pollution (EPA, 1986; EEC, 2006; Yarra Watch). Edberg et al. (2000) states that 

at the end of 20th century the E. coli was the best single biological indicator for drinking water safety. 

While E. coli is a good indicator of bacterial pathogens, it quality as a viral or protozoan indicator has 

been questioned (Horan, 2003a). Additionally, E. coli has been found in pristine environments (Rivera 

et al., 1988) and has been shown to grow in soils of tropical regions (Byappanahalli and Fujioka, 1998; 

Solo-Gabriele et al., 2000).  

Additional conventional bacterial indicator microorganisms are intestinal enterococci. Enterococci are 

subgroup of larger group of organisms known as faecal streptococci which are facultatively anaerobic, 

Gram-positive and non-spore-forming cocci and consist of the species E. faecalis, E. faecium, E. durans 

and E. hirae (WHO, 2011). Enterococci are found in high concentrations in excreta of mammals, 

although they are 10 to 1000-fold less numerous than E. coli (Edberg et al., 2000). Most of the 

enterococcus spp. do not multiply in the environment (WHO, 2011). A particular characteristic of 
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enterococcus is its resistance to salinity and alkaline pH levels, which makes it a good indicator of faecal 

pollution of estuarine and ocean waters (Edberg et al., 2000; WHO, 2011). There are a number of 

simple and cost-efficient cultural methods for detection of enterococci that can be performed 

routinely (Edberg et al., 2000). All of the above-mentioned properties make enterococci a good faecal 

indicator organism, together with the many epidemiological links to recreational illnesses (Harrington 

et al., 1993; Kay et al., 1994; Prüss, 1998; Dorevitch et al., 2012). Accordingly, enterococci are used as 

an indicator organism in guidelines and standards related to recreational activities in marine 

environments (EPA, 1986; WHO, 2003; EEC, 2006; NHMCR, 2008).  

Alternative indicators 

Clostridium perfringens are anaerobic sulphite-reducing spore-forming bacili (Horan, 2003a; WHO, 

2011). Spores of C. perfringens are extremely resistant to environmental stressors and persist for a 

longer time than other indicator bacteria (e.g. E. coli or enterococci) and most pathogens (Medema et 

al., 1997; WHO, 2011). Accordingly, it has been proposed as an indicator of protozoa in treated 

drinking-water supplies, and Harrington et al. (1993) suggested it as an indicator of illness for 

recreational marine waters. C. perfringens do not multiply in environment (WHO, 2011) but they are 

widely spread in nature (NHMCR, 2004), possibly due to their enhanced survival and variety of 

transport pathways. Therefore, it is one of the most conservative indicators of faecal pollution and its 

presence can indicate a remote pollution event that occurred a long time ago (Fujioka, 2002). Costs 

related to performing clostridium assays are two to three times higher than for other indicator bacteria 

because of the enhanced technical skill required, anaerobic incubation conditions, and more difficult 

controls (Edberg et al., 2000). Therefore, they are generally used when faecal coliforms or faecal 

enterococci cannot be detected (Horan, 2003a). They have not been adopted as faecal indicator 

organisms by any regulatory body and their use remains largely in research (WHO, 2003; EEC, 2006). 

Bacteroides spp. are anaerobic non-spore-forming bacilli. They are primarily found in the  

gastrointestinal tract of humans and animals in much higher numbers than E. coli (NHMCR, 2011). 

Because of their anaerobic nature, they do not survive long outside the intestinal environment, hence 

if detected, represent recent faecal contamination.  They can be enumerated using anaerobic culturing 

methods or specific molecular methods (NHMCR, 2011). Bacteroides spp. can be used not only to 

detect faecal contamination but also to discriminate between the human or animal sources. This 

makes them suitable for tracking sources of faecal contamination.   

Bacteriophages are viruses that use bacteria as hosts for replication. They have been proposed and 

used as microbial indicators because they behave similarly to human enteric viruses which pose a 

health risk to water users (Horan, 2003a; NHMCR, 2004). Somatic coliphages are bacteriophages that 
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infect members of the total coliform group (Edberg et al., 2000). They replicate in the intestines of 

warm-blooded animals, but are also found to replicate in water environments (WHO, 2011). F- (male) 

specific RNA (FRNA) coliphages are unlikely to multiply in environments other than the 

gastrointestinal tract of warmblooded animals (NHMCR, 2011). Both somatic coliphages and FRNA 

coliphages are found in sewage, although somatic coliphages are found in higher numbers. However, 

since FRNA coliphage are unlikely to grow in the environment, they can be used as specific faecal 

indicators. It is noted that there is no direct correlation between numbers of coliphages and numbers 

of enteric viruses (NHMCR, 2011). There are standard culturing tests for the detection of coliphages, 

although testing is more expensive than for bacterial indicators and includes certain limitations 

(Fujioka, 2002). Furthermore, they have been found less useful for assessing surface waters because 

their concentrations tend to be low (NHMCR, 2011). 

Bacteroides fragilis bacteriophage is a virus that infects Bacteroides bacteria. It is  extremely resistant 

to environmental stressors unlike its bacterial host (WHO, 2011). Furthermore, these bacteriophages 

are found exclusively in human faeces which make them a host-specific faecal indicator. However, 

these indicators are found in relatively low numbers in sewage and polluted water environments which 

makes them hard to detect (WHO, 2011). Hence, they are best used in laboratory investigations and 

possibly water treatment validation testing.  

Which indicator?  

The literature review shows a variety of indicator microorganisms that could be used as an indication 

of waterborne faecal pathogens. Indeed, none of these microorganisms fulfil all of the conditions of 

an ideal indicator organism. This project aims to model microbial concentrations in a complex 

estuarine environment and, as with many other projects where a microbial model was developed 

(Haydon and Deletic, 2006; McCarthy et al., 2011b), a large number of data points (i.e. water samples) 

are required to adequately test the model. Hence, the methods used in this project for enumerating 

microbial numbers has to be simple, efficient and cost-effective. Although some alternative indicators 

have been proposed because of their ability to better represent recent faecal pollution or a specific 

source of pollution, methods for enumerating these indicators require complex procedures, higher 

technical skills, large-volume water samples and are more costly (Fujioka, 2002). Therefore, 

conventional indicators for which there are readily available simple inexpensive methods of 

enumerating (e.g. Colilert®,(IDEXX Laboratories, 2013)) should be used. However, it should be noted 

that the culture-based methods do not detect viable but not culturable cells (VBNC cells) and as such 

may an underestimate of the true microorganism concentration.  
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Currently most commonly used conventional indicators of microbial water quality are E. coli and 

enterococci. Because of its higher resistance to salinity, enterococci have been proposed as better 

indicators of faecal contamination than E. coli in marine environments. However, it is noted that recent 

research by Sinigalliano et al. (2010) showed that even when using four different detection methods 

for enterococci, no specific links could be made between illness levels in recreators of marine waters 

and enterococci concentrations. Even so, many recreational water quality guidelines for marine 

environments provide a guideline values for this indicator organism (EPA, 1986; WHO, 2003; NHMCR, 

2008). However, some guidelines (e.g. EEC (2006)) give values for both E. coli and enterococci even for 

marine environments. In addition, estuarine environments have highly variable salinity levels, which 

can range from completely fresh to completely saline waters (Dyer, 1997), hence sometimes being 

more marine-like and sometimes more freshwater-like. Furthermore, health risks from recreational 

activities are commonly linked to the top water layer (i.e. where the most of recreational activities are 

conducted) and in highly stratified estuaries, this layer is often low in salinity and is mainly freshwater.  

E. coli is the chosen indicator organism for this study. Further to the above discussions, this indicator 

was also chosen because of local context; indeed, all monitoring done to date on the Yarra River and 

its estuary has been done using this organism (e.g. Yarra Watch (). Quantification of the E. coli 

concentration will be achieved by using the IDEXX Colilert method. This method has previously been 

applied for enumerating E. coli in water and sediments in estuarine setting (Schang et al., 2016b) 

demonstrating that the method is suitable for the use in this project. Furthermore, IDEXX method is 

the most widely used method for E. coli enumeration and it strongly correlates with other 

commercially available culture-based method for E. coli enumeration TECTA (Schang et al., 2016a), 

which will enable comparison of the data collected in this study with data from literature.   

It is very important to note that this research project is aimed at modelling microbial dynamics in urban 

estuaries; not to directly estimate or predict risks. As such, it is of secondary importance what 

particular microorganism is used to help develop and test the model, as the model will account for any 

inadequacies in any given indicator (i.e. the fact that E. coli is more susceptible to salinity than 

enterococci is irrelevant as the model will account for this die-off). Finally, while the model will be 

tested and validated on this particular organism, the model’s structure will be such that it can be re-

calibrated and tested on another organism. Indeed, several modelling studies applied a similar model 

structure for range of microorganisms, both pathogens and indicator organisms (Dorner et al., 2006; 

Hipsey et al., 2008; de Brauwere et al., 2014b).  
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2.3 Conceptual diagram of faecal microorganisms in urban estuaries 

Figure 2 - 1 shows a conceptual diagram of faecal microorganisms in an estuarine context. Faecal 

microorganisms which enter the estuary are derived from a range of sources with differing magnitudes 

(these inputs are discussed in Section 2.4). Once in the estuary, faecal microorganisms are influenced 

by the complex estuarine environment (general estuarine characteristics are described in Section 2.5). 

Indeed, the faecal microorganisms will undergo a number of processes while in this environment, 

which could lead to their transport, sedimentation, resuspension, death or even growth (these 

processes are described in Section 2.6). Finally, Section 2.7 presents the requirements of a coupled 

hydrodynamic-microorganism model which can simulate the fate and transport of faecal 

microorganisms in urban estuaries. Sections 2.7.3 and 2.7.4 then review existing hydrodynamic and 

microorganism models in surface waters respectively. 

 

 

Figure 2 - 1 Microorganisms in urban estuaries 

 

2.4 Inputs of faecal contamination from an estuarine perspective 

As concluded in Section 2.2.1, most pathogens are transmitted through the faecal-oral route, meaning 

that faecal pollution is generally regarded as a major contributor of pathogens to waterways (Yan and 

Sadowsky, 2007). Therefore, the first step in properly modelling levels of faecal microorganisms in 

estuarine environments is to determine the potential inputs of faecal contamination and, if possible, 

to assess the relative importance of each input. Inputs of faecal contamination from an estuarine 
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perspective are (Figure 2 - 2): rivers and creeks, stormwater, sewage and wastewater, direct deposition 

by wildlife and discharge from boats (Milliken and Lee, 1990; CWP, 2000). 

Rivers and creeks that feed into an estuary can be significant contributors of faecal contamination 

(Martinez-Manzanares et al., 1992; Daly et al., 2013). The river flow can often carry with it most of the 

other inputs identified above (e.g. stormwater, sewage, wildlife faecal deposits etc.) in addition to  

agricultural and stormwater run-off from upper catchment areas, which can contain high number of 

faecal microorganisms (CWP, 2000). Additionally, if the energy of the flow is high enough it can cause 

re-suspension of river sediments, which are known reservoirs of faecal microorganisms (Pachepsky 

and Shelton, 2011), and increase microbial levels even further (Wilkinson et al., 1995; Yakirevich et al., 

2013). Daly et al. (2013) demonstrated the significance of upstream river flow as a source of faecal 

microorganisms in the case of Yarra River estuary. It was shown that loads from river flow feeding in 

estuary are 1.5 orders of magnitude higher than those from the two largest stormwater drains (>3m 

in diameter). Consequently, it was estimated that 30 drains of similar size are needed to discharge in 

estuary so that their total load is comparable to that of river inflow.  Rivers and creeks are often 

considered the most significant continuous inputs of pollution to the estuary environment (especially 

during dry weather periods, and high rural flow periods) and therefore their influence should not be 

neglected.  

 

Figure 2 - 2 Inputs of faecal microorganisms from an estuarine perspective. The thickness of the arrows indicates the 
hypothesised importance of each input from the faecal contamination perspective.  



  Chapter 2: Literature Review 

23 

Stormwater has been identified as an important source of faecal contamination for receiving waters 

(CWP, 2000; Burton and Pitt, 2002; Jeng et al., 2005; McCarthy et al., 2011b; Mallin and McIver, 2012). 

It can contribute significant loads of faecal microorganisms during wet-weather episodes (Weiskel et 

al., 1996; Jeng et al., 2005; Daly et al., 2013). Variability of FIOs in stormwater is very large and can 

even range in orders of magnitude between events at the same sampling location (CWP, 2000; Burton 

and Pitt, 2002; McCarthy et al., 2008). Significant seasonal variation has also been reported (CWP, 

2000). Additionally, dry weather flows are common for stormwater drainage systems. Dry-weather 

flow includes natural drainage of groundwater but sewage can also be an important component of the 

dry weather flow (Burton and Pitt, 2002). This flow often has low discharge rates but can be highly 

contaminated with faecal matter. Its influence on water quality will depend on frequency and quantity 

of sewage discharge and the flow rate of receiving water body, hence it is highly site-specific (Burton 

and Pitt, 2002).  

Stormwater inputs will particularly be important in urban areas, especially during wet weather periods 

when large quantities of surface run-off washes deposited faecal material from the catchment into 

receiving waters (or when wastewater leakage or overflows enter the stormwater pipe). Furthermore, 

this input is highly intermittent as storm events can finish within couple of hours. On the other hand, 

dry weather flow is not likely to be driving faecal microorganism concentrations considering the high 

degree of dilution which can occur in some receiving waterways (this is hypothesised to be true even 

if wastewater cross connections or leakages occur during dry weather). However, the occurrence of 

SSOs (i.e. ERSs) during dry weather might significantly impact microbial levels in receiving waterways. 

The actual effect of the overflow event will depend on the microbial load delivered during the event 

as well as on the buffering capacity of the waterway. Overall, stormwater influence during dry weather 

is hypothesised to be important only locally in the area of discharge in systems which carry enough 

buffering capacity, such as the Yarra River estuary. 

Wastewater is a highly concentrated input of pathogens and FIOs and its effect will depend upon 

dilution effects within the estuary (de Brauwere et al., 2011). Ideally, sanitary drainage network and 

wastewater treatment provides efficient collection, conveyance and treatment of wastewater. In 

reality, many wastewater drains are still an episodic or chronic source of faecal microorganisms. 

Potential inputs of sewage include combined sewer overflows (CSOs), sanitary sewer overflows (SSOs), 

wastewater treatment plant (WWTP) effluent which still can contain significant numbers of faecal 

microorganisms, cross connections with stormwater drains, leakages from wastewater drains and 

failing septic systems (CWP, 2000). 
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Combined Sewer Overflows (CSOs) and Sanitary Sewer Overflows (SSOs).Commonly, many older cities 

have drainage systems that transport both wastewater and stormwater together, i.e. combined sewers. 

During heavy rainfall when the drainage system capacity is exceeded, diluted wastewater is directly 

discharged into the surface waters without treatment (CWP, 2000). This is known as combined sewer 

overflow (CSO). CSOs have extremely high bacterial levels and are comparable to raw sewage (Table 2 

- 4). More recently, common practice is to separate the stormwater and wastewater drainage 

networks (as in most cases in Australia). However, even in the case of separate drainage networks, 

sewage can be introduced into surface waters through sanitary sewer overflows (SSOs, also known as 

Emergency Relief Structures ERSs). SSOs are caused by the exceedance of the drainage capacity due to 

high rates of infiltration and inflow during wet weather periods, blockages (during dry weather 

periods), or power supply failure at pumping stations (CWP, 2000). Overall, CSOs and SSOs are most 

likely to occur during heavy rainfall events. Therefore, CSOs and SSOs are considered as intermittent 

direct inputs of faecal contamination. The impact of CSOs and SSOs on microbial levels might be 

substantial depending on the quantity of water delivered during overflow episode as compared to the 

flow in the estuary, and the degree of dilution occurring. However, little comprehensive data are 

available to quantify SSO frequency and bacteria loads in most catchments (CWP, 2000). Therefore, 

the overall significance of these types of inputs remains unclear, but it is hypothesised that these inputs 

might be important both during wet and dry weather because of the high microbial load they can carry. 

As an example, in the Yarra River estuary, there are nine documented sewer overflows which enter 

the estuary directly, and hence the impact these inputs have on faecal contamination should be 

considered in an estuarine microbial model. 

Wastewater treatment plants effluent. WWTPs provide treatment of raw sewage in order to remove a 

range of pollutants before releasing effluent into environment. However, pathogen removal is poor in 

some wastewater treatment plants (Curtis, 2003). Removal of both pathogens and indicators will 

greatly depend on the level of treatment. Values reported in the literature indicate that levels of 

indicator organisms are extremely high even after the secondary treatment level (e.g. 3.3x105 

cfu/100ml faecal coliforms) (Kay et al., 2008). Therefore, effluent of secondary wastewater treatment 

plants is considered a significant input of faecal contamination if discharging directly into estuary. 

Indeed, a number of studies (Salomon and Pommepuy, 1990; Kashefipour et al., 2002; Garcia-Armisen 

et al., 2006; Bedri et al., 2011; de Brauwere et al., 2014a; Gao et al., 2015) assessed the impact of 

wastewater treatment plant effluent on water quality of receiving water bodies. 
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Sewer Cross Connections with Stormwater Drains. Sewage can be introduced to receiving waterway 

through stormwater drains. Due to the hundreds of kilometres of underground wastewater and 

stormwater drains found in urban areas, it is not surprising that improper connections are made 

between drains. However, not all of the misconnected drains contain sewage (i.e. floor drains, sinks 

etc.). Because of the random nature of cross connections, the influence of improper connections on 

faecal levels of the receiving water body is very hard to assess. Temporal variability of these inputs is 

more likely to be related to water consumption over the day, season, rather than weather conditions 

(i.e. dry/wet weather). Furthermore, this input is not a direct input to the estuary, as it enters the 

estuary with stormwater. Therefore, it is hypothesised that with proper monitoring and modelling of 

stormwater inputs, influence of sewage drain cross connections would be implicitly taken into account. 

Leakage from wastewater drains can occur due to cracks in pipes or due to pipes simply falling apart 

because of poor joints or pipe materials (CWP, 2000). Leachate can then infiltrate into the stormwater 

drain and ultimately discharge in surface water. Sercu et al. (2011) showed that most of the sewage 

exfiltration contamination happened in areas with aged clay sanitary sewer pipes which were above 

stormwater drains and cross or run parallel with stormwater drains within 5 m. Unless all conditions 

were met, sewage infiltration was negligible. Leakage inputs are continuous with time but are 

hypothesised to contain a medium level of faecal contamination, because they are relatively low in 

flow rates and a certain degree of filtration will occur between the two drainage systems (Sercu et al., 

2011). Furthermore, these inputs are not direct inputs to the estuary, but instead will primarily 

contribute to other inputs before entering the estuary (e.g. these sources will enter stormwater drains 

or creeks before they enter the estuary, and hence should be inherently included in these input 

estimations). As such, for an urban estuary, leakages are not considered a significant input. 

Failing septic tanks are suggested as source of faecal contamination by number of studies (Lipp et al., 

2001; Pang et al., 2004; Mallin and McIver, 2012). In one coastal area study, high levels of enterococci 

were correlated with 24h and 48 antecedent rainfall, while there was no correlation with rainfall on 

the day of sampling (Mallin and McIver, 2012). It was hypothesised that this is due to formation of a 

hydraulic gradient at the water table, which induced significant lateral movement of water that 

contained leachate from septic tanks. It must be noted that sampling was conducted in drainage 

ditches that were very close to the last rows of houses that had this type of wastewater treatment and 

the soil was highly permeable (sands, cracked limestone) with elevated water table from 0.3-1.2m 

below the surface. In another study in New Zealand, recommendation for minimum septic tank setback 

distance from surface water bodies was evaluated based on microbial water quality standards (Pang 

et al., 2004). A model was developed to simulate fate and transport from leaking septic tanks to the 
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surface water body. Although there were many assumptions and simplifications, for the worst case 

scenario (i.e. highest hydraulic conductivity and gradient measured in field, removal rates of faecal 

indicators determined from experiment, assuming absence of unsaturated zone and continuous 

discharge of raw sewerage) setback distances of 20 meters for the fulfilment of recreational water 

quality standards and 50 meters for the fulfilment of drinking water requirements were confirmed. 

Additionally, Weiskel et al. (1996) compared different sources of faecal coliforms, including septic tank 

leachate and their relative contributions within Buttermilk Bay, Massachusetts and estimated that 

septic tanks would contribute only 0.01% of total yearly faecal coliform load to the bay. Even in 

malfunctioning septic systems, 5 log attenuation was shown in 2 m radius of the septic system (Weiskel 

et al., 1996). It is clear that contribution of septic systems is dependent on their relative density in area, 

soil type, level of ground water table and influence of tide in coastal areas. Indeed, septic tanks present 

inputs but their influence seems rather limited. In addition, they are not direct inputs, i.e. they are 

being injected into upstream river or an upstream creek system which then enters the estuary. 

Therefore, for an urbanised estuary septic systems are not considered significant inputs (as there are 

few septic systems in highly urbanised which would directly enter an urban estuary). 

 

Table 2 - 4 Comparison of faecal bacterial concentrations in different types of water 

Faecal 
Microorganism 

Raw sewage 
 

[org/100ml]* 

Treated sewage** 
 

[org/100ml] 

CSO 
 

[org/100ml] 

Failed septic 
system 

[org/100ml] 

Stormwater 
 

[org/100ml] 

Total Coliform 3.9x107 5.5x103 – 3x107 104-107 104-107 7 – 18x106 
      
Faecal Coliform 106-107 1.3x103 – 1x107 104-106 104-106 0.2 – 1.9x106 
      
Faecal Streptococci 1.2x106 N/A 105 105 0.3 – 1.4x106 
      
Enterococci 105-106 3x102 – 1.3x106 N/A 9.3 x105 N/A 
      
E. coli 106-107 N/A N/A 1.2x106 12 – 4.7x103 
      
Salmonella 101-103 N/A N/A N/A Up to  4.5x103 
      
Campylobacter 101-103 N/A N/A N/A N/A 

(Makepeace et al., 1995; CWP, 2000; Curtis, 2003; Pang et al., 2004; Kay et al., 2008) 
* units of microbial concentrations are different for different authors ([MPN/100ml]; [CFU/100ml]; [org/100ml]) but here 
for consistency are all expressed as [org/100ml]. 
** depends on treatment level (i.e. primary, secondary or tertiary treatment). 

 

Direct deposition by wildlife. Direct deposition herein means direct excretion of faeces into a water 

system. Table 2 - 5 gives insight in bacterial densities in warm-blooded animals and daily production 

of faeces. For example, Weiskel et al. (1996) estimated that 67% of the total load of faecal coliforms 

to Buttermilk Bay, Massachusetts,  was coming from waterfowl compared to 16% through stormwater, 
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8% through stream flow and less than 3% through resuspension. Additionally, it was shown that the 

direct deposition is seasonal, depending on the variation of waterfowl populations over the year. 

However, even though wildlife was contributing a major load of FC to the bay, data suggested 

dominance of surface water inputs in controlling the FC concentrations in the bay. 

It is hypothesised that these inputs are potentially a significant source of faecal contamination in the 

estuary, especially during dry weather periods, and periods of low riverine flow rates. This hypothesis 

is demonstrated through the following example, using the Yarra River as a case-study. If we assume 

that average flow rate entering the estuary from the upper Yarra River is 11m3/s (Daly et al., 2013), 

410 ducks would need to defecate into the river every day to increase the level of E. coli entering the 

estuary by 100 MPN/100mL (see Table 2-5 for defecation rates; we assume that the defecation rate of 

faecal coliforms and E. coli are similar). During summer months, when inflow rates from the upper 

Yarra River are much lower (e.g. 4 m3/s (Beckett et al., 1982), less than 150 ducks are required for the 

same increase. Daly et al (2013) showed that during dry weather conditions, the Yarra River at Kew 

contains around 200MPN/100mL of E. coli; this could theoretically be caused by 300 ducks per day 

defecating directly into the system. However, inclusion of this source is difficult from the modelling 

standpoint due to its random nature. Sufficient data is required to characterise the dynamics of direct 

deposition (i.e. when and where the deposition occurs and what amount of faeces is discharged into 

water column). For instance, it is likely that temporal dynamics of defecation rate will change over time 

and over seasons. Moreover, in most urbanised areas, hot spots (i.e. places with higher population of 

waterfowl) are likely to form at certain locations along the estuary where waterfowl would search for 

shelter (e.g. around and under the bridges). As such, this source should be taken into account, provided 

that a good quality dataset exists to characterise it properly.  

 

Table 2 - 5 Bacterial densities in faeces of warm-blooded animals with daily defecation rates  

Origin Faecal coliform 
org/1g 

Faecal streptococci 
org/1g 

Defecation rate 
g/day 

Human 1.3x107 3x106 160 
    
Cat 7.9x106 2.7x107 70 
    
Dog 2.3x107 9.8x108 145 
    
Rat 1.6x105 4.6x107 35 
    
Cow 2.3x105 1.3 x107 7000 
    
Duck 3.3x107 5.4x107 70 
    
Waterfowl 3.3x107 N/A 80-160 

   * Adapted from (CWP, 2000) 
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Discharge from boats is a potential input of faecal contamination (Milliken and Lee, 1990). Sanitary 

wastes from boat occupants may be discharged into the surrounding water legally, through inbuilt 

sanitation devices with some treatment, or illegally, through the discharge of raw sewerage (Milliken 

and Lee, 1990). Illegal dumping of raw sewage from boats can be important considering the high 

microbial concentrations in raw sewage (Table 2 - 4) and its impact will depend on the quantity of raw 

sewage discharged. There have been studies (e.g. (Faust, 1982; Sobsey et al., 2003)) positively 

correlating increased levels of faecal coliforms with numbers of boats present. However, the influence 

of boat discharge on faecal microorganism levels is hard to assess as these are coming from different 

sources simultaneously. Faust (1982) concluded that the relative contribution of faecal matter from 

boats is seasonal and usually low compared to contribution by run-off. Taking into account that boat 

traffic is normally restricted in areas where recreational activities are conducted, it is not considered 

as important input of faecal contamination.  

 

2.4.1 Conclusions 

Urban estuaries can receive a variety of inputs of faecal contamination. Some inputs are hypothesized 

to be more important during wet weather (e.g. stormwater), some during dry weather (e.g. direct 

deposition) and some to be equally important regardless of weather conditions (e.g. rivers, creeks and 

sewer overflows). From a temporal perspective, some of the inputs are continuous in time (e.g. river 

and creeks, WWTP effluent) and some are highly intermittent (e.g. stormwater, CSO, SSO).  

In most water systems (e.g. rivers) the focus is placed on inputs entering upstream and along the 

waterway. However, in tidal estuaries certain microbial loads can enter the estuary downstream and 

can move upstream with the tide (de Brauwere et al., 2011). Therefore, some representation of loads 

entering from downstream should be made.  

In summary, major inputs of faecal contamination from an estuarine perspective are: river and creeks, 

stormwater, WWTP effluent, CSOs and SSOs and direct deposition by wildlife. The overall significance 

of each input has been depicted in Figure 2 - 2 by the size of the lines which were adjusted to their 

hypothesised importance.  
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2.5 Estuary as an environment 

Once the microorganisms from the aforementioned sources enter an estuary, they will be impacted 

by a variety of processes. In order to understand the fate and transport of faecal microorganisms in 

urban estuaries, it is first necessary to understand estuaries as an environment. Estuarine 

hydrodynamics is major driver of key processes controlling the levels of faecal microorganisms in an 

estuary. Estuarine hydrodynamics directly controls the physical processes of transport, sedimentation 

and re-suspension (discussed in Sections 2.6.2, 2.6.4) and indirectly controls the survival of 

microorganisms through temporal and spatial distribution of environmental factors, such as salinity, 

temperature, nutrients, etc. (discussed in Sections 2.6.1 and 2.6.3).  

2.5.1 What is an estuary? 

“An estuary is an inlet of the sea, reaching into the river valley as far as the upper limit of tidal rise, 

usually being divisible into three sectors: a) a marine or lower estuary, in free connection with the open 

sea; b) a middle estuary, subject to strong salt and freshwater mixing; c) an upper or fluvial estuary, 

characterized by fresh water but subject to daily tidal action” (Dyer, 1997). 

The degree of mixing which occurs in an estuary is very dependent on the type of estuary system. 

Indeed, there are three main groups: highly stratified, partially mixed and well-mixed/homogenous 

estuaries (Dyer, 1997). Highly stratified estuaries include salt-wedge and fjord type estuaries and are 

commonly microtidal (with tidal range <2m). River flow, having lower density than saline water, will 

separate itself and flow over the top of the sea water forming a sharp halocline at the fresh-saline 

water interface (Wolanski, 2007)(Figure 2 - 3). Partially-mixed estuaries are usually mesotidal (tidal 

range 2-4m) as more energy is required for mixing saline and fresh water. The salinity gradient over 

depth is much more uniform than in salt wedge estuaries (Wolanski, 2007). Additionally, within 

partially mixed estuaries there can be considerable variation of salinity structure along the estuary, 

with highly stratified conditions near the head, where the tidal range diminishes, and well-mixed 

conditions near the mouth where current velocities are higher. Finally, in well-mixed estuaries, the 

tidal range is often large relative to water depth and the turbulence produced by velocity shear stress 

on the bottom is large enough to mix the water column completely and make the estuary vertically 

homogeneous (Wolanski, 2007). Therefore, these estuaries are usually macrotidal (tidal range >4m). 
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Figure 2 - 3 Depth and longitudinal salinity structure in an estuary: (1) In salt wedge estuaries significant depth stratification 
exists. The top layer is mostly fresh water while the bottom layer is comprised of sea water, hence the halocline forms at the 
interface between two layers. Longitudinally, an increase in bottom salinity marks the start of the salt wedge and increase in 
surface salinity marks the extent until which freshwater influence is noticeable; (2) In partially mixed estuaries the density 
gradient both vertically and longitudinally is much more uniform and salinity is increasing constantly with the depth and from 
head towards the mouth of the estuary; (3) In well mixed estuaries, there is no density gradient halocline along the depth, 
hence the whole water column has uniform salinity. Longitudinally, salinity is increasing from the head towards the mouth of 
the estuary. 

 

2.5.2 Estuarine hydrodynamics 

Hydrodynamics of the estuary represent complex nonlinear interaction of tides, currents, bathymetry, 

sea and fresh water inputs and sediment transport (Dyer, 1997; Hardisty, 2007). This section briefly 

introduces these topics.  

Tides 

Tides are the regular rising and falling of the sea level due to the gravitational attractions of the moon 

and to a lesser extent of the sun. The crest of the tidal wave is called high water, or high tide, and the 
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minimum water depth with respect to the datum is called low water, or low tide (Wolanski, 2007). 

Tidal range is the vertical distance between high water and low water and is not constant over time 

but will go through cyclic increases and decreases depending on the relative positions of the moon and 

the sun (Dyer, 1997) (Figure 2 - 4). Spring tide is the period of the maximum tidal range and neap tide 

is the period of the minimum tidal range. Generally, spring/neap tides occur fortnightly. The tidal 

period is the time interval between the occurrence of high waters or low waters or any other two 

corresponding points on a tidal wave. Usually tides are semi-diurnal, i.e. there are two high tides and 

two low tides each day (Dyer, 1997). The volume of water within the tidal range is defined as the tidal 

prism (Wolanski, 2007) (Figure 2 - 4). For example, in high tidal range estuaries, tidal prisms are large 

compared with low tide volumes.  

 

 

Figure 2 - 4 Tidal Range and Tidal Prism 

 

Currents  

Both rising and falling of the water level due to tides and input of fresh water from catchment sources 

will generate currents within the estuary (Hardisty, 2007). To some extent, locally and for short periods, 

wind may also become a significant driver for currents within an estuary (Dyer, 1997). With respect to 

tidal action, water can move towards the estuary, i.e. flood tide, or out of the estuary, i.e. ebb tide 

(Hardisty, 2007). Generally maximum flood and ebb tides (i.e. maximum longitudinal velocity) occurs 

around mid-tide in estuarine environments (Vieira et al., 2000; Hardisty, 2007)(Figure 2 - 5). 

The movement of the water, i.e. estuarine currents, will cause mixing of the water column in the 

estuary. Vertical mixing is carried out by boundary layer turbulence generated by shear at the estuarine 

bed and banks, internally by turbulence generated by the shear at the halocline, and by turbulence 

induced by wind on top (Dyer, 1997; Wolanski, 2007)(Figure 2 - 6). Internally, at the halocline, mixing 

is carried by means of entrainment, turbulent diffusion and internal waves (Dyer, 1997). In most 
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estuaries, mixing will be a combination of the three and their magnitudes will vary in both space and 

time. For instance, in the Derwent estuary, Tasmania, mixing in the upper estuary is controlled by 

entrainment by fresh water and is proportional to discharge, while in the lower estuary, mixing is 

dominated by a combination of tidally-driven and wind-driven mixing (Davies and Kalish, 1994). The 

resultant mixing will be reflected in the density structure. On the other side, the presence of the 

stratification may cause modification of the circulation of water (Dyer, 1997). This is known as density 

driven circulation (Dyer, 1997). Although, there is only 2% density difference between fresh and sea 

water, it is sufficient to influence the flow. 

 

 

Figure 2 - 5 Typical change of currents over tidal wave 
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Figure 2 - 6  Vertical mixing in estuary: (a) mixing processes in an estuary; (b) vertical profile of Kz in well mixed estuary; (c) 
vertical profile of Kz in highly stratified estuary (adopted from Wolanski (2007)) 

Vertical mixing is parameterised by the vertical eddy diffusion coefficient Kz. In vertically well mixed 

systems, Kz is at its maximum in mid-waters (Wolanski, 2007)(Figure 2 - 6). In contrast, where 

significant stratification exists (i.e. salt-wedge estuaries), Kz will be smallest at the density interface, 

due to the buoyancy effects inhibiting mixing (Wolanski, 2007)(Figure 2 - 6). 

In addition, water circulation in estuaries varies markedly across the estuary’s width which provides 

additional mixing (Wolanski, 2007). The flow along the estuary is affected by bends which causes 

secondary flows within the cross-section in a clockwise sense. These are lateral components of velocity 

in the plane normal to that of main flow and tend to be few orders of magnitude lower than the 

longitudinal velocity. Circulation within the cross section will depend on tidal current, flood or ebb tide, 

magnitude of the river discharge as well as the degree of stratification (Dyer, 1997). 

2.5.3 Water quality of estuary 

It is commonly known that the microbiological water quality of water systems is influenced by 

physical/chemical parameters such as temperature, salinity, DO, pH and suspended sediments (Crane 

and Moore, 1985). This section summarises available literature on how these water quality parameters 

can vary in estuarine environments, while the subsequent section focuses on how these parameters 

influence microbes in urban estuaries. 
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The temperature of estuarine waters varies on daily and seasonal time scales and also spatially 

depending upon the relative temperatures of the tidal and freshwater inputs (Hardisty, 2007; Vaz and 

Dias, 2008; Navarro et al., 2011). Generally, fresh water is colder than sea water in winter and 

conversely sea water is colder than fresh water in summer (Hardisty, 2007; Vaz and Dias, 2008). 

However, water temperature variations are also closely related with meteorological forcing like air 

temperature, solar radiation, etc. This will particularly influence the top layer of the estuarine water 

column, or even whole column if estuary is shallow (Vaz and Dias, 2008). 

Salinity variations in estuaries depend on the magnitude of fresh and sea water inputs and the degree 

of mixing of the two. For example, in Guadalquivir estuary, Spain, Navarro et al. (2011) found that 

salinity had much higher variability than temperature, which was exhibiting clear seasonal patterns. 

Furthermore, salinity showed high correlations with heavy discharges of fresh water. The maximums 

of discharges coincided with decreases in salinity and increases in turbidity. On the other hand, 

Stephens and Imberger (1996) showed seasonal patterns in salinity and dissolved oxygen (DO) in the 

Swan River estuary, Australia, which is classified as a salt wedge estuary. Similar seasonal patterns 

were observed by Davies and Kalish (1994) in a salt wedge/partially mixed estuary of the Derwent River 

in southern Tasmania. Additionally they found an overall negative correlation between DO and salinity. 

A study of the Douro estuary, Portugal, also confirmed a decreasing trend in DO with increased salinity 

(Azevedo et al., 2008).  

The reported pH range within estuarine systems was between 6.0 – 10.0, with the vast majority of 

reported values falling in the near neutral range, i.e. 7.0 – 8.0 (De Mora, 1983; Howland et al., 2000; 

Ortega et al., 2009; Feely et al., 2010; Pereira et al., 2012). More alkaline conditions were observed in 

the Tweed estuary, UK, during periods of low river discharge and predominantly in upper parts of the 

estuary, while in the lower estuary the pH was around 8 (Howland et al., 2000). Alkaline conditions 

resulted from ground water inputs during low flow conditions. Additionally, seasonal variations of pH 

have been reported and the main driver of variability was river discharge. Biological factors were also 

identified, but were of secondary importance. 

The majority of the sediments interchanged between fluvial and marine systems is in the form of 

suspended sediments (Dyer, 1997). The concentration of suspended sediments varies not only due to 

tidal range and mixing, but also throughout tidal cycles and in response to fresh water inputs. In 

general, the concentration of suspended solids will increase with increases in shear stresses at the 

sediment-water interface. On the other hand, particles continually settle under gravity, reducing 

concentration of suspended solids in the water column and hence overall concentration of the 

suspended sediments in water will be the net result of the two processes. 
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2.6 Key factors and processes governing the levels of faecal 

microorganisms in urban estuaries 

As highlighted above, estuaries are complex hydrodynamic systems. Understanding the key processes 

affecting the levels of faecal microorganisms in estuarine environments is essential for proper 

modelling of their fate and transport. The following processes are discussed in this section: survival of 

microorganisms in the water column (Section 2.6.1) and in the sediments (Section 2.6.3), association 

with sediments and settling (Section 2.6.2), re-suspension and entrainment in the water column 

(Section 2.6.4.).  

2.6.1 Survival of faecal microorganisms in the water column 

Survival of microorganisms in aquatic environments has been broadly attributed to a variety of 

interacting physical, chemical and biological factors. Die-off/survival is most commonly parameterized 

through a first-order decay function (Chick, 1908): 

 

C

C0
= e−kt (2 - 1) 

 

where 𝐶 [org/100mL] – is concentration at time 𝑡; 𝐶0 [org/100mL] – concentration at time 𝑡0; 𝑘 [1/day] 

– first order die-off rate ; and 𝑡 [day] – time. 

 

 

Figure 2 - 7 (a) - determination of die-off rate from observed data; (b) - different observed survival curves (after Crane and 
Moore (1985)) 
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For a constant die-off rate (𝑘 – from Equation (2 - 1) the shape of the survival curve (i.e. concentrations-

over-time curve) is linear on a log-transformed concentration graph. Other shapes of the survival curve 

have been observed in die-off experiments. Hence, modifications to the first-order decay function by 

changing the form of Equation (2 - 1) and keeping the constant die-off rate, were proposed by various 

authors as summarised by Crane and Moore (1985). However, later the problem was overcome by 

modelling die-off rate dynamically as function of a number of environmental factors and the overall 

die-off rate would simply be the sum of die-off rates due to individual environmental influences at 

each time step: 

k(t) = kT(t) + ksal(t) + kpH(t) + ⋯  (2 - 2) 

 

where 𝑘(𝑡) – is the overall die-off rate; 𝑘𝑇 – die-off rate due to temperature; 𝑘𝑝𝐻 – die-off rate due to 

acidity/alkalinity. 

Hence, the form proposed by Chick (1908) remained the most widely used in modelling survival of 

faecal microorganisms (de Brauwere et al., 2014b) and is therefore primarily used in the following 

discussions.  

Temperature 

It has been shown that for many enteric bacteria temperature is inversely related to their survival in 

aquatic environments (Orlob, 1956; McFeters and Stuart, 1972; Faust et al., 1975; Mancini, 1978; 

McCambridge and McMeekin, 1980; Flint, 1987; Šolić and Krstulović, 1992; Blaustein et al., 2013) 

(Figure 2 - 8). Different relationships have been found between water column temperatures and die-

off rates (𝑘) but all demonstrated an inverse relationship, i.e. lower survival at higher temperatures. 

For example, Faust et al. (1975), Šolić and Krstulović (1992) and Barcina et al. (1986) demonstrated 

that there was an exponential relationship between the survival rate and temperature in sea and fresh 

water, while Faust et al. (1975) found a linear relationship between temperature and E. coli survival 

rates in an estuarine water system. Finally, Mancini (1978) proposed a power relationship between 

the two variables (Eq. (2 - 3)); this is the most common form used in literature. 

kT = k∗ × θ(T−T∗) (2 - 3) 
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where 𝑘𝑇 [1/day] – is the die-off rate at temperature 𝑇 [°C];  𝑘∗ [1/day] - is the die-off rate at reference 

temperature 𝑇∗ (usually 20°C);  𝜃 [-] – is the temperature sensitivity parameter with a typical value of 

1.07 (Hipsey et al., 2008).  

Independent of the type of relationship, temperature is regarded as one of the most important factors 

for controlling die-off rates of faecal microorganisms in water systems (Crane and Moore, 1985; 

Blaustein et al., 2013; de Brauwere et al., 2014b). In fact, Faust et al. (1975) showed that temperature 

was the most influential parameter controlling the survival of E. coli in the Rhode River estuary. As 

such, it is hypothesised that temperature impacts on the survival of faecal bacteria must be 

incorporated in an estuarine microbial model. 

 

 

 

 

 

 

Figure 2 - 8 Relation between FC die-off rate and temperature in a creek as observed by McFeters and Stuart (1972) and 
regression model proposed by Mancini (1978) (Equation (2 - 3)) 

 

Salinity  

A number of studies have shown that inactivation of faecal microorganisms is pronounced in salt water 

(Carlucci and Pramer, 1960; Mancini, 1978; Fujioka et al., 1981; Šolić and Krstulović, 1992). Similarly to 

temperature, Šolić and Krstulović (1992) reported an inverse relation between salinity and the survival 
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of faecal coliforms (Figure 2 - 9). There have been only a few authors who have proposed a relationship 

between the survival of faecal microbes and salinity. Mancini (1978) developed the following 

relationship between the die-off rate and salinity, based on data reported in literature: 

ksal = 0.8 + 0.006 (% sea water) (2 - 4) 
 

In salt-wedge estuaries, salinity will impact faecal microorganisms only in the salt-wedge. Hence, the 

upper fresh water parts of the estuary are hypothesised to be largely free of this impact. Furthermore, 

in the salt-wedge region, not all microorganisms will be impacted to same extent. The ones found in 

bottom layer (i.e. within the actual salty layer) will be impacted more than ones in the top layer (i.e. 

the area comprised of mixed salt and fresh water).  It is hypothesised that salinity is an important factor 

in controlling the survival of faecal microorganisms, especially in environments with marked oscillation 

in salinity. 

 

 

 

 

Figure 2 - 9 Regression models of FC die-off due to salinity proposed by Mancini (1978) and Šolić and Krstulović (1992) 

 

Solar radiation 

Solar radiation has been shown to have a detrimental effect on faecal microorganisms, particularly 

enteric bacteria (Fujioka et al., 1981; McCambridge and McMeekin, 1981; Davies and Evison, 1991; 

Šolić and Krstulović, 1992; Noble et al., 2004). Sunlight can be generally divided into the visible fraction 

and UV fraction. The latter was found to have a much more significant influence on die-off (Davies and 
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Evison, 1991), although the visible band should not be neglected (Fujioka et al., 1981). For instance, 

McCambridge and McMeekin (1981) have shown that survival of E. coli and Salmonella typhimurium 

was directly related to the total radiation received by the estuarine water sample.  

The light transmission though water is highly dependent on the concentration of suspended matter 

(or turbidity, as its surrogate). Suspended material in the water column scatters and adsorbs the light 

causing its attenuation over the depth (Davies-Colley and Smith, 2001). Kay et al. (2005) found that 

solar radiation impact on survival of enterococci in estuarine and coastal waters was significantly 

reduced by the level of turbidity. Moreover, it was shown that enterococci decay in experiments with 

turbidity >200 NTU was similar to decay observed under dark conditions. As such, turbidity should be 

considered when assessing the impact of solar radiation on the survival of enteric bacteria in estuarine 

waters. 

Interestingly, many authors showed that die-off rates were much higher in sea water than in fresh 

water when exposed to sunlight, indicating that solar radiation and salinity superimpose on each other; 

that is, their combined impact is higher than the sum of the individual impacts of solar radiation and 

salinity (Fujioka et al., 1981; Davies and Evison, 1991; Šolić and Krstulović, 1992). This might be of 

importance in coastal and estuarine areas.  

The above indicates that solar radiation is an important factor in controlling survival of faecal 

microorganism, and that this could be particularly exacerbated in areas of an estuary which has 

increased salinity (both because of the interactive effects described above, but also because of the 

typically lower turbidity of highly saline water/sea water). In areas of high turbidity (e.g. in the 

freshwater sections of an estuary as identified by Kay et al. (2005)), the impact of sunlight will be 

minimal. In salt-wedge estuaries with highly turbid freshwater, microbes in the underlying water 

column might be protected from sunlight impacts.   

pH 

Enteric bacteria have been shown to rapidly die-off at both high and low pH values (Carlucci and 

Pramer, 1960; McFeters and Stuart, 1972; Reddy et al., 1981; Crane and Moore, 1985; Šolić and 

Krstulović, 1992)(Figure 2 - 10). Different authors have found different optimum pH ranges for the 

survival of faecal coliforms. (Šolić and Krstulović, 1992) found it in pH range 6-7, (McFeters and Stuart, 

1972) between pH 5.5 and 7.5 and (Carlucci and Pramer, 1960) at pH 5.  
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Figure 2 - 10 E. coli die-off rates at different pH values in aquatic environments (Reddy et al., 1981) 

 

Based on the synthesis of the data from above studies, Hipsey et al. (2008) proposed a model of pH 

impact on bacterial survival where pH ranging from 6 – 8 does not have any influence at all. Considering 

that the reported pH values in estuarine environments fall in range pH 6-10 (most of the values fall in 

range pH 7-8 (See Section 2.5.3), it most likely that pH will not be the governing factor for E. coli survival. 

As such, inclusion of the effect of pH should be only considered in estuaries where pH is not within the 

neutral range (i.e. 6-8).    

Dissolved oxygen (DO) 

Relatively few studies have investigated the impact of DO levels on the survival of enteric bacteria or 

FIO in surface waters. For instance, Hanes et al. (1964) reported prolonged survival of both coliform 

and enterococci bacteria at low DO concentrations (0.4 mg/l) and more rapid die-off at higher DO 

concentrations (7.8 to 38 mg/l) with little differences in survival between the latter two DO 

concentrations. Similarly, Daly et al. (2013) found a negative correlation between E. coli concentrations 

and DO at some sites along the Yarra and its tributaries. Faust et al. (1975) reported contradictory 

results; they found strong positive correlations between levels of E. coli and DO in the Ronde River 

estuary. Nonetheless, they finally concluded, based on multiple linear regression analysis, that the 

effect of DO on survival of E. coli was limited. From the current perspective, the role of DO levels on 

survival of enteric bacteria remains unclear, and could be partially confirmed through modelling work. 

Nutrient levels  

The presence of excess nutrients in aquatic environments is known to extended survival and even 

promote growth of faecal microorganisms, primarily bacteria, and practically offset the bactericidal 

effect of other environmental factors (Orlob, 1956; Crane and Moore, 1985). This was suggested as an 
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explanation for often observed lag period in die-off curves, as seen in Figure 2 - 7 where there is a 

period of time before the exponential die-off begins (Crane and Moore, 1985). 

Carlucci and Pramer (1960) investigated the effect of nutrients on the survival of E. coli in sea water. 

They did so by adding two different salts containing phosphorus (P) and nitrogen (N) as inorganic 

nutrients, and organic nutrients in the form of glucose, peptone and domestic sewage. It was shown 

that both P and N prolonged the survival of the E. coli, where the latter appeared to be of greater 

importance. Glucose (as carbon source) had no influence on the extended survival of E. coli, while 

peptone and sewage were found to favour survival of E. coli.  

Lim and Flint (1989) investigated the effect of nutrients on the survival of E. coli in lake water by adding 

synthetic sewage. Similarly to Carlucci and Pramer (1960), they found that the addition of sewage 

prolonged the survival of E. coli and increases in survival times were proportional to the amount of 

sewage added. They further focused on the main groups of nutrients found in sewage, namely 

phosphorus, carbon and nitrogen. Even though phosphate is an important element in metabolism and 

cell structure and most fresh water is considered phosphate-limited. It was found that the addition of 

phosphorus to lake water did not lead to increased survival times. It was not clear whether this was 

because the inoculated E. coli had sufficient endogenous reserves of phosphate or phosphate plays 

little role in survival of E. coli in fresh water.  Addition of readily-utilisable carbon did not increase 

survival times, while the addition of nitrogen greatly increased survival of E. coli (Figure 2 - 11). 

However, Thomas et al. (1999) argued that levels of nitrogen Lim and Flint (1989) used in their 

experiment greatly exceed levels normally present in surface waters, and that in naturally present 

concentrations nitrogen would be expected to have little effect on survival. 

 

 

Figure 2 - 11 Influence of nitrogen level on die-off rates of E. coli in lake water (Lim and Flint, 1989) 
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Predation and competition – interactions with indigenous microorganisms 

While nutrient levels can directly influence the survival of faecal microbes, they can have an indirect 

role by promoting other competitors or predators which can then in-turn hinder their survival. It has 

been suggested that E. coli has difficulties competing for nutrients with indigenous microorganisms 

(Carlucci and Pramer, 1960; Lim and Flint, 1989). For example, Carlucci and Pramer (1960) found that 

addition of organic matter prolonged the survival of indigenous populations to a greater extent than 

it did for E. coli. Further, Lim and Flint (1989) explained that the reason for limited increase in the 

survival times of E. coli even with the addition of a high carbon source was the presence of, and 

competition by, indigenous microorganisms. Flint (1987) examined the influence of naturally present 

microorganisms by filtering river water, hence removing parts of the population; he found that 

competition for nutrients with indigenous bacteria was a primary factor governing E. coli 

disappearance. Therefore, it is most likely that competition will be important factor in governing 

survival of E. coli in estuarine water. 

Predation of enteric microorganisms by the naturally present microbial population is well studied 

(Orlob, 1956; Rhodes and Kator, 1988; Barcina et al., 1997). McCambridge and McMeekin (1979) 

investigated protozoan predation of E. coli in estuarine water and concluded that the decline in E. coli 

population was primarily associated with the presence and the concentration of protozoa. Additionally, 

they found that predacious bacteria (as opposed to protozoa) were of secondary importance and their 

effect was only exerted when protozoan populations were artificially removed. Barcina et al. (1997) 

summarised many similar studies and confirmed that predation by protozoa is much more significant 

than predation by bacteria, or infection by viruses. They concluded that predation may be the main 

factor controlling bacterial populations in aquatic systems. 

McCambridge and McMeekin (1980) demonstrated there was an interactive effect between 

temperature and the importance of predators on the survival of E. coli and Salmonella typhimurium.  

Indeed, they found that temperature had a significant influence on these predators, with minimum 

influences at around 15°C (Figure 2 - 12). Rhodes and Kator (1988) also showed that peak in 

autochthonous microorganism population was dependent on temperature. Therefore, as with sunlight 

and salinity, the interactive effects of temperature and predation might need to be accounted for when 

modelling the survival of faecal microorganisms. Furthermore, the effect of predation will depend on 

the initial population of both prey and predators (McCambridge and McMeekin, 1979) 
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Figure 2 - 12 Effect of temperature on numbers of protozoan predators (two experiments with different prey E. coli and S. 
typhimurium)(McCambridge and McMeekin, 1980). 

 

The above indicates that both competition and predation will have an important influence on survival 

of E. coli in urban estuaries. However, it is hard to numerically account for these effects, because 

indigenous microorganisms are influenced by a number of environmental factors in similar ways as 

enteric populations. Furthermore, it is likely that studies that measured survival of E. coli as function 

of some abiotic factor (e.g. temperature, salinity, sunlight) in natural conditions, also have implicitly 

taken into account the effect of biotic factors (i.e. competition and predation) on die-off rates. As such, 

only one modelling study in literature proposed a functional relationship for die-off rate due to 

protozoan predation, which was accounting for the effects of the temperature and the concentration 

of the enteric microorganisms (i.e. concentration of the prey) on activity of protozoan predators 

(Hipsey et al., 2008). Therefore, the effects of predation and competition on survival of enteric bacteria 

could be included in a model through a functional relationship with environmental factors (such as 

temperature). However caution is needed to ensure that predation and competition effects are not 

accounted for twice.  

Conclusion 

Survival of faecal microorganisms is affected by various environmental factors, but a review of the 

literature suggests that in estuarine environments, the following are most likely to be of importance 

for survival: 

 Temperature 

 Salinity & Solar radiation 

 Competition and Predation 

Additionally, the observed combined impact of salinity and solar radiation might be especially 

important in estuarine areas, due to the marked oscillation in salinity. It is acknowledged that 
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competition and predation play an important role in the survival of enteric microorganisms in aquatic 

environments, yet it is hard to determine their impact as they are influenced by the physical/chemical 

factors. Therefore, this should be further investigated and findings should assist in proper modelling 

of the survival. It is hypothesised that the impact of environmental factors can be taken into account 

by developing functional relationships between die-off rate and a particular environmental variable. 

2.6.2 Association with particles and sedimentation 

Enteric bacteria have been shown to associate with sediment particles, typically fine grained sediments 

(< 60 μm), i.e. clay and silt (Orlob, 1956; Gannon et al., 1983; Auer and Niehaus, 1993; Pachepsky and 

Shelton, 2011). The particle association influences transport characteristics of microorganisms, as 

those associated with denser inorganic particles tend to settle out of water column more quickly. Many 

studies have investigated the degree of faecal microorganism partitioning to sediment particles and 

reported partitioning rates in a wide range, from < 20% to 100% (i.e. all organisms attached to 

sediment particles) (Schillinger and Gannon, 1985; Auer and Niehaus, 1993; Characklis et al., 2005; 

Jamieson et al., 2005; Fries et al., 2006).  

Settling was shown as important in lakes, and impoundments (Gannon et al., 1983). In a slow moving 

stream Russo et al. (2011) concluded that sedimentation was not significant as modelling results 

showed that <10% of sediment-associated faecal coliforms settled into bed sediments. However, in 

salt-wedge estuaries, sedimentation might be an important factor in removing attached bacteria from 

water column. Kostaschuk and Luternauer (1989) showed that during rising tide, the salt-wedge 

migrates into the estuary and leads to rapid deposition of suspended material. This was related to the 

salt-wedge interfering with the flow-bed sediment exchange pattern and reduced turbulence in the 

upper layer. However, it should be noted that the sediments in their study were predominantly sands 

and that sedimentation might be less pronounced in estuaries with less coarse sediments (i.e. clay and 

silt), such as the Yarra River estuary. In fact, sedimentation of attached E. coli was measured using the 

water collected from the Yarra River estuary and it was determined that there was no settling of E. coli 

in the first 24h indicating that the E. coli was attached to particles of less than 1.5 µm in diameter 

(McCarthy et al., 2011a), which agrees well with high percentage of clay particles (less than 2 µm) 

found in the Yarra River estuary (Ellaway et al., 1982). Furthermore, this was reinforced by the minimal 

settling within a six to seven day period (McCarthy et al., 2011a). Nevertheless, sedimentation should 

be included in estuarine hydrodynamic-microorganism model and its significance tested through 

model sensitivity analyses.  

Because of highly variable microbial partitioning to sediments reported, there have been generally two 

approaches in modelling sediment-bacteria interaction. One assumes that bacteria are “free” phase 
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(i.e. unattached to sediments, but still settle overtime; (de Brauwere et al., 2011; Yakirevich et al., 

2013), while others differentiate between free floating bacteria and those associated with suspended 

sediments (Jamieson et al., 2005; Hipsey et al., 2008; Gao et al., 2011b; Liu and Huang, 2012; de 

Brauwere et al., 2014a). Furthermore, the majority of studies that made distinction between free and 

attached bacteria, accounted only for settling of sediment attached bacteria (Garcia-Armisen et al., 

2006; Gao et al., 2011b; Liu and Huang, 2012; de Brauwere et al., 2014a; Liu et al., 2015), as the settling 

velocities of free bacteria are negligible, due to their small size and density. Nevertheless, whichever 

approach is used, sedimentation is commonly parameterised as a function of settling velocity, which 

was calculated assuming Stokes law or derived from settling experiments conducted on a particular 

water body. 

Additionally, attachment to sediment particles provides a certain degree of protection against adverse 

environmental impacts (Pachepsky and Shelton, 2011; de Brauwere et al., 2014b). While the survival 

of the microbes attached to sediments is still impacted by all previously mentioned environmental 

factors (Section 2.6.1), the die-off rate of attached microorganisms is typically taken as a fraction of 

that of free floating microorganisms (Garcia-Armisen et al., 2006; de Brauwere et al., 2014a). 

2.6.3 Survival of faecal microorganism in estuarine bed and bank sediments 

Faecal microorganisms, especially those associated with denser inorganic solids, can settle out of the 

water column into the sediment layer where they can be protected from environmental factors such 

as UV radiation, high salinity and attack by bacteriophages and be provided with sufficient nutrients 

found in sediments (Davies et al., 1995). However, differentiation should be made between faecal 

microorganisms in bed sediments (i.e. sediments that are completely submerged in water) and bank 

sediments (i.e. those which encounter periodical wetting and drying due to the tidal action), as their 

survival will be different.  

Survival in bed sediments 

While the microbes within the bed sediments of water systems are sheltered from external stressors, 

some factors can still result in net removal of microbes from these environments. As such, researchers 

have begun to study and understand the influence of these stressors. For example, temperature has 

been identified as a main factor (Pachepsky and Shelton, 2011) for controlling the survival of E. coli 

and faecal coliforms in bed sediments and this was modelled  using the same equation as for the water 

column (see Equation (2 - 1)). In addition, Anderson et al. (2005) showed that salinity has influence on 

faecal coliform and enterococci survival in sediments. Calculated decay rate for faecal coliform in salt 

water sediments was 65 times higher than in fresh water sediment although it was 2.5 times lower 
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than in the overlying water column showing a degree of protection that sediments provide to faecal 

microorganisms.  

Many studies also observed growth of microbial populations in autoclaved/sterile sediments which 

was attributed to excessive nutrients found in the sediments and the removal of the other competing 

and predating microbes (Gerba and McLeod, 1976; Davies et al., 1995; Desmarais et al., 2002). 

However, in natural conditions, net die-off was confirmed (Davies et al., 1995; Schang et al., 2016b) 

suggesting that presence of indigenous microflora, particularly protozoan predators, but also 

competition with other microorganisms, have an influence on the survival in natural conditions.  

Survival of faecal microorganism in sediments was also related to sediment texture (Burton et al., 1987; 

Davies and Bavor, 2000; Desmarais et al., 2002; Pachepsky and Shelton, 2011).  Burton et al. (1987) 

showed that a number of human-associated bacteria exhibited better survival in sediments with higher 

clay content (>25%) compared to more coarse sediments. This was interpreted by Davies and Bavor 

(2000) as a result of better protection from predators, which were excluded from small pores 

containing bacteria due to their large size. 

It is clear that bed sediments will provide a certain degree of sheltering of faecal microorganisms from 

detrimental environmental factors. However, similar factors to that shown in Section 2.6.1 for water 

column survival were seen to still influence their die-off or growth rates in sediments (albeit at rates 

slower than that found in the water column). Therefore, this process should be included in microbial 

water quality models. Most commonly, the survival rate in sediments is taken as a fraction of survival 

rate of free (or attached) microorganism in the water column (Pachepsky and Shelton, 2011; de 

Brauwere et al., 2014a; de Brauwere et al., 2014b). 

Survival in bank sediments 

Far more attention has been given to survival of faecal microorganisms in bed sediments than for 

survival in tidally influenced bank sediments. Just a few authors investigated levels of faecal 

microorganisms in banks of tidally influenced waterways. For example, Solo-Gabriele et al. (2000) first 

indicated that water content plays major role in controlling levels of E. coli in bank sediments of a tidal 

influenced river in subtropical region. Subsequently, Desmarais et al. (2002) further investigated this 

finding on the same waterway. They measured levels of E. coli, enterococci and C. perfringens across 

the river bank and found that numbers of E. coli and C. perfringens were considerably higher in the 

first 50 cm where water content was the highest and decreased with distance from the bank 

confirming that soil moisture is an important factor for the survival of these microorganisms in bank 

soils. Enterococci were not found to vary along the bank, but were found in low numbers. Additionally, 
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it was identified that a higher fraction of fine sediment particles and a higher content of organic matter 

will even promote the growth of E. coli. Schang et al. (2016b) studied the presence and survival of E. 

coli and Campylobacter in the bank sediments of the Yarra River estuary and showed results consistent 

with the studies discussed above. E. coli and Campylobacter were able to survive for extended periods 

of time in bank sediments and the measured microbial concentrations were positively related with 

sediment moisture content.    

While more research is needed in order to better understand the survival of faecal microorganisms in 

the banks of tidal estuaries, this process is potentially important in estuaries where large sections of 

bank and bed (i.e. tidal flats) are exposed to wetting/drying cycles during tidal water level oscillations.  

2.6.4 Re-suspension and entrainment in water column 

The importance of sediments as an input of faecal contamination is based on the fact that 

microorganisms associated with sediments can be resuspended by both natural (e.g. currents, tide) 

and man-made activities (e.g. recreational boating, dredging). This resuspension will ultimately 

influence the microbial quality of water column. However, in the absence of turbulence and 

resuspension (i.e. during base flow), sediments contribute very little of the bacterial load to water 

column (Pachepsky and Shelton, 2011). 

A number of studies investigated the significance of microbes in the sediment as an input into the 

water column. This was done by creating artificial flood events (i.e. releasing significant volumes of 

water into the stream in the absence of rainfall) to induce the resuspension of bottom sediments 

without other faecal inputs from the catchment (Wilkinson et al., 1995; Muirhead et al., 2004; 

Yakirevich et al., 2013). For example, Wilkinson et al. (1995) showed that peak concentrations of faecal 

coliforms produced by artificial hydrographs during dry-weather are in the order of those observed 

during natural wet-weather events. Additionally it was also shown that sediment stores can be 

depleted of microorganisms if hydrodynamic conditions causing resuspension last for sufficiently long 

periods of time.  

With respect to microbial densities in bed sediments, the literature shows that the highest 

concentrations of faecal coliforms and E. coli are found in top few centimetres of the sediment profile 

(Desmarais et al., 2002), with a significant decrease in concentration with increasing depth (Pachepsky 

and Shelton, 2011; Schang et al., 2016b). This suggests that potential effects of sediment resuspension 

on bacterial concentrations in the water column should be estimated only from this top layer. This 

further explains the observed depletion of the microorganism sediment store if hydrodynamic 

conditions which promote resuspension last sufficiently long (Wilkinson et al., 1995). 
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In addition to river forcing, resuspension in estuarine environments can be induced by a variety of 

mechanisms, such as: tides, salt-wedge movement and boat traffic. Solo-Gabriele et al. (2000) 

suggested that soils along the bank of a tidally influenced waterway were the primary source of E. coli 

to the water column during dry weather periods (i.e. between storm events). It was suggested that E. 

coli were entrained during the water-soil interface at high tide. However, this was only hypothesised 

and no further measurements or testing of this hypothesis was conducted.  Influence of the salt-wedge 

movement on resuspension was examined by Kostaschuk and Luternauer (1989). They showed that 

resuspension begins at ebb tide, as the tip of the salt-wedge moves seaward, which was attributed to 

increased turbulence in this region which was enhanced with high river discharge. Additionally 

resuspension may be induced by motor-powered boat traffic. Boat-induced resuspension is heavily 

dependent on the characteristics of the boat itself, the speed at which the boat is moving, and the 

intensity of boat traffic (Garrad and Hey, 1987). Garrad and Hey (1987) showed that patterns of 

suspended sediment concentrations correlated with the frequency of boat movement. However, in 

areas of recreational activities, motor boat traffic is usually restricted or at least there is a speed limit, 

and hence influence on sediment resuspension is likely to be limited.  

The literature review showed that in-stream sediments can be a significant internal input of faecal 

microorganisms. They can be a source of microbes if they are capable of growth in these sheltered 

environments. Considering the impact they can have on the concentration of enteric bacteria in the 

water column if resuspended, and the variety of ways for sediment resuspension to occur in estuarine 

environments, this process should be incorporated in an estuarine-microorganism model.  

Modelling of resuspension of sediments and attached bacteria due to hydrodynamic forcing is most 

commonly done as function of shear stress related to the critical shear stress above which 

resuspension starts to occur (Hipsey et al., 2008; Gao et al., 2011b; de Brauwere et al., 2014a). 

However, the effects of salt-wedge movement on the resuspension of sediments and associated 

microorganisms has not been modelled or analysed in any of the microorganism modelling studies in 

literature.  
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2.7 Modelling microorganisms in urban estuaries 

2.7.1 Modelling objectives for estuarine models of enteric bacteria 

The estuarine microorganism model needs to fulfil a number of objectives in order to be useful for 

both research and water quality management applications. These objectives are related to basic model 

structure and will help support the choice of the most appropriate model structure.  

The model must predict estuarine microorganism concentrations. The main output of the 

microorganism model will be concentration of the microorganism at current timestep, i.e. number of 

microorganism per unit volume. Microorganism concentration is important for both recreational and 

seafood harvesting use as well as other water extraction uses and is inbuilt in microbial water quality 

legislation. Since human infection from pathogens is directly related to exposure concentrations it is 

essential that the model is able to predict microorganism concentration accurately. 

The model must take into account all important estuarine processes related to microbial dynamics. The 

model must account for all important processes influencing the microbial dynamics in urban estuaries. 

These included microbial survival and sediment-microorganism interaction. As discussed above, the 

complexity of microorganism dynamics in urban estuaries is directly related to processes influencing 

microorganism concentration. As such, it is necessary that the model accounts for these processes. 

This will enable model to be useful tool for exploration of microbial dynamics in urban estuaries and 

design of effective mitigation strategies for water quality management.   

The model must use a timestep appropriate for dynamics of urban estuaries and their catchments. The 

microorganism model is intended to be able to model microbial dynamics at fine temporal scale and 

not only predict average daily concentrations. Therefore, the maximum timestep used in the model 

will be limited by the most dynamic input/processes affecting microorganism concentration. For 

example, urban stormwater inputs are most commonly directly discharged into the receiving water 

environment and a storm event can start and finish within an hour. As such, the estuarine 

microorganism model would need to operate on sub-hourly timesteps.  

The model’s spatial dimensionality must be such that can cover a range of different estuarine systems. 

In the cases of well-mixed estuaries a one-dimensional model may be sufficient for addressing spatial 

characteristic of the system. However, in highly-stratified estuaries two-dimensional or three-

dimensional models are required to address the spatial extent of the modelled system. Therefore, the 

developed microorganism model should have ability to be able account for different spatial 

dimensionality. 
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The model must be able to be applied to a range of urban estuaries. The model structure needs to be 

flexible in allowing the model to be applied to a range of different estuaries with different dominant 

faecal pollution inputs.  

 

2.7.2 Modelling requirements for estuarine models of enteric bacteria 

Previous sections of the literature review have identified many requirements for the urban estuary 

hydrodynamic-microorganism model. This section focuses on summarizing these requirements in 

concise manner, and reviewing the available hydrodynamic and estuarine microorganism models 

based on the identified requirements.  

Appropriate representation and modelling of inputs into the estuary. As highlighted in Section 2.4, 

there are a number of significant inputs of faecal contamination which enter urban estuaries. As such, 

it is essential that the following inputs are either modelled accurately or represented well by data 

sources (i.e. it is required to have a continuous time series of microbial concentrations entering the 

estuary that will form boundary conditions for the microorganism model). The following inputs were 

hypothesised to be the governing sources (see Section 2.4): Rivers and creeks, stormwater, WWTP 

effluent, CSO/SSO and direct deposition by wildlife.  

Appropriate modelling of key processes governing the level of microorganisms in urban estuaries. The 

key processes identified in Section 2.6 needs to be well represented in an urban estuarine 

microorganism model. Specifically, the following requirements have been identified: 

 Survival of faecal microbes in the water column and sediments is affected by a number of 

environmental factors (see Sections 2.6.1 and 2.6.3). Furthermore, it was shown that certain 

environmental factors act synergistically in controlling survival of faecal microorganism (e.g. 

salinity & sunlight) or that the impact of certain factors depends on another (predation-

temperature, irradiance-turbidity). As such, an urban estuarine model should include some 

representation of the impact these factors (including their interrelations) have on faecal 

microbes. It is hypothesised that models which employ a simple, constant decay rate will not 

yield adequate results, and instead, this decay rate should be modelled dynamically as a 

function of the key environmental factors (see Section 2.6.1), which may vary during each 

month, season or year.  
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 Microorganism-sediment interactions (i.e. settling/resuspension) have been shown to 

significantly influence the concentrations of faecal microorganism in the water column and 

hence should be a crucial element of the model.   

 The overall movement of the estuarine water will significantly affect the spatial distribution 

and transport of the microorganism throughout the estuary. This is particularly important in 

estuaries compared to other systems (rivers, creeks, stormwater), as the dominant flow 

direction can change a few times during the day, depending on the tide. Therefore, an 

estuarine microorganism model must include appropriate transport processes. Furthermore, 

at the downstream boundary, a part of the water that exits with ebb tide can come back with 

the next flood tide and bring back a certain load of microorganisms; this can therefore 

influence the quality of the water column. As such, this should also be addressed in the 

microorganism model. 

Temporal resolution (i.e. time step). Considering the significant variability of microorganisms with time 

(as highlighted in Section 2.4), it is essential that a microorganism model of any water system uses a 

time step which is small enough to account for this variability. The temporal resolution requirements 

of an estuarine microorganism model will depend on the timescale of various hydrological factors, 

such as: river discharges and tides, various inputs of faecal microorganisms and the temporal variability 

of environmental factors (de Brauwere et al., 2011). For instance, tides are mostly semi-diurnal (see 

Section 2.5.2) which makes highly unsteady conditions in the estuary and changes the flow direction 

four times a day. Some inputs are highly intermittent; for example, urban stormwater rainfall/runoff 

events can last for as little as a couple of hours (Burton and Pitt, 2002) and still have highly variable 

microorganism levels during this period (McCarthy et al., 2011b).  Similarly, sewage overflows and their 

duration of discharge into the estuarine environment may be less than an hour. The variability of 

environmental factors (such as temperature, solar radiation, salinity) is also significant over the day.  

To satisfy all of the above requirements, the minimum time step required for modelling microbial 

dynamics in estuarine systems will be in the order of minutes. Additionally, the model should be able 

to perform simulations continuously in time, meaning that it needs to be able to reproduce both dry-

weather concentrations (base conditions) and wet weather concentrations (during rain events). It is 

essential that wet weather periods are simulated as many authors have shown positive relationships 

between wet weather events and bacterial loads and peaks in concentrations (hence wet weather 

periods may pose the most significant risks). Dry weather periods are also important; firstly because 

most recreational activities occur during dry weather and secondly that in an estuarine environment, 

it is hypothesised that the wet weather loads can remain in the estuary for a significant duration (i.e. 

sloshing can occur). 
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Spatial dimensionality. In well-mixed conditions, which are found in most of the rivers, streams and 

stormwater drains, microorganism concentrations will vary most significantly along the waterway, and 

hence the modelling problem can often be reduced to only one dimension, i.e. a 1D model (as the 

cross-sectional variation is minimal). However, in estuarine environments there is a significant degree 

of vertical stratification, and this is particularly exacerbated in salt-wedge estuaries. Stratification will 

influence the vertical distribution of environmental factors which are known to impact the survival of 

microorganisms. It also has effect on sedimentation, resuspension and mixing within the estuary (see 

Sections 2.5 and 2.6). Finally, it also represents very different sources of water, meaning that the 

pollution levels will vary with this stratification (e.g. freshwater from upstream catchments will have a 

different level and type of microbial population as compared to the seawater which may enter at the 

bottom of a salt-wedge estuary). These results clearly demonstrate that a depth averaged model is not 

appropriate for modelling microorganisms in urban estuaries. Indeed, Bedri et al. (2011) showed the 

inadequacy of a depth averaged model in the presence of high stratification. Furthermore, lateral 

distribution of microbial concentrations (along the cross section) can be influenced by inputs 

discharging along the estuary (e.g. stormwater drains discharge) or, if the estuary is wide enough, by 

the formation of preferential flow paths due to the Coriolis effect (Dyer, 1997). Indeed, for accurate 

spatial representation of faecal microorganism concentrations in urban estuaries, a microorganism 

model should be three dimensional (3D). 

Data availability and model complexity.  Process-based models are the most complex type of models 

and are built on a deep understanding of the modelled process. Figure 2 - 13 shows that increasing 

complexity of the model has to be followed by an increase in data availability in order for the model 

performance to be improved or even maintained. Therefore, the development of a process-based 

estuarine microorganism model has to be done simultaneously with the collection of sufficient 

amounts of data which will help not only in the process understanding and the development of the 

model, but also in proper calibration of the model parameters and validation. Datasets should cover 

as many different conditions of the studied system as possible, i.e. wet/dry weather, seasonal variation 

in meteorological conditions, high and low magnitudes of inputs into the system, etc. For example, if 

the dataset is consisted of mostly dry weather data, calibration of the model which is based on 

rainfall/flow processes will be very poor. Furthermore, the temporal resolution of datasets have to be 

able to capture the variable dynamics of the system, i.e. daily/weekly measurements of the microbial 

levels in the system are not sufficient to allow understanding of processes and proper 

calibration/validation of the model. Similarly, spatial cover of the dataset should allow an 

understanding of the variability of microorganisms across the system and has to be adequate for the 

adopted dimensionality of the model (i.e. if model is three-dimensional, the dataset needs to contain 
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information on all necessary environmental variables and microbial concentrations in all three 

dimensions – along the estuary, along the cross section and along the depth). However, the creation 

of good quality microbial datasets is costly and time consuming, thus model complexity should always 

be kept to a minimum (i.e. the model should only be as complex as the data and knowledge of 

processes allows). In order to understand which processes are important, appropriate sensitivity 

testing of the model parameters could be conducted. This lends itself back to data availability and the 

need for a rich dataset that would encompass microbial dynamics in estuarine systems in various 

possible conditions. For example, it could be wrongly concluded that solar radiation is not important 

in governing survival of microorganisms, if sensitivity testing of the model is done on a dataset 

collected during winter, when the sky is cloudy. 

 

 

Figure 2 - 13 Conceptual relationship between model complexity, data availability and predictive performance of the model 
(after Grayson and Blöschl (2001)) 

2.7.3 Hydrodynamic models to support the microorganism model 

Hydrodynamics within the estuary is the main driver of microbial transport, mixing, sedimentation and 

resuspension. Additionally, the hydrodynamics will have a significant impact on the spatial and 

temporal distribution of environmental factors, which influence the survival of microorganisms within 

the estuary. Therefore, the hydrodynamic model needs to accurately predict velocity fields and 

appropriately represent mixing within the estuary. This is very important for highly stratified estuaries 

where significant density gradients exist. The hydrodynamic model also needs to account for the many 

different inputs into the estuary and account for forcing factors such as tides and wind. Furthermore, 

if the hydrodynamic model is not able to simulate sediment transport processes, it would need to 

provide appropriate outputs (i.e. velocity/shear stress values especially at the sediment-water 

interface) which could be easily coupled with a sediment transport model. Additionally, the 
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hydrodynamic model will need to be coupled to a bio-geochemical model which can predict the 

distribution of the key environmental factors (such as temperature, salinity, pH, DO or even nutrients). 

Finally, the hydrodynamic model will need to have the same dimensionality as the microorganism 

model (i.e. 3D hydrodynamic model is required), with a similar or smaller time step (i.e. in order of 

minutes). Furthermore, high temporal and spatial resolution will increase computational requirements 

and consequently increase time of simulation.  Therefore, the hydrodynamic model needs to be time-

efficient (e.g. developed for parallelized computing). 

There are a number of three-dimensional hydrodynamic models that are developed/evolving which 

can simulate estuarine and coastal hydrodynamics, such as: ELCOM (Hodges and Dallimore, 2006), 

TELEMAC-3D (EDF R&D, 2013), MIKE 3 (DHI, 2013) , TUFLOW FV (BMT WBM, 2014). 

ELCOM (Estuary and Lake Computer Model)(Hodges and Dallimore, 2006) solves the unsteady, viscous 

Navier-Stokes equations for incompressible flow using the hydrostatic assumption for pressure. This 

model can simulate transport of salt, heat and passive scalars and processes such as rotational effects, 

tidal forcing, wind stresses and surface thermal forcing.  It uses a rectangular grid, but alows variable 

spacing along the x and y axes. However, rectangular grids do not provide much flexibility in adjusting 

to the modelled area. Additionally computational time might increase because of an unnecessarily high 

number of cells. Furthermore, the model is not developed for parallelization on multiple cores, hence 

with high spatial and temporal resolution, time efficiency might be very poor. Vertical discretisation is 

possible only with a  z-level coordinate system which allows variable thichness of the layers. This model 

does not simulate sediment transport or water quality, hence coupling with external models is 

required. However, ELCOM has been previously coupled with a microorganism model (Hipsey et al., 

2008). The microbial model was incorporated into the water quality model CAEDYM (Hipsey et al., 

2005), which also provided necessary environmental information, such as sediment transport. This 

coupling was only tested in a freshwater lake. 

TELEMAC-3D (EDF R&D, 2013) is a modelling software developed by the LNHE (Laboratoire National 

d’Hydraulique et Environnement). It solves the Navier-Stokes equations for 3D free surface flow and 

transport-diffusion for salinity and temperature. TELEMAC-3D can take into account influence of 

temperature and salinity on density, Coriolis effect, influence of air pressure and wind and 

consideration of termal energy exchange with the atmosphere. Spatial discretisation is done through 

a flexible mesh that is comprised of triangles in horizontal plane. This gives more flexibility compared 

to structured grids and can reduce computational time. Vertical discretisation is done with sigma-

coordinate transformation. Furthermore, this model can run in paralelised mode on multi-thread 

machines, which can further reduce time of simulation. TELEMAC-3D offers several approaches of 
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different compexity for modelling vertical and horizontal turbulence. There is a readily available 

sediment transport module but no water quality module. Hence, the use of TELEMAC-3D might not be 

straight forward in producing the necessary outputs to feed into an urban estuarine microorganims 

model. Telemac was used in the past for providing a hydrodynamic basis for a microorganism model 

in Dublin Bay and it was coupled with an external water quality model (Bedri et al., 2011).   

MIKE 3 (DHI, 2013) is a hydrodynamic modelling software developed by the Danish Hydraulic Institute. 

It solves the Navier-Stokes equations both with and without the hydrostatic pressure assumption using 

a finite volume approach. It can model salinity and temperature, and take into account their effect on 

water density. It uses an unstructured mesh, which provides an optimal degree of flexibility in the 

representation of complex geometries. Free-surface is taken into account using a sigma-coordinate 

transformation approach or using a combination of z-level and sigma coordinate systems. MIKE 3 takes 

into account a range of boundary conditions such as water levels, discharges, wind speed and direction, 

and tides. Within the MIKE modelling framework there are readily available modules for simulation of 

sand and mud transport as well as modelling water quality. 

TUFLOW-FV (BMT WBM, 2014) is a 3D hydrodynamic model which solves the conservative integral 

form of the non-linear shallow water equations (NLSWE) using the finite volume solution method. The 

model also simulates advection-dispersion, including heat balance and density coupling of 

temperature, salinity and sediment concentrations. It uses a flexible mesh for discretisation of the 

spatial domain which consists of triangular and quadrilateral elements of different sizes, thus spatial 

discretisation is adjustable to the areas of interest (i.e. finer around the area of interest and coarser 

elsewhere), which can improve simulation time. For the vertical discretisation of the spatial domain, 

three options are available: z-level, sigma-transformation coordinate system or a combination of the 

two; this provides much more flexibility than that of the other models above. Additionally, TUFLOW-

FV provides by far the most options in terms of modelling turbulent mixing, including an external 

turbulence mixing model. Sediment transport and WQ modules are readily available for coupling with 

the main hydrodynamic module, hence the use of this model in providing necessary information is 

straightforward. The TUFLOW-FV hydrodynamic module is the only model (out of the ones above) that 

the author has seen successfully applied to salt-wedge estuaries (Bruce et al., 2014). 

Conclusions. The models listed above use some form of the Navier-Stokes equations for simulating 3D 

free surface flow hydrodynamics, although the solution method varies between the models. 

Furthermore, they all can model salinity and heat transport and take into account the effects of 

temperature and salinity on water density. They all offer a range of boundary conditions such as 

discharge, water levels, tides, wind and take into account the effect of the Coriolis force and barometric 
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pressure gradients. However, in term of spatial discretisation, TELEMAC-3D, MIKE 3 and TUFLOW-FV 

offer more flexible discretisation of the modelling domain wich can help in producing more usable 

results and improve efficiency of the model. Moreover, TUFLOW-FV offers the most options in terms 

of vertical discretisation, which can be of importance in salt-wedge estuaries. Turbulent mixing is of 

great importance in highly stratified conditions where TUFLOW-FV offers a range of turbulent mixing 

models (even the opton of using an external mixing model).  

Simulation of sediment transport and environmental conditions can only be done through coupling of 

a hydrodynamic model with appropriate sediment transport and biogeochemical modules. In this 

regard, only MIKE 3 and TUFLOW-FV have readily available sediment and water quality modules as 

part of their modelling framework. Hence use of these models can be straightforward in providing 

necessary information for a microorganism model. 

All of the above indicates that TUFLOW-FV seems to be the most appropriate for this research project. 

Furthermore,  there are local experts from the TUFLOW-FV development team who can assist with its 

use. Moreover, there is already a preliminary hydrodynamic model developed for the Yarra River 

estuary using TUFLOW-FV (Bruce et al., 2014) and hence it can be easily adapted to this research 

project.  

2.7.4 Review of available estuarine microorganism models 

Empirical microorganism models (also known as regression-based models or black box models; Figure 

2 - 14) were not considered in this literature review, although many such models exist. These models 

are not necessarily based on causal (or mechanistic) relationships between variables, but are instead 

based on correlations between response variables (i.e. microbial concentration) and explanatory 

variables (e.g. temperature, salinity, flow velocity, wind etc.).  As such, they cannot be used for an in-

depth understanding of faecal microorganism dynamics, to scientifically inform mitigation strategies 

nor to assess long-term management practices. Therefore, these models were often developed with 

the aim to be used for real-time prediction (nowcasts) of recreational water quality. For more 

information on empirical microorganism models and a review of existing ones see the comprehensive 

literature review by de Brauwere et al. (2014b). 

This literature review focuses on process-based models of microbial dynamics in urban estuaries. Nine 

such models were identified in the literature. Additionally, one generic process-based microorganism 

model, intended to be applicable to all water bodies, has been reviewed as well. Interestingly, there 

has not been an attempt to model microorganisms in urban estuaries using a simpler approach, such 

as a conceptual model. This could be linked to the assumption that, since the hydrodynamics of 
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estuarine systems are highly complex, physically based models are required for accurate microbial 

predictions.   

Table 2 - 6  shows a brief overview of the reviewed models and whether each of them met the 

modelling requirements outlined in Section 2.7.2. The following paragraphs provide details of each 

model, and further highlight their limitations and benefits. 

 

 

Figure 2 - 14 Some features of different types of models (adapted from CRC for Catchment Hydrology (2013)) 
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Table 2 - 6. The six models which have been developed and tested for estuaries, and whether they meet the requirements outlined in Section 2.7.2 

 
ESTUARINE MICROORGANISM MODELS 

REQUIREMENTS Salomon and Pommepuy 
(1990) 

Kashefipour et al. (2002) Garcia-Armisen et al. (2006) de Brauwere et al. (2011) Gao et al. (2011b) 

Type of estuary Well-mixed Partially-mixed Not known Well-mixed Well-mixed 

Hydrodynamics 2D/1D coupled model 2D/1D coupled model 3D 2D/1D coupled model 2D/1D coupled model 

Inputs 
 

WWTP effluent Rivers/creeks, WWTP 
effluent, CSO 

Rivers, WWTP effluents River, WWTP effluent River, WWTP 

Were inputs measured or 
modelled? 

Measured Measured Modelled Measured Unknown 

Survival in water column 
 

Constant die-off rate based 
on in-situ survival studies 

Pseudo-dynamic; different 
die-off rates for day/night, 
dry/wet weather, coastal 
river water 

Constant survival rates – 
different for free and 
attached bacteria 

Temperature dependent 
survival rate 

Turbidity and solar radiation 
dependent survival rate in 
water 

Survival in sediments NM NM NM NM Modelled, but unclear how 

Settling NM NM Only attached fraction of 
bacteria – const. sett. vel. 

All bacteria – constant 
settling velocity 

Only attached fraction of 
bacteria – const. sett. vel. 

Resuspension NM NM NM NM Only attached fraction of 
bacteria 

Data availability 8 sampling longitudinal 
profiles with 10 data points  

6 sets of one day 
observations 

Not clear. Data collected by 
authors + external data 

Monthly samples and two 
one day cruises along the 
estuary.  

Poor, only 15 points 
presented 

Sensitivity testing NC NC NC Conducted Conducted 

Efficiency (how well the 
model worked?) 

NME Event 1 APE=25.5% 
Event 2 APE<40% 

NME NME NME 

* NM – not modelled; NC – not conducted; NME – no measure of efficiency only visual assessment (i.e. graphs); APE – average percentage error 
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Table 2 - 6 (Continued) 

 
ESTUARINE MICROORGANISM MODELS GENERIC MODEL 

REQUIREMENTS Liu and Huang (2012) de Brauwere et al. (2014a) Gao et al. (2015) Liu et al. (2015) Hipsey et al. (2008) 

Type of estuary Well-mixed Well-mixed Not know Well-mixed N/A 

Hydrodynamics 2D (laterally averaged) 2D/1D coupled model 2D/1D coupled model 3D 3D 

Inputs 
 

River, downstream 
boundary input 

River,  WWTP effluent River, WWTP, CSOs River, downstream 
boundary input 

N/A 

Were inputs measured or 
modelled? 

Modelled/Measured Modelled/Measured Measured (Rivers) Measured  

Survival in water column 
 

Temperature dependent 
survival rate 

Temperature dependent 
survival rate - different for 
free and attached bacteria 

Temperature, salinity and 
light dependent survival rate 

Temperature dependent 
survival rate 

Dynamic survival rates – 
temperature, salinity, pH, 
sunlight and predation 

Survival in sediments NM Temperature dependent 
survival rate, albeit set to 
zero 

Unknown NM Dynamic survival – 
temperature, salinity, pH 
and predation 

Settling Only attached fraction of 
bacteria – const. sett. vel. 

Only attached fraction of 
bacteria – Stokes sett. vel. 

Unknown Only attached fraction of 
bacteria – const. sett. vel. 

Both free and attached 
fraction 

Resuspension NM Only attached fraction of 
bacteria 

Unknown NM Both free and attached 
fraction 

Data availability Monthly samples Monthly samples at several 
points along the estuary.  

Not clear – around 30 data 
points presented 

Poor, two days of 
monitoring 

Poor – few days of 
observations with low 
temporal resolution 

Sensitivity testing Conducted Conducted Conducted Conducted N/A 

Efficiency (how well the 
model worked?) 

NME NME Root Mean Square Error 
(RMSE), Relative RMSE and 
Mean Absolute Error 

Root Mean Square Error 
(RMSE), Relative RMSE and 
Mean Absolute Error 

N/A 

* NM – not modelled; NC – not conducted; NME – no measure of efficiency only visual assessment (i.e. graphs); APE – average percentage error 
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Salomon and Pommepuy (1990) proposed one of the first estuarine models of faecal pollution. They 

developed a coupled 2D/1D model of bacterial contamination of the Morlaix estuary, France. The 

upper part of the estuary was modelled using a 1D model and the lower part using 2D depth averaged 

model. Three dimensional hydrodynamic model was discarded due to complexity and financial costs. 

Yet it was shown that the hydrodynamic model had problems with reproducing salinity particularly in 

the upper estuary which was clearly stratified and where the 1D model was applied. Therefore, the 

application of this model in salt-wedge estuaries is inappropriate. WWTP effluent was the only input 

taken into account, and modelling of other inputs was not attempted. The microbial model was 

comprised of an advection-dispersion equation and a simple first order decay function, where survival 

rate was a constant which, as explained in Section 2.7.2, is not suitable for microorganism prediction 

in urban estuaries. Furthermore, modelling of any of the processes related to bacteria-sediment 

interaction was not conducted (i.e. association with particles, sedimentation and resuspension were 

not represented by the model). These processes should not be omitted from the model, considering 

their importance (see Sections 2.6.2 and 2.6.4). Data availability was poor and consisted of just 8 daily 

measurements at 10 surface points along the estuary which was not enough for the development of 

an appropriate process-based microorganism model or for appropriate calibration and validation. 

Furthermore, no sensitivity testing was conducted at all, meaning that it is not known which 

parameters (i.e. processes they represent) are important. Furthermore, size of the dataset used is not 

appropriate for proper sensitivity testing of the model. Overall, this model does not satisfy any of the 

requirements identified above. 

Kashefipour et al. (2002) conducted a modelling study of faecal coliforms in the Ribble estuary, Great 

Britain, using a coupled 2D(depth averaged)/1D modelling approach similar to Salomon and 

Pommepuy (1990). Similar to the previous model, the application of this model is not adequate for use 

in vertically stratified estuaries. It is noted that 34 inputs of faecal pollution to the estuary were 

identified including WWTP effluent, upstream inputs from three rivers and several creeks and CSOs. 

However, it is not clear how these inputs were taken into account, i.e. it is unknown whether these 

inputs were modelled or considered in some other way. The survival of faecal coliforms in the water 

column was not modelled dynamically, although different constant die-off rates were used for coastal 

and riverine waters, for day or night and for wet and dry weather conditions. This is an advancement 

compared to the model developed by Salomon and Pommepuy (1990) but still does not match the 

requirements described in Section 2.7.2 for dynamic survival rate modelling. Sediment-bacteria 

interaction was not modelled, and it was shown previously that this is hypothesised to be an important 

process. Data for calibrating and validating the model consisted of six daily surveys at four points along 
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the estuary, and the temporal resolution of the dataset was unclear. The size of the dataset was too 

small for proper calibration and validation of this model. Sensitivity testing was not conducted.  

Garcia-Armisen et al. (2006) conducted a faecal coliform modelling study on the Seine River estuary, 

France, and proposed a new model for faecal coliforms (FC-SiAM-3D). The microbial model was 

coupled with a three-dimensional hydrodynamic model (SiAM-3D) which was able to simulate tides, 

currents, suspended matter concentrations and salinity within the estuary. However, data available 

for calibration consisted of samples taken just below the surface, thus modelling results were only 

presented for the surface layer. In this modelling study, inputs of faecal contamination (river upstream, 

tributaries along the estuary and WWTP effluent) were modelled using simple linear regressions. As 

such, this is the first model that actually describes how inputs are taken into account. The microbial 

model simulated processes of bacterial mortality and sedimentation, where a differentiation between 

free living and attached coliforms was made by using a constant coefficient for describing the attached 

fraction. This constant coefficient was derived from experiments. Sedimentation was simulated for the 

attached fraction only. Subsequently, the difference in mortality rates was calculated based on 

experiments which showed that the mortality rate of free living bacteria was twice the mortality rate 

of the attached fraction. However, survival was modelled using constant mortality rates (i.e. they did 

not vary with water column physical or chemical parameters). Interestingly, even though a significant 

amount of attention was devoted to modelling the sedimentation process, resuspension was not 

modelled. This is a drawback of the model considering the importance of this process (see Section 

2.6.4). Similarly to the microorganism models described above, sensitivity analysis was not conducted 

in this study. 

de Brauwere et al. (2011) developed a new model for simulating E. coli in estuaries, SLIM-EC and tested 

it on the Scheldt estuary, Belgium. This is a coupled 2D (depth-averaged)/1D model and bacteria was 

modelled as a single type of reactive tracer. As stated before, 2D depth averaged models cannot 

account for vertical stratification found in salt wedge estuaries, and therefore its application to the 

Yarra estuary is inappropriate. WWTP effluent and the upstream river were two inputs considered in 

this model. Both inputs delivered constant loads of microorganisms calculated based on field 

measurements (i.e. they did not vary with wet or dry weather conditions). Two processes were 

included in the model, namely temperature impact on survival of E. coli and sedimentation through a 

constant settling velocity. The impact of solar radiation on survival was omitted because of high 

turbidity. It must be noted the model did not consider impact of other environmental factors on 

microbial survival (primarily salinity) which is unacceptable for microorganism models in estuarine 

environments. No modelling of the resuspension of sediments was attempted, similar to the previously 
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discussed models. Datasets for validating the model were rather scarce, consisting of two longitudinal 

profiles with 9 points, collected during a two day cruise along the estuary and 16 monthly samples. 

The necessary observations and boundary conditions were not available to evaluate model’s 

performance at high temporal resolution. de Brauwere et al. (2011) state that their model is not fit for 

“point predictions” at a precise time and location, which on the other hand is exactly what is required 

from a microbial model used for assessing public health risks in urban estuaries. However, this is the 

first modelling study that conducted sensitivity analysis of the developed model by removing one 

process/forcing at a time in order to determine what processes are important in controlling long term 

median concentrations and variability. 

Subsequently, de Brauwere et al. (2014a) published an improved version of the SLIM-EC model called 

SLIM-EC2. As shown in the Table 2 - 6, there are considerable improvements in comparison with the 

previous version of the model which include:  

1) Coupling of the estuarine model with the upstream catchment microorganism model 

SENEQUE-EC (Ouattara et al., 2013) which provided upstream boundary conditions SLIM-EC2. 

2) Division of the E. coli pool into three fractions, free floating, attached to the suspended 

sediments and those present in the bed sediments, with their own transport, survival and 

settling/resuspension dynamics. 

While coupling with the catchment model provided an improvement in boundary condition 

characterisation, the catchment model only produced outputs with a 10 day time step. Consequently, 

catchment inputs were linearly interpolated to 15 min values to provide boundary conditions for SLIM-

EC2. As such, the model still does not meet the temporal resolution criterion. Indeed, de Brauwere et 

al. (2014a) asserts, these boundary conditions are not highly resolved in time and hence will not 

represent extreme conditions, which is needed for recreational risk assessment. The die-off of the 

microbes was modelled in the same way as in the previous model (as a function of temperature only), 

although the three E. coli fractions did have different mortality constants. For example, the die-off rate 

of attached E. coli was half of free E. coli and the die-off constant of the sediment E. coli was set to 

zero (i.e. effectively no die-off in sediments). Settling and resuspension was enabled only for attached 

microbes, where the sediment microbial store could be depleted in case of prolonged resuspension. 

This improvement reflects well the knowledge about microbial sediment dynamics outlined in Section 

2.6. The resolution of the validation dataset was not appropriate for high temporal assessment of the 

model’s performance, nor could the model reproduce such dynamics due to the coarse resolution of 

boundary conditions, as indicated previously. Therefore, the model’s ability to represent monthly and 

seasonal variation was assessed. Similar to the previous study, the sensitivity analysis was conducted 
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to explore the effects of model inputs/processes on model results. It was found that 

resuspension/settling impacted the predicted concentrations and concluded that these processes 

should be explicitly represented in the model. Furthermore, it was also found that the model was 

sensitive to estimated values of die-off rates, particularly for the free fraction of E. coli. 

Gao et al. (2011b) particularly focused efforts on appropriate modelling of sediment-bacteria 

interaction processes in the Severn estuary, Great Britain. They used a coupled 2D/1D hydrodynamic 

model with sediment transport model. Similar to the above 2D/1D models, this approach in not 

suitable for salt wedge estuaries. Model inputs were effluents from 34 WWTPs and river discharges 

from 29 rivers, although it is not described how these inputs were taken into account. Furthermore, 

other identified inputs in the requirements section (see Section 2.7.2) were not considered. Different 

decay rates for the water column and sediments were incorporated, where decay in the water column 

was modelled as a function of solar radiation and turbidity only. The impact of salinity on the survival 

of microorganisms was neglected, yet it was shown previously that it can have a significant influence 

on the survival of enteric microorganisms. Differentiation between free-living and attached bacteria 

was made by using partitioning coefficients where the local equilibrium is assumed to be reached 

instantly, i.e. that the adsorption/desorption process is fast. It is not clear from the paper what was 

the spatial and temporal resolution of the dataset used (only comparison against 15 data points is 

presented) and sensitivity analysis was not conduced, possibly due to the low resolution dataset. 

Gao et al. (2015) more recently published another modelling study on the same estuary Kashefipour 

et al. (2002) published previously, the Ribble estuary, Great Britain. As indicated by the author, the 

model applied was the same one described above (i.e. 2D/1D model), although there was no 

information on values of parameters applied. One notable difference was the parametrisation of 

microbial decay in water as a function of temperature, salinity and solar radiation. 31 inputs delivered 

faecal microbes in the model domain including 3 rivers, WWTP discharges and CSOs. No detailed 

information was given on how these inputs were taken into account except that measured data was 

used. Although limited data were presented for model testing (i.e. around 30 data points), unlike 

previous studies, model fit parameters were calculated and presented (including: Root Mean Square 

Error - RMSE, Relative RMSE and Absolute Mean Error – AME). Furthermore, sensitivity analysis was 

conducted to assess the effect of different input data (i.e. boundary conditions). 

Liu and Huang (2012) made an effort to model faecal coliform dynamics in an estuary in Taiwan. The 

approach was similar to de Brauwere et al. (2011), although they used a laterally averaged (along cross 

section) two-dimensional model. This approach might be appropriate for very narrow highly stratified 

estuaries and may allow proper simulation of bed resuspension, because space is discretised vertically; 
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however, this type of modelling implicitly assumes that lateral inputs are instantly mixed across the 

width of cross-section and indeed cannot be applied to estuaries where any lateral variability exists. 

Inputs of faecal microorganisms were three river boundaries upstream; E. coli levels at these inputs 

were modelled as power functions of the flow rate in the river. For the first time, an input on the 

downstream boundary (at the estuary mouth) was included in the model, and was estimated using 

measured data and kept constant during the simulation. No other inputs identified in Section 2.7.2 

were modelled. Survival of faecal coliforms was a function of temperature only, and the process of 

sedimentation was included in the die-off rate coefficient, but only for the fraction of faecal coliforms 

attached to sediment particles. Resuspension was not included in the model. Datasets used for faecal 

coliform model testing were scarce, consisting of monthly microorganism concentration values. As 

such, proper testing and validation was not possible. Although sensitivity analysis was conducted, it is 

not very robust considering the size of the available dataset. However, analysis showed that die-off 

rates play an important role in determining bacterial concentrations in a tidal estuary. 

Liu et al. (2015) published another study on faecal microorganism modelling in the same estuary, the 

Danshuei estuary, Taiwan. The microorganism model presented is identical to the one published 

previously, but it was coupled to a 3-dimensional hydrodynamic model. This is only the second 

modelling study that applied full 3D modelling. Unlike the modelled riverine inputs previously, 

constant E. coli concentrations were applied to characterise the inputs in this study. A different dataset 

was used to assess the model performance, which consisted of single E. coli measurements at 

approximately 15 stations along the estuarine system. Furthermore, Liu et al. (2015) assessed model 

performance by calculating the same model fit parameters that Gao et al. (2015) used to assess their 

model (i.e. Root Mean Square Error - RMSE, Relative RMSE and Absolute Mean Error – AME). It remains 

unclear why the authors applied 3-dimensional model for simulating the microbial dynamics when the 

estuary is well mixed and no data was presented to support proper testing and application of full 

spatial dimensionality. 

Hipsey et al. (2008) developed a generic model of microbial dynamics in aquatic systems which can 

simulate protozoan, bacterial and viral microorganisms, and both pathogens and indicators. However, 

little evidence has been reported in the literature to demonstrate all of these applications. This model 

is developed using a 3D approach and hence is suitable for modelling highly stratified estuaries. In 

comparison to previously described estuarine microorganism models, this model includes dynamic 

survival in both water column and sediments. This is the only model in the literature that actually 

represents the influences of all environmental factors identified in Section 2.7.2. However, at times 

the model seems over parameterized. For instance, sun light inactivation has been divided into 
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inactivation by separate band widths. Although, it was shown that separate bandwidths of solar 

radiation affect microorganisms to different extent, it might not be necessary to parameterize this 

effect. Furthermore, even the author states that for many of the parameters, insufficient data exist for 

accurate estimation of the parameter values. Sediment-microorganism interaction has been taken into 

account through settling and resuspension of both free and attached microorganisms. The model was 

tested in three fresh water environments (lakes) with two event based simulations and one long term 

simulation of 1 year. However all were done with scarce datasets, and none on estuarine environments. 

Therefore, it is unknown how this model would perform in salt-wedge estuaries.  Furthermore, not all 

of the model’s structure was tested; indeed, the salinity and the pH components of the survival in 

water column were neglected in all applications of this model. Sensitivity analysis of the model has not 

been conducted. There is no doubt that much of this model’s structure can be implemented for 

microorganism modelling in urban estuaries. But, as highlighted above, there are still some notable 

deficiencies including that the highly complex nature of this model requires a large dataset for proper 

calibration and validation, and sensitivity testing. 

Conclusions. As showed above, there have been a number of attempts to model faecal microorganism 

dynamics in estuarine environment. However, all developed models fail on some of the modelling 

requirements described in Section 2.7.2: 

1) All models except two use 2D/1D coupled hydrodynamic models. 2D depth averaged and 1D 

model are not suitable for vertically stratified environments such as salt wedge estuaries. 

Additionally, 2D laterally averaged models may account for vertical stratification but it is not 

appropriate for simulating inputs entering along the estuary. 3D hydrodynamics was only used 

in two studies, but there was no clear reason why this was done, as the calibration dataset 

only contained values from the top of the water column.  

2) In terms of inputs of faecal contamination, none of the existing models appropriately 

characterise the input dynamics (see Section 2.7.2). In fact, inputs are mostly simulated as 

constant fluxes of microbial loads into the model and only a couple of studies applied simple 

single variable regression models. Nevertheless, in one study, proper coupling with the 

upstream catchment model was presented, even though the temporal resolution of catchment 

model outputs was low (i.e. 10-day time step) and inappropriate for comprehensive analysis 

of microorganism dynamics in urban estuaries. Additionally, inputs from the downstream 

boundary (i.e. water that comes upstream with the tide) was only modelled in one study. 

Therefore, currently there is no holistic model that includes accurate characterisation of the 

inputs that are likely to be driving forces of microbial levels in urban estuaries (Daly et al., 
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2013). It is hypothesised that without proper modelling of inputs, it is not possible to predict 

microorganism levels in an estuary.  

3) The survival of faecal microorganisms in the water column was mostly modelled using a 

constant die-off rate. Some studies made an effort to include dependence of the survival rate 

on temperature, turbidity and solar radiation, but none of the models attempted a truly 

dynamic model of survival including all important environmental factors and their interactions. 

Furthermore, only two studies included survival of microorganism in bed sediments, one 

through a constant survival rate and the other through temperature dependant survival. The 

generic microorganism model developed by Hipsey et al. (2008) included all of the 

environmental factors identified in Section 2.7.2 into a truly dynamic representation of the 

survival of microorganisms. Some of the model’s structure seems unnecessary complex, with 

many parameters which would be difficult to estimate because of the paucity of data. 

Furthermore, the model structure has not been tested on an estuarine system and therefore 

it is not clear how it would perform. Nevertheless, many of the proposed parameterisations 

could be used for microorganism modelling in urban estuaries. 

4) Some of the models include sedimentation of faecal microorganisms but only two included 

resuspension of bed sediments and attached microorganisms. Again, both settling and 

resuspension were taken into account in the generic microorganism model  by Hipsey et al. 

(2008).  

5) In some modelling studies (de Brauwere et al., 2011; Gao et al., 2011b; Liu and Huang, 2012; 

de Brauwere et al., 2014a; Gao et al., 2015; Liu et al., 2015), datasets of microbial 

concentrations were rather scarce, i.e. sampling was not conducted in appropriate temporal 

and spatial resolution. In other studies (Salomon and Pommepuy, 1990; Kashefipour et al., 

2002), authors have made effort to observe the modelled system with the higher resolution 

but on the other side, this was done for an insufficient period of time with too few data points 

(i.e. there was only couple of days of hourly monitoring for a modelling period of a year or 

longer). Hence, it is very likely that a small range of possible states of the system were observed. 

Therefore, developed models were not tested properly. Furthermore, most of the authors 

assessed their model’s performance visually, and no numerical measure of efficiency is 

reported (i.e. RMSE, AME, R2, E – Nash-Sutcliffe efficiency etc.), hence it hard to assess how 

well the models performed. Additionally, sensitivity analysis of the models was conducted in 

six modelling studies (de Brauwere et al., 2011; Gao et al., 2011b; Liu and Huang, 2012; de 

Brauwere et al., 2014a; Gao et al., 2015; Liu et al., 2015). However, since the scarcity of data 

(i.e. monthly samples) sensitivity analysis was not robust and hence conclusions are not firm. 
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The above discussions indicate that there is the need for a new coupled hydrodynamic-microorganism 

model for urban estuaries; one which includes all model requirements outlined in Section 2.7.2, and 

one which balances the complexity of the model with the amount of data available for accurate 

estimation of the model parameters.  Sensitivity testing of such a model could then be applied, to help 

in the identification of key processes in urban estuaries. 

 

2.8 Conclusions from the literature review 

Microorganism dynamics in urban estuaries is very complex. It is influenced by a myriad of microbial 

inputs such as rivers and creeks, stormwater, wastewater and emergency release structures, wildlife 

deposition etc. Furthermore, once microorganisms are in the estuarine environment, their dynamics 

is led by a number of processes related to the survival of microorganisms in the water column and 

sediments, and microorganisms’ interaction with sediments (i.e. attachment and 

settling/resuspension) which are all influenced by complex estuarine hydrodynamics. Therefore, 

modelling of microbial dynamics within the estuary requires a holistic approach that will take into 

account all of the various important factors.  

Predictive microorganism models for estuaries have been developed previously, however it was 

concluded that none of these models satisfied all the requirements of an appropriate holistic estuarine 

microorganism model.  Therefore, there is need for the development of a new coupled hydrodynamic-

microorganism model. Furthermore, existing models have been tested with scarce datasets, hence the 

true performance of these models are not known, and conclusions drawn from such models are not 

robust. As such, there is need for extensive field studies in order to collect sufficient amounts of data 

for better understanding estuarine microbial dynamics as well as proper calibration and testing of the 

coupled hydrodynamic-microorganism model.  

 

2.9 Research aims and objectives 

The overall aim of this research project is to develop a coupled estuarine hydrodynamic-microbial 

model, using the Yarra River estuary as a case study. The Yarra River is a microtidal, salt-wedge 

estuary located in the City of Melbourne, Australia. As shown in the literature review, currently there 

is no appropriate estuarine microorganism model that includes all of the important processes. 

Furthermore, modelling of microbial inputs, which are shown to be the driving forces of microbial 

dynamics, has not been conducted in most of the studies. Without this, it is not possible to really 
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understand the microbial dynamics within the estuary, and not possible for industry to understand the 

important inputs of faecal contamination which require mitigation. Additionally, none of the models 

have been tested properly due to data deficiencies. As such, development of a new estuarine 

hydrodynamic-microorganism model is necessary.  

The following outlines the main research questions and hypotheses in this research: 

1) What are the most important inputs of faecal microorganisms in an urban estuary?  

It is hypothesised that main inputs of faecal microorganisms are (in order of highest to 

lowest): 

a. Yarra River upstream of Dights Falls – Yarra River upstream of Dights Falls is a 

significant input of E. coli both during dry and wet weather with respect to other 

sources (e.g. stormwater) and will be the most important in determining overall levels 

of microorganism in the estuary.  

b. Urban stormwater – is likely an important contributor to the E. coli levels in the estuary 

during wet weather, while during dry weather its impact may not be influential on 

overall levels of E. coli; hence its effect on E. coli levels is hypothesised to be noticeable 

locally in the area of drain outlet. 

c. Bed and bank sediment stores of faecal microorganisms – it has been reported in 

literature previously and it is hypothesised that sediment bacterial storage may have 

substantial influence on microbial levels in the estuary, particularly during wet 

weather when it is likely that significant resuspension will occur due to higher flow 

velocities. 

 

2) What are the most important processes (including transport pathways) of faecal 

microorganisms in an urban estuary?  

It is hypothesised that the main processes affecting the levels of faecal microorganisms in the 

Yarra River estuary are: 

a. Die-off/Survival in the water column – it is hypothesized that die-off will be variable in 

different areas of the estuary. In the top most layer of the estuary, die-off is influenced 

mostly by solar radiation and temperature, while at bottom, salt wedge dynamics may 
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be the leading cause of microbial die-off. Die-off is hypothesized to be a significant 

sink during dry weather conditions, but is expected to have very limited impact on 

microorganism levels during wet weather conditions, when the microorganism levels 

are expected to be dominated by inputs and processes such as resuspension of 

sediments. 

b. Settling and subsequent resuspension is hypothesised to be dependent on 

microorganism characteristics, particle association, water velocity and turbulence, 

tidal fluctuation and salt wedge movement. It is hypothesised that deposition will 

occur only within estuarine areas when velocities are low (i.e. during dry weather), 

leading to a possible sink term. Conversely, it is hypothesised that resuspension will 

cause significant increase in microorganism concentrations especially during wet 

weather. During dry weather, resuspension of banks due to tidal action and wind may 

occur.   

c. Transport of microbes throughout the estuary – it is hypothesised that estuarine 

hydrodynamics will be main factor in explaining spatial and temporal variability of E. 

coli.  

 

3) What are the most appropriate methods to model microbial dynamics in salt-wedge 

estuaries? What complexity is required? 

It is hypothesised that due to the complexity of microbial processes in salt wedge estuaries 

and to fully cover the spatial extent of the environment, a discretised 3D process-based model 

is required. However, for modelling the surface layer, which poses the greatest risk to public 

health, it is hypothesised that application of a simpler conceptual model might be possible. 

The literature review showed that there have not been attempts to conduct modelling of the 

microbial dynamics in narrow estuaries using simplified conceptual approaches. 

4) What are the essential input data that need to be measured accurately in order to predict 

the parameters required for modelling faecal microorganisms in urban estuaries? 

It is hypothesised that transport, mixing and sediment resuspension/settling within the 

estuary is important for accurate prediction of E. coli concentrations. These processes are 

intrinsically associated with flow velocity. Furthermore, accurate prediction of salinity and 
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temperature distribution within the estuary is also linked with velocity trough mixing and these 

are hypothesised to be main environmental factors governing the die-off of E. coli. Therefore, 

it is essential that velocity fields are accurately predicted. It is hypothesised that the following 

inputs are important for the accurate velocity prediction (from higher to lower importance):  

a. Yarra River, Gardiners Creek and stormwater flow rates for both surface and 

bottom velocity prediction. 

b. Accurate bathymetry data, particularly for bottom velocity prediction. 

c. Wind data, particularly for the surface velocity prediction.  
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3.1 Introduction 

As indicated in the literature review (Chapter 2), one of the main issues with the existing 

hydrodynamic-microorganism models is the lack of proper testing of the models due to limited data 

availability. This constrains the appropriate performance testing of these models and may limit their 

application. As such, there is pressing need for extensive field studies in order to collect sufficient data 

for better understanding of the estuarine microbial dynamics, as well as proper calibration and testing 

of the coupled hydrodynamic-microorganism model. Therefore, data collection represented a 

significant part of this research project. 

This chapter focuses on the monitoring program developed to collect the necessary data. The data 

included water level and flow measurements, E. coli concentration and other water quality 

measurements. The chapter begins with a description of monitoring sites (Section 3.2), then the 

sampling regime and laboratory assays are described (Section 3.3) and finally, brief mention of 

externally-sourced data is made (Section 3.4).  
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3.2 Establishment of monitoring sites 

A thorough field monitoring campaign was established to collect hydrologic, hydraulic and water 

quality data from the Yarra River estuary; such data is necessary for the development and testing of a 

coupled hydrodynamic-microorganism model.  For this research project, five monitoring sites have 

been carefully selected and established by Monash University (Figure 3 - 1).  

 

 

Figure 3 - 1 Monitoring sites/stations within the Yarra River and estuary catchments  

 

Estuarine monitoring stations.Two sites were located within the Yarra River estuary: Abbotsford (ABB) 

at the very upstream of the estuarine section of the Yarra River (which was selected to represent the 

region with little influence from the salt-wedge, but still impacted by tidal changes) and Morell Bridge 

(MOR), located in the downstream part of the estuary (selected to represent an area highly impacted 

by the salt-wedge). The sites became fully operational in October 2012. Both sites were equipped with 

refrigerated automated samplers (Hach SD900) for the collection of water samples.  The water intake 

to the auto-sampler at Abbotsford was fixed at approximately 40 cm above the estuary bed, while at 

Morell Bridge, the intake was attached to a flotation device and samples were taken from 10 cm depth 

(from the water surface) regardless of the tidal stage. This was predominately fresh water and 

considered to pose the higher risk to recreational users. Both sites had continuous measurements of 
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electrical conductivity (EC) and temperature (T) at the position of water intake, while Morell Bridge 

had continuous measurements of EC and T near the estuarine bed.  

The Abbotsford site was equipped with a depth probe for measuring water depth, while the Morell 

Bridge site was equipped with two Acoustic Doppler Current Profilers (ADCPs) for measuring velocity 

components in all three directions (i.e. x, y and z directions) at 1 min interval.  One ADCP was positioned 

in the shallower part of the cross section (shallow ADCP), closer to the auto sampler intake pipe, while 

the other was positioned in the deepest part of the cross section (deep ADCP). Both ADCPs functioned 

similarly. The water column was vertically divided into layers (cells) of user-specified thicknesses where 

in each layer all three velocity components were measured, hence a depth velocity profile can be 

derived. For the shallow ADCP the cell thickness was 0.5 m and for the deep ADCP the cell thickness 

was 0.7 m). Additionally, both ADCPs had a surface dynamic measurement cell. The thickness of this 

cell was also user-specified but the position of the cell dynamically adjusted to the water level (by using 

the in-build pressure sensor) so that it measured all three components of the velocity at the top of the 

water column. The thickness of surface dynamic cell was 0.5 m for shallow ADCP and 1.0 m for deep 

ADCP.  

 

 

 

 

 

 

 

 

Figure 3 - 2 Left – Abbotsford monitoring site – sample intake point below the bank; Top right - Morell Bridge monitoring site 
(sample intake and top EC/T measurements point is at the end of the fishing pier); Bottom right – sampling stations setup. 

 

Input monitoring stations. The Dights Falls (DF) site (Figure 3 - 1 and Figure 3 - 3) has been established 

for monitoring the upstream river inputs (i.e. the Yarra River just before it enters the estuary). This site 
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is located at the weir which physically divides the estuarine and riverine sections of the Yarra River. 

The site is equipped with a non-refrigerated automated sampler and an EC/T probe. However, this site 

was established much later than the two estuarine monitoring sites, in September 2013, and was used 

continually until the end of sampling campaigns in August 2014. 

 

   

Figure 3 - 3 Dights Falls monitoring site.  

 

Two other sites were established for monitoring the urban stormwater inputs into the estuary, namely 

Gardiners Creek (GAR) and the two main drains at Hawthorn (HMDs; Figure 3 - 1 and Figure 3 - 4). 

Hawthorn main drains are some of the biggest stormwater drains discharging directly into the estuary, 

while Gardiners creek is the largest source of water other than the Yarra River upstream of Dights Falls. 

Each of the stormwater monitoring sites (GAR, HMD east and HMD west) were equipped with non-

refrigerated automated samplers, EC/T sensors and depth/velocity probes.  
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Figure 3 - 4 Top - Gardiners creek - sample intake point (left) and sampling station setup (right); Bottom – Hawthorn main 
drain west – sample intake point (left) and sampling station setup (right). 

 

3.3 Sampling regime and laboratory assays 

Sampling was conducted from November 2012 to August 2014 during both dry and wet weather 

periods.   

Dry weather conditions. Automated samplers at all sites were started manually and time-based 

sampling was conducted (i.e. samples were taken using regular time intervals). The aim of the dry 

weather monitoring was to capture the background microorganism concentrations in the stormwater 

and riverine inputs and in the estuary when there are no wet weather events. As such, there was no 

need for flow-based sampling, typically applied when event characteristics need to be estimated (i.e. 

event mean concentrations, event loads etc.).  The initial sampling time-interval was 1 hour at all sites 

(i.e. 1 L sample taken once every hour). At the Abbotsford site however, this was changed due to 

technical issues with the auto-sampler (i.e. pump failure occurring frequently due to a large pump 

head). As such, at the Abbotsford site the sampling time-interval was changed to 15 minutes (i.e. 1 L 

sample consisted of four samples from four different time points - 250 mL taken every 15 minutes). 

This change in sampling time-interval also helped achieve a better representation of the background 

levels over one hour. For monitoring consistency, the sampling interval was also changed at Morell 
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Bridge.  Occasionally, due to logistical constraints, it was not possible to take samples from all sites 

during all monitoring campaigns, and as such sometimes daily (or more regular) grab samples were 

only taken.   

Wet weather conditions. Automated samplers in the estuarine stations (Morell Bridge and Abbotsford) 

were triggered remotely (using telemetry). The samplers were triggered when the average rainfall in 

the urban part of the Yarra River catchment was over 1 mm per hour. The rainfall data was obtained 

from weather radar observations for Melbourne, retrieved in real-time from the Bureau of 

Meteorology website (http://www.bom.gov.au/products/IDR024.loop.shtml#skip). The sampling 

continued over the wet weather event and for two days after the wet weather event (i.e. two dry 

weather days) in order to capture the return of the estuarine microorganism concentrations to its base 

levels.  While flow-based sampling is preferable during wet-weather, time-based sampling was applied 

at Morell Bridge and Abbotsford for the following reasons: 1) calculating volumes in estuarine 

environments is very difficult and involves a high level of uncertainty because of bi-directional water 

movement and, 2) the model testing will involve prediction of instantaneous microbial concentration 

and as such, event characteristics such as event mean concentrations are not needed. For the input 

monitoring stations (i.e. stormwater sites and the Dights Falls site), the automated samplers were 

triggered by a change in flow rate. Up to 24 x 1 L samples were then taken according to flow-weighted 

intervals. Similarly to dry weather, if automated samplers were not used, grab samples were taken at 

least once each day of monitoring.  

Sample assay. All collected samples were transported to the Environmental and Public Health 

Microbiology (EPHM) laboratory at Monash University in coolers on ice and analysed using Colilert 

method (IDEXX Laboratories, 2013) within 24h of collection. As shown previously, auto-samplers at 

Dights Falls, Gardiners Creek and Hawthorn main drains were not refrigerated. Considering the 

importance of the temperature effect on survival of microorganism (McFeters and Stuart, 1972; 

McCambridge and McMeekin, 1980; Barcina et al., 1986) there was some concern whether the storage 

time in unrefrigerated samplers will have impact on the measured E. coli levels at these sites. However, 

McCarthy et al. (2008) conducted a thorough analysis of uncertainty of E. coli levels in stormwater 

including storage uncertainty, and showed that storage time up to 24h in unrefrigerated conditions 

was not a significant factor in explaining variability in E. coli.  

The Colilert method allowed for detection of E. coli from only 1 Most Probable Number (MPN)/100mL 

up to 2,400 MPN/100mL. As such, suitable dilution rates are normally required in order to detect levels 

higher than 2,400 MPN/100mL. The optimum dilution rates were determined using trial and error.  On 

most occasions a 1 in 10 dilution was suitable for Dights Falls, Abbotsford and Morell Bridge sites, while 
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stormwater typically required a 1 in 100 dilution to ensure an optimal detection range. However, 

sometimes E. coli levels were outside the detection range and these samples were reported to have 

qualitative values only (i.e. ‘greater than’ or ‘less than’ based on the dilution used and the 

concentration of the sample). Since it is impractical to use these values for calibrating and testing a 

water quality model, it was decided that these points are to be neglected during the testing of the 

microorganism model.  

Collected water samples. In total, slightly over six thousand water samples were collected and 

analysed for E. coli (Table 3 - 1). More than half of the samples (around 3500) was collected from the 

Yarra River estuary (i.e. Abbotsford and Morell Bridge). 914 samples were collected from the Yarra 

River just before it enters the estuary over Dights Falls. And the rest of the samples (just slightly under 

1700) were collected from the urban inputs to the Yarra River estuary (i.e. Gardiners Creek and 

Hawthorn Main Drains). Based on rainfall measurements around the Yarra River catchment, the data 

were divided into wet and dry weather periods. Samples from the Yarra River (i.e. Dights Falls, 

Abbotsford and Morell Bridge) were considered wet weather samples if the cumulative rainfall over 

the proceeding 24 hours was greater than 1 mm in the lower part of the estuarine catchment 

(urbanised part of the catchment), or if the cumulative rainfall over the proceeding 72 hours 

(estimated time of concentration for the upper Yarra River catchment) was greater than 3 mm in the 

upstream rural parts of the catchment. Samples from the urbanised inputs (i.e. Gardiners Creek, 

Hawthorn Main Drain east and west) were categorised as wet weather samples if the rainfall was 

greater than 1 mm in their respective catchments.  Around one third of samples was collected in dry 

weather conditions while two thirds of samples were wet weather samples (Table 3 - 1)  

 

Table 3 - 1 Number of collected and analysed water samples in total, wet and dry weather conditions.  

 Number of samples collected 
 Total Wet weather Dry weather 

Dights Falls 914 (100%) 701 (77%) 213 (23%) 
Abbotsford 1679 (100%) 1195 (71%) 484 (29%) 
Morell Bridge 1777 (100%) 1281 (72%) 496 (28%) 
Gardiners Creek 869 (100%) 464 (53%) 405 (47%) 
Hawthorn Main Drain (HMD) west 343 (100%) 299 (87%) 44 (13%) 
Hawthorn Main Drain (HMD) east 477 (100%) 211 (44%) 266 (56%) 

TOTAL 6059 (100%) 4151 (68%) 1908 (32%) 
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3.4 Other available datasets 

Additional hydrologic data was obtained from the Melbourne Water Corporation. Data included: (1) 

water level measurements within the estuary at Abbotsford, Hawthorn, Burnley and South Bank, (2) 

Yarra River flow rate measurements at Kew (Figure 3 - 1) and (3) rainfall data from 18 rainfall gauges 

within the Yarra River catchment, all in 6 minute time-steps, which were used for dividing the data into 

wet and dry weather periods and (4) air temperature in 6 minute time-steps and solar radiation data 

in 1 minute time-steps were obtained from Australian Bureau of Meteorology. 
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4.1 Introduction 

As indicated in the literature review (Chapter 2), one of the main issues with the existing 

hydrodynamic-microorganism models is the lack of proper testing of the models due to limited data 

availability, which constrains the appropriate performance testing of these models and may limit their 

application. As such, there is a pressing need for extensive field studies in order to collect sufficient 

amounts of data for better understanding of the estuarine microbial dynamics and proper calibration 

and testing of the coupled hydrodynamic-microorganism model. Therefore, data collection is a 

significant part of this research project. 

This chapter focuses on addressing (in whole or in part) the following key research questions and 

hypotheses through exploring the estuarine hydrodynamics and E. coli dynamics of by analysing the 

large dataset collected during this project. We hypothesised that the most important inputs of faecal 

microorganisms to the Yarra River estuary are the Yarra River, urban stormwater and microbes stored 

in the bed and bank sediments (Section 2.9, Chapter 2 – Literature Review). In this chapter, we 

specifically focus on testing the hypothesis about the bed and bank sediments as an input of faecal 

microorganisms. Furthermore, we hypothesised that the main processes influencing the levels of 

faecal microorganisms are: die-off in the water column, settling and resuspension to/from bed and 

bank sediments, and transport of the microorganism throughout the estuary. We also tested this 

hypothesis in this chapter by analysing the collected data. 

The chapter is comprised of three main parts. Section 4.2 is an exploration of estuarine hydrodynamics 

and E. coli levels in the Yarra River estuary using measured data. Section 4.3 discusses the links 

between tides (i.e. tidal water levels and currents) and E. coli levels in the Yarra River estuary and is 

presented in the form of a published journal paper (“Tidal fluctuations influence E. coli concentrations 

in urban estuaries”, in Marine Pollution Bulletin, 2017, VOL 119(1), pp. 226-230). The final part (Section 

4.4) explores the vertical, lateral and longitudinal variability of E. coli within the Yarra River estuary by 

analysing the large dataset of depth profiles collected during this research project. This section is 

presented as an accepted journal paper (“Spatial variability of E. coli in an urban estuary”, Marine 

Pollution Bulletin, 2017, VOL 114(1), pp. 114-122). The chapter finishes with a discussion that 

integrates the findings of this chapter with the broader aims and objectives of this thesis (Section 4.1).  
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4.2 Estuarine hydrodynamics and E. coli dynamics 

4.2.1 Introduction 

The aim of this section is to highlight the dynamics of salt-wedge estuaries, and to highlight some of 

the factors which could be important for modelling E. coli in these complex systems. This was done by 

analysing the dataset collected during the monitoring program and the data obtained from other 

sources described in Chapter 3. An overview of the estuarine hydrodynamics and the physical water 

properties during both dry and wet weather flow periods is given in Section 4.2.3, followed by an 

overview of the levels of E. coli found during the monitoring campaign along with a discussion of the 

plausible links with hydrologic and environmental parameters in Section 4.2.4.  

 

4.2.2 Methods 

Pair-wise comparisons between the sites and comparisons between dry and wet weather samples at 

each site were performed using the Wilcoxon rank-sum test. This statistical test is a two-sided rank-

sum test of the null hypothesis that two samples are independent samples from identical continuous 

distributions with equal medians, against the alternative that they do not have equal medians (Zar, 

1999). The data were divided into wet and dry weather periods according to rainfall observations from 

18 gauges within the Yarra River and estuary catchment. A sample was considered to be influenced by 

wet weather if the cumulative rainfall over the proceeding 24 hours was greater than 1 mm in the 

lower part of the estuarine catchment (urbanised part of the catchment), or if the cumulative rainfall 

over the proceeding 72 hours (estimated time of concentration for the upper Yarra River catchment) 

was greater than 3 mm in the upstream rural parts of the catchment. 

To determine if there is a link between E. coli dynamics at Morell Bridge and hydrological and 

environmental variables, simple Spearman rank and Pearson correlation analysis (Zar, 1999) between 

E. coli concentrations and the flow rate at Kew, water temperature in the top layer of the water column 

and solar radiation has been conducted. For Pearson correlation analyses, both E. coli and explanatory 

variables were log-transformed in an attempt to increase the normality of the data (and hence to meet 

the requirement of simple linear regression to have normally distributed residuals). 
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4.2.3 Variability of water levels, flows and environmental factors within the Yarra 

River estuary 

Variability of water level, flow velocity, top and bottom electrical conductivity and temperature at 

Morell Bridge are shown in Figure 4 - 1, while variability of water level, electrical conductivity and 

temperature at Abbotsford are shown in Figure 4 - 3.  

Morell Bridge. The Yarra River estuary has semi-diurnal tidal regime and maximum and minimum 

velocities occur around mid-tides. Tides are controlling the flow velocity during dry weather, while 

during wet weather, river forcing is dominant over the tidal forcing, resulting in high velocities almost 

always in the downstream direction (i.e. positive flow velocities). During dry weather, due to the low 

flow velocities (e.g. - 0.15 to 0.40 m/s in the Figure 4 - 1), it is unlikely that significant amounts of 

resuspension from the bed sediments will occur; the estuarine sediments are predominantly fine 

grained (over 60 % is <20 μm; (Ellaway et al., 1982) and the velocity needed to cause resuspension of 

muds of such composition needs to be higher than 0.35 m/s (van Rijn, 1993; Yang, 1996). Dry weather 

velocities higher than 0.35 m/s only occur for only a limited period of time, suggesting that 

resuspension will be limited.  However, wet weather flow velocities can be around 1 m/s and significant 

resuspension could occur during these higher flow events. However, it is important to note that bank 

resuspension could occur even during dry weather where estuary velocities are low because of local 

effects, wind, boat movements, etc. causing turbulence at the bank-water interface.  

Stratified conditions of the estuary are confirmed by electrical conductivity (EC) measurements. During 

dry weather, the salinity of the bottom layer is constant and EC measurements indicate that the 

bottom layer is predominantly sea water (𝐸𝐶𝑎𝑣𝑒 = 46 mS/cm – average over the monitoring period; 

while 𝐸𝐶𝑠𝑒𝑎 = 54 mS/cm (Eaton et al., 2005)), while EC measurements of the top layer indicate that 

water is predominantly fresh (𝐸𝐶𝑎𝑣𝑒 = 10 mS/cm – average over the monitoring period). As indicated 

in the literature review (Chapter 2), many authors reported the detrimental effect of salinity on survival 

of faecal microorganism in sea water; i.e. die-off increases with increase in salinity (Carlucci and Pramer, 

1960; Fujioka et al., 1981; Šolić and Krstulović, 1992). Therefore, the survival of faecal microorganisms 

will largely be impacted by salinity in the bottom layer of the water column. Salinity will also impact 

the survival of microorganisms in the surface layer, but to a lesser extent. As shown in Figure 4 - 1, 

during wet weather events, fresh water pushes the salt wedge further downstream and reaches the 

bottom EC/T sensor at depth of 2.5 m, demonstrating that the salt wedge is no longer present at this 

site during this event. However, it can be seen that quickly after the event finished, the salt wedge 

began to return to its previous position. Additionally, significant oscillations in EC can be seen at Morell 



Chapter 4: E. coli dynamics within the Yarra River estuary  

86 

Bridge, indicating that river flow rate and tidal stage are governing factors of the position of the salt 

wedge within the estuary.  

 

 

Figure 4 - 1 Morell Bridge monitoring site. Top - depth and velocity during dry weather (left) and wet weather event (right); 
Bottom - EC/T measurements from top and bottom of water column during dry weather (left) and wet weather event (right).  

 

Temperature is considered to be the most significant environmental factor influencing the survival of 

faecal microorganism (Blaustein et al., 2013).  Thus, it is important to examine its variability within the 

estuary. Temperature of the top layer has diurnal oscillations following atmospheric and 

meteorological conditions (i.e. air temperature and cloud cover/sunlight). Indeed, a significant positive 

correlation between air temperature and the top water layer temperature was found (Spearman’s 

rank correlation coefficient ρ=0.77 p<0.001). The temperature of the bottom layer is constant over the 

day, possibly (i) as a result of this water being sourced from the bay which has a stable temperature 

and being (ii) protected from the diurnal effects of air temperature and irradiance. In any case, the 

daily oscillation in the temperature of the top of the water column is shown to be significant (in the 

example in Figure 4 - 1 the change in temperature is 6.1°C, while the maximum change in temperature 

in any one day over the monitored period was 11.8°C), and hence is likely to have an impact on the 

survival of microbes in the estuary. The observed diurnal temperature differences are likely the 

consequence of the longer residence time of the water in the estuarine environment. Unlike rivers 
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which have unidirectional flows, water movement within estuaries is bidirectional. In fact, in the Yarra 

River estuary, flow direction changes four times a day, with a semi-diurnal tidal pattern. Together with 

the limited mixing of the surface water and the salt-wedge, these flow directions enable the large 

temperature fluctuations within the surface water layer.  

On a seasonal scale, water temperature in the estuary increases during spring and summer, and 

decreases during autumn and winter (Figure 4 - 2). Furthermore, during autumn/winter, the bottom 

layer is warmer than the top layer, while in autumn/winter the opposite is true. Therefore, 

temperature is likely to have significant impact on seasonal survival of microbes in the estuary as the 

die-off rate of E. coli at 22°C  (average summer temperature) is more than three times higher than at 

10°C (average winter temperature) (Hipsey et al., 2008). 

 

 

Figure 4 - 2 Seasonal temperature change in the Yarra River estuary. 

 

Abbotsford. Dry weather water level at Abbotsford is controlled by tidal fluctuations (Figure 4 - 3), and 

the tidal range is attenuated along the estuary (i.e. it is around 40 cm at Abbotsford compared to 

around 60 cm at Morell Bridge).  However, during wet weather, river flow overcomes any tidal 

influences and water level is therefore mainly controlled by the river.  

Mean EC levels measured at the Abbotsford monitoring site are around 0.2 mS/cm (average over 

monitoring period, maximum 1.5 mS/cm), which is fifty times less than the time-averaged EC of the 

top layer at Morell Bridge, meaning that salt wedge did not reach this site during the monitoring period 

and hence survival of the microorganism at this site is not likely to be impacted by salinity.  
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Figure 4 - 3 Abbotsford monitoring site. Top – Water level during dry weather (left) and wet weather event (right); Bottom - 
EC/T measurements during dry weather (left) and wet weather event (right). 

 

Temperature fluctuations at Abbotsford are diurnal, correlating to atmospheric and meteorological 

conditions (similarly to top layer temperature at Morell Bridge). However, the extent of the diurnal 

variation at Abbotsford is smaller than what was observed at Morrell Bridge. The maximum change in 

temperature in any one day during the monitoring period at Abbotsford was 3.9°C. A couple of reasons 

could be contributing to the lower diurnal variation at Abbotsford. Firstly, due to the weakened tidal 

influence at Abbotsford, the flow is mostly unidirectional (downstream) resulting in a shorter residence 

time which in turn prevents the water from warming up. Secondly, the dense vegetation on the banks 

of the Yarra River upstream protects the river from direct solar radiation, which also limits the diurnal 

temperature variation. Therefore, daily temperature oscillations are likely to have less impact on 

microbe survival in upper parts of the estuary. However, seasonal changes in temperature at 

Abbotsford has a similar pattern to that at Morell Bridge (Figure 4 - 2). Thus, temperature changes 

(seasonally) at Abbotsford are likely to have significant impact on microorganism survival in the estuary 

on seasonal scale as described above. 
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4.2.4 E. coli levels in the Yarra River estuary 

Figure 4 - 4 shows descriptive statistics for measured E. coli concentrations in samples from Dights Falls, 

Abbotsford and Morell Bridge. A large variability in E. coli concentrations can be seen between 

individual samples taken from each of the monitoring sites. Between-sample variability of E. coli in the 

estuary is an order of magnitude lower than the variability in E. coli reported for urban stormwater 

(McCarthy, 2008) (10 MPN/100mL – 10000 MPN/100mL compared to 10 MPN/100mL – 100000 

MPN/100mL). This is due to the large buffering capacity of the estuary. Additionally, there are 

significant differences in the distributions of E. coli concentrations during wet weather and dry weather 

at all sites (p<0.001, Wilcoxon Rank Sum test) indicating differences in sources/processes controlling 

the E. coli levels during different weather conditions.  

 

 

Figure 4 - 4 Variability of the E. coli in the Yarra River estuary and its major drains during dry and wet weather (On each box, 
the central mark is the median and blue markers are 5th and 95th percentiles). 

 

Both wet and dry weather E. coli distributions at Dights Falls, Abbotsford and Morell Bridge are quite 

similar. Indeed, measured E. coli concentrations at these sites are significantly positively correlated: 

Dights Falls and Abbotsford - ρ = 0.88 and p < 0.001; Dights Falls and Morell Bridge ρ = 0.75 and p < 

0.001; and Abbotsford and Morell Bridge - ρ = 0.78 and p < 0.001 (Figure 4 - 5). This suggests that the 

Yarra River is the main driver of the E. coli levels within the estuary as previously was indicated by Daly 

et al. (2013). 

Figure 4 - 6 shows dynamics of the E. coli during dry weather. The levels of E. coli at both sites are 

within the same order of magnitude, and they roughly follow similar patterns, demonstrating that the 

sources and/or processes which govern both sites are similar. This indicates that during dry weather, 

the major driving force is the riverine inputs upstream. Furthermore, it can be seen that E. coli levels 

are linked with the flow rate at Kew (i.e. when flow decreases E. coli decreases).  
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Figure 4 - 5 Correlations between sites: left – Dights Falls and Abbotsford (ρ = 0.88 and p < 0.001), middle – Dights Falls and 
Morell Bridge (ρ = 0.75 and p < 0.001) and left – Abbotsford and Morell Bridge (ρ = 0.78 and p < 0.001) 

 

 

Figure 4 - 6 E. coli levels at the Abbotsford and Morell Bridge monitoring sites during dry weather 

 

E. coli dynamics at Abbotsford and Morell Bridge during wet weather is presented in Figure 4 - 7.  The 

overall pattern is driven by the wet weather inputs. Indeed, as hypothesised above, the riverine inputs 

upstream of Dights Falls seem to be the major driving force for the estuary, and hence it was expected 

that these sites behave in a similar manner. However, there are certain differences between the two 

sites. For example, Figure 4 - 7 shows that E. coli levels at Morell Bridge are consistently higher 

(although the difference are small) than that at Abbotsford, possibly indicating that the additional 

sources of E. coli which exist downstream of Abbotsford are increasing the E. coli levels (stormwater 

inputs, Gardiners Creek, etc.). Particularly, the peak in E. coli concentration during the event on the 

26th February at Morell Bridge (where concentrations are almost an order of magnitude higher than 

Abbotsford) may be linked to the Gardeners Creek input (which sits between the two sites). In addition, 

resuspension of the sediments during wet weather events might also be contributing to the observed 

higher levels (as mentioned above, resuspension from the bed sediments is hypothesised to be a small 
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during dry weather but wet weather events may cause noticeable resuspension because the measured 

velocities are above 0.35 m/s; the critical velocity required to induce resuspension of bed sediments 

of the estuary (van Rijn, 1993; Yang, 1996)).  

 

 

Figure 4 - 7 E. coli levels at Abbotsford and Morell Bridge monitoring site during wet weather 

 

Simple Spearman rank and Pearson correlation analysis between E. coli concentrations and 

hydrological and environmental parameters at Abbotsford and Morell Bridge showed that E. coli is 

significantly correlated with flow rates at Kew, which could explain 20 per cent of the observed E. coli 

variability at both sites (Table 4 - 1). This indicates that dynamics of E. coli is related to the hydrological 

conditions of the estuary, as previously suggested.  

E. coli concentrations at Morrell Bridge and Abbotsford were also negatively correlated to 

environmental parameters. These correlations were slightly weaker than the correlations with flow 

(see Table 4 - 1). Higher E. coli concentrations commonly occur during and after wet weather events 

(as shown above), when incoming water can be colder.  Additionally, during wet weather, solar 

radiation is typically lower due to the cloud cover which reflects some of the incoming radiation. High 

temperatures and solar radiation are all known to have detrimental effect on survival of enteric 

bacteria (Crane and Moore, 1985). Interestingly, slightly weaker negative correlations with 

temperature at Abbotsford may reflect shorter residence times at this location and the existence of 

dense bank vegetation found here that may be keeping the water cool and also providing shade, 

thereby enhancing E. coli survival.   
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Table 4 - 1 Spearman rank and Pearson correlation coefficients, p-values and coefficients of determination between E. coli 
concentrations and hydrologic and environmental variables at Abbotsford and Morell Bridge monitoring sites 

Location 
  Variables 
  Qkew 

[m3/s] 
Temperature 

[°C] 
Solar radiation 

[W/m2] 

Abbotsford 
E. coli 
[MPN/100mL] 

Spearman ρ (p-value) 0.50 (<0.001) -0.22 (<0.001) -0.10 (<0.001) 
Pearson ρ (p-value) 0.44 (<0.001) -0.22 (<0.001) -0.16 (<0.001) 
R2 0.20 0.05 0.03 

Morell Bridge 
E. coli 
[MPN/100mL] 

Spearman ρ (p-value) 0.46 (<0.001) -0.31 (<0.001) -0.12 (<0.001) 
Pearson ρ (p-value) 0.44 (<0.001) -0.30 (<0.001) -0.16 (<0.001) 
R2 0.20 0.09 0.03 

 

 

4.2.5 Conclusions 

This section presented the initial analysis of the collected hydrologic and water quality data set. The 

main conclusions can be summarised as follows: 

 The stratified nature of the Yarra River estuary is confirmed through measurements. These 

conditions significantly impact the overall hydrodynamics and the distribution of the 

environmental parameters (salinity and temperature). As such, it is essential that the 

hydrodynamic model applied in this research project is able to reproduce the salt-wedge 

conditions in the estuary.  

 Observed velocities indicate that sediment (and hence E. coli) resuspension within the estuary 

during dry weather will be very limited, while during wet weather more significant 

resuspension of the bed and bank sediments is likely to occur. 

 Overall die-off of the E. coli is likely to be more pronounced in summer than in winter due to 

the seasonal variation in temperature. 

 Die-off of the E. coli in the lower estuary (i.e. at Morell Bridge) is likely to be more significant 

than in the upper estuary (i.e. at Abbotsford), due to larger variation in temperature, higher 

electrical conductivity/salinity, direct exposure to solar radiation and longer residence times. 

 The Yarra River is controlling the overall levels of E. coli within the estuary. Nevertheless, E. 

coli levels at Morell Bridge are consistently higher that the ones at Abbotsford indicating the 

existence of additional inputs and/or processes occurring along the estuary that contribute to 

increase in concentrations.
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4.3 Tidal fluctuations influence E. coli concentrations in urban 

estuaries 

The supplementary material for this publication is provided in Appendix A.1. 
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4.4 Spatial variability of E. coli in an urban salt-wedge estuary 
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4.5 Discussion and conclusions 

Variability of E. coli concentrations within the estuary is significantly linked to the salt-wedge dynamics 

(Section 4.4). The flow velocity is the main hydrodynamic variable responsible for fluctuation in E. coli 

levels over the tidal cycle (Section 4.3). As such, to achieve the overarching aim of this thesis and 

develop an accurate predictive microorganism model for estuaries, the model needs to be able to 

reproduce the estuarine hydrodynamics well, including salt-wedge dynamics, correct distributions of 

velocity fields/mixing, temperature and salinity profiles, as these are essential for simulating E. coli 

dynamics properly.   

This chapter demonstrated that the survival of E. coli within the estuary is likely to be governed by 

temperature, salinity and to some extent solar radiation (Section 4.2 and Section 4.4). Seasonal 

temperature dynamics are likely to have a significant effect on the die-off of E. coli as the average 

temperature in winter is around 10 °C and in summer is around 22 °C. The temperature variability 

between summer and winter can lead to die-off rates up to three times higher in summer compared 

to winter. Diurnal temperature variation might also impact the die-off of E. coli, although to lesser 

extent than seasonal variation due to the lower temperature variation range and shorter duration.  

Salinity might also impact, albeit to lesser extent, the survival of E. coli, primarily in the regions where 

the salt-wedge is present. The impact of salinity will vary both spatially and temporally. For example, 

it is expected that salinity will have no impact on die-off at the most upstream section of the estuary 

as the presence of salt-wedge was never recorded at Abbotsford. Moreover, in Section 4.4, it was 

shown that the vertical depth to the salt-wedge (and thus, the longitudinal extent of the salt-wedge 

intrusion) is function of the Yarra River flow rate, where depth to salt-wedge decreases with lower flow 

rates. As such, die-off due to salinity will be most pronounced during dry weather, when the Yarra 

River flow rates are low, the depth to the salt-wedge is small and the entrainment of the salt into the 

overlaying freshwater column is the highest. 

The Yarra River is highly turbid and therefore the impact of solar radiation on E. coli survival might be 

limited. However, the extent of solar radiation effect on E. coli survival needs to be further investigate, 

especially knowing that due to the high stratification of the water column majority of E. coli are located 

in top layer, which is directly exposed to irradiation. pH is likely to have minimal effect, if any, on E. coli 

die-off within the Yarra River estuary due to it being in the near neutral range from 6 to 8.   

In conclusion, the effects of temperature, salinity and solar radiation on the survival of E. coli need to 

be accounted for in the microorganism model. Nevertheless, it should be noted that the effects of die-



Chapter 4: E. coli dynamics within the Yarra River estuary  

 110  

off on the E. coli levels in the Yarra River estuary might be dwarfed by additional inputs along the 

estuary and resuspension of sediment-associated E. coli. This was demonstrated by relatively constant 

longitudinal levels of E. coli in the top part of the water column (Section 4.4).    

It was shown that the main driver of the E. coli levels within the estuary is the Yarra River itself.  

Additionally, as mentioned previously, inputs along the estuary could be contributing to increased 

levels of E. coli in the lower estuary and therefore it is important that these inputs are accounted for 

in the microorganism model. As such, appropriate modelling of these inputs is required to correctly 

capture the E. coli dynamics within the estuary. 

In summary, to achieve the major aim of this thesis and to develop a coupled estuarine hydrodynamic-

microorganism model, the following items should be considered: 

1) The model needs to be able to reproduce the estuarine hydrodynamics, including accurate 

velocity fields, mixing and salt-wedge dynamics.  

2) The model needs to account for sediment-microorganism interactions, as this can potentially 

significantly impact the levels of E. coli. 

3) Survival of E. coli needs to be modelled as a function of temperature, salinity and solar 

radiation. 
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5.1 Introduction 

The literature review (Chapter 2) showed a number of significant inputs of faecal contamination that 

contribute to the levels of faecal microorganism within urban estuaries. Furthermore, it was 

hypothesised that dynamics of faecal microbes in inputs will have immense impact on the dynamics of 

faecal microbes within the estuary and as such it is essential that faecal microorganism inputs are 

represented accurately. Therefore, it was important that faecal contamination inputs to the Yarra River 

estuary are well represented and the easiest way of achieving this objective was through modelling. 

The work presented in this chapter is crucial for providing the boundary conditions for both 

hydrodynamic and microorganism models. Furthermore, it will allow testing of hypotheses and 

answering many research questions related to dynamics of E. coli in the Yarra River estuary. In 

particular, the outcome of the work conducted herein will help to address parts of the Research 

Question 1 (Section 2.9, Chapter 2 – Literature Review) related to the most important inputs of faecal 

microorganisms in the Yarra River estuary. We hypothesised that the Yarra River will be main input of 

E. coli during both wet and dry weather conditions, while the stormwater may only be important during 

wet weather and its dry weather flow may only have an influence locally around the drain outlets. 

This chapter consists of two main parts. Section 5.2 presents testing of the model for microorganism 

prediction in urban stormwater (MOPUS - McCarthy et al. (2011b)) to the flow and E. coli 

measurements from Chapter 3 (i.e. stormwater flow and E. coli data collected from the drains of urban 

catchments monitored during this project). Additionally, the microorganism component of the MOPUS 

model was tested for simulating the Yarra River E. coli input. This section is presented in the form of a 

published journal paper (“Conceptual modelling of E. coli in urban stormwater, creeks and rivers”, in 

Journal of Hydrology, 2017, VOL 555, pp. 129 - 140). Section 5.3 explains how the calibrated models 

presented in the previous section were extrapolated to generate continuous time series of flow rates 

and E. coli concentrations for all stormwater, creek and riverine inputs of faecal contamination to the 

Yarra River estuary. Section 5.4 presents parts of the journal paper “Integrated conceptual modelling 

of faecal contamination in an urban estuary catchment” published in Water Science and Technology, 

2015, VOL 72 (9), pp. 1472-1480, relevant to assessment of the inputs. Finally, the chapter finishes 

with the discussion of the main findings (Section 5.5).  
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5.2 Conceptual modelling of E. coli in urban stormwater drains, 

creeks and rivers 

The supplementary material for this publication is provided in Appendix A.2.  
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5.3 Generation of flow and E. coli inputs to the Yarra River estuary 

While the previous section describes models used to represent the flow and E. coli dynamics of rivers, 

creeks and urban stormwater drains, the models could only be calibrated and validated on a small 

number of catchments, for a defined period of time. Indeed, it was impossible to monitor all 208 

stormwater drains entering the estuary for the full simulation period, and hence these models were 

only calibrated on a subset of these stormwater drains. As such, this section describes in detail how 

continuous time series of flow rates and E. coli concentrations were generated for all inputs to the 

estuary by application (and extrapolation) of the MOPUS model (McCarthy et al., 2011b).  Section 5.3.1 

describes the generation of continuous time series of flows and Section 5.3.2 describes the generation 

of continuous time series of E. coli concentrations. 

5.3.1 Generation of input flow rates 

For the Yarra River and Gardiners Creek, continuous measured flow data were available (obtained from 

Melbourne Water monitoring stations) and were used to characterize these inputs. Modelled outputs 

from the study presented in the Section 5.2 were used to provide inputs from the Hawthorn main 

drains (east and west) and the Prahran main drain. However, in addition to the above-mentioned 

inputs, another 205 stormwater drains discharge directly into the Yarra River estuary for which 

stormwater flow needed to be estimated. To achieve this, the rainfall-runoff component of MOPUS 

model was applied.  

As indicated in Section 5.2, urban stormwater flow can be effectively simulated (i.e. without 

compromising the model performance) by only considering effective impervious area contributions to 

the stormwater flow. As such, to run the MOPUS flow model, estimates of three model parameters 

were required for each of 205 stormwater drains: routing coefficient (K), time of translation (TOT) and 

effective imperviousness of the catchment (IMP). Additionally, rainfall intensities and catchment areas 

needed to be provided for estimation of stormwater flows for each stormwater drain. 

The routing coefficient for each of the stormwater drains was randomly sampled using a uniform 

distribution from the range formed by the calibrated values of routing coefficients obtained in Section 

5.2 and in McCarthy et al. (2011b) (i.e. K = 0.12 – 0.41).  

Time of translation (TOT) was calculated from estimates of time of concentration for each catchment 

based on a derived relationship with catchment slope (s) found in McCarthy et al. (2011):  
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𝑇𝑂𝐶 = −91.9 log(𝑠/100) + 73.9 (5 - 1) 
 

where 𝑇𝑂𝐶 is in minutes and 𝑠 is in percent (estimated from GIS elevation data).  

Instead of estimating effective imperviousness (𝐼𝑀𝑃) and catchment area separately, a relationship 

between effective impervious area (𝐸𝐼𝐴 = 𝐼𝑀𝑃 × 𝐶𝑎𝑡𝑐ℎ𝑚𝑒𝑛𝑡 𝐴𝑟𝑒𝑎) and pipe cross sectional area (𝐴) 

was found in McCarthy et al. (2011) and was used to directly estimate 𝐸𝐼𝐴 for each of the stormwater 

drains discharging into the estuary:  

𝐸𝐼𝐴 = 14.357 × 𝐴1.0673 (5 - 2) 
 

where 𝐸𝐼𝐴 is in hectares and 𝐴 is in square meters.  

Pipe diameters of the drains discharging into the estuary (obtained from Melbourne Water and 

Melbourne Councils GIS datasets) range from 150 mm to over 3 m, with more than 90% of the drains 

having pipe diameter less than 1.65 m (maximum pipe diameter in McCarthy et al. (2011)) and as such, 

data obtained from our study (Section 5.2) were not applied for developing the above relationship. 

To provide required rainfall intensity inputs to the model, the closest rain gauge to the centroid of the 

each of the stormwater drain catchments was applied. In total, four rain gauges in the estuarine 

catchment were used as inputs for sixty three catchments with an average distance to catchment 

centroid of 1234 m (min distance 205 m; max distance 2540 m).  

5.3.2 Generation of input E. coli concentrations 

As shown in Section 5.2, MOPUS was able to predict the E. coli dynamics in the Yarra River, Gardiners 

Creek, Hawthorn Main Drains (HMD east and west) and Prahran Main Drain (PMD). Therefore, MOPUS 

was used to provide E. coli concentrations for the other 205 stormwater drains discharging into the 

Yarra River estuary.  

Firstly, a parameter set pool of all 5 model parameters (PsCoeff, RHCoeff, VPCoeff, PssCoeff and RI) 

was created using the thousand best performing parameter sets from each of the seven urban 

catchments located in Melbourne: three from this current study (i.e. Hawthorn main drain east and 

west, and Prahran main drain from Section 5.2) and the four catchments used in McCarthy et al. 

(2011b). Then, 205 parameter sets were randomly withdrawn from the parameter set pool. Finally, 

the selected parameter sets were used to produce the E. coli input from each of the stormwater drains.  
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MOPUS was developed for the predicting the wet weather stormwater E. coli concentrations and the 

predictions are a function of routed rainfall intensity (McCarthy et al., 2011). As such, during dry 

weather when there is no rainfall, the model was systematically under predicting the E. coli 

concentrations. To avoid this issue, E. coli concentrations during dry weather were estimated by 

sampling from a distribution of measured dry weather E. coli concentrations. The Yarra River and 

Gardiners Creek dry weather inputs were estimated using datasets collected at Dights Falls and 

Gardiners Creek respectively, while the dry weather inputs from stormwater drains were estimated 

using data set collected at Hawthorn Main Drain east and west where a substantial amount of dry 

weather flow monitoring was conducted. Since data were not normally distributed (Shaphiro-Wilk test, 

p<0.001), before estimating the normal distribution parameters, the data were log-transformed. The 

distribution parameters are shown in Table 5 - 1.  

To avoid having large discrepancies between the values of predicted E. coli concentrations during dry 

weather particularly at the 6 minutely time steps applied in the model, we examined autocorrelation 

within the hourly measured data and applied the obtained correlation coefficients in producing the 

dry weather E. coli concentrations of the Yarra River, Gardiners Creek and stormwater drains (Equation 

(5 - 3)).  

𝐶𝑡 = 𝑟𝑆 𝐶𝑡−1 + (1 − 𝑟𝑆) 10[𝐶𝐷
𝑡 ~𝑁(𝜇,𝜎2)] (5 - 3) 

 

where 𝐶𝑡 is dry weather E. coli concentration at time 𝑡 [MPN/100mL], 𝑟𝑆 – Pearson’s autocorrelation 

coefficient [-] and 𝐶𝐷
𝑡  is dry weather E. coli concentration [log(MPN/100mL)] at time 𝑡 obtained by 

sampling dry weather normal distribution with median 𝜇 and standard deviation 𝜎 (Table 5 - 1). 

 

Table 5 - 1 Medians, standard deviations and Pearson’s auto-correlation coefficients obtained for Dights falls, Gardiners 
Creek and Hawthorn main drain east dry weather E. coli data sets using log-transformed values.  

 
Median 𝜇 

[log(MPN/100mL)] 
St. dev. 𝜎 

[log(MPN/100mL)] 
𝑟𝑠  
[-] 

Dights Falls 2.24 0.27 0.61 

Gardiners Creek 2.72 0.40 0.72 

Hawthorn main drain east 
(applied to all other 
stormwater drains) 

3.41 0.48 0.67 
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Finally, MOPUS predicted E. coli concentrations were substituted with the dry weather estimated 

concentrations during periods when model predictions were lower than the median measured dry 

weather E. coli concentrations. An example for the Yarra River input E. coli concentrations is presented 

in Figure 5 - 1. As shown, sampling from the distribution of measured dry weather E. coli concentrations 

helps eliminate the underestimation of the model due to the lack of rainfall. However, even though 

the time series are not completely random (i.e. an autocorrelation coefficient was applied during 

sampling) the variability during dry weather is still around 0.5 log. This may influence the estuarine 

model dry weather prediction and cause the model to be poorly calibrated to the measured data, 

particularly at the upstream end of the estuary (i.e. Abbotsford) where the E. coli levels are heavily 

influenced by the Yarra River inputs.   

 

 

Figure 5 - 1 Example graph of the modelled and dry weather modified E. coli concentrations for the Yarra River input. 
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5.4 Assessment of the importance of urban stormwater inputs for 

the E. coli dynamics in the Yarra River estuary 

 

This section presents parts of the journal paper “Integrated conceptual modelling of faecal 

contamination in an urban estuary catchment” published in Water Science and Technology, 2015, VOL 

72 (9), pp. 1472-1480, relevant to assessment of the inputs of E. coli into the Yarra River estuary. The 

full paper is presented later in Chapter 7.  

 

Integrated conceptual modelling of faecal contamination in an urban estuary 

catchment 

Dusan Jovanovic1, Rebekah Henry1, Rhys Coleman2, Ana Deletic1 and David McCarthy1 

1 Environmental and Public Health Microbiology (EPHM) Laboratory, Department of Civil Engineering, Monash 

University, Melbourne, Victoria 3800, Australia 

2 Melbourne Water, Melbourne, Victoria 3001, Australia 

 

INTRODUCTION 

Urban estuaries around the world are highly valued assets to the local community, as they provide 

aesthetics, improved microclimate and recreational opportunities (Mallin et al., 2000). Like many other 

urban estuaries, the Yarra River estuary has elevated levels of faecal contamination (Daly et al., 2013), 

which is of public health concern for recreational users. Faecal microorganisms have been identified 

as the leading cause of pollution of environmental waters (Ortega et al., 2009, Lipp et al., 2001, Burton 

and Pitt, 2002). 

Urban stormwater has been recognized as an important input of faecal contamination to these 

waterways (Burton and Pitt, 2002; McCarthy et al., 2011). As such, increased efforts have been made 

towards mitigating the impacts of direct stormwater inputs (i.e. the stormwater drains that discharge 

directly into the estuary), including the Yarra River estuary (e.g. Melbourne Water, 2013). However, 
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despite these efforts, minimal improvement in compliance figures was observed for this particular 

system, implying that there may be other, more significant, inputs which require mitigation. 

The major hypothesis of this work was that the importance of direct urban stormwater was minimal 

during dry weather periods, but increased during urban wet weather periods, especially when lower 

riverine flow rates were combined with higher amounts of urban rainfall. The impact of direct wet 

weather stormwater inputs could be important even in the case of uniformly distributed rainfall across 

a whole catchment, as stormwater could be entering the estuary much sooner than the riverine input 

due to the higher imperviousness and shorter time of concentration that characterize urbanised areas.  

 

METHODS 

The estuary and monitoring sites. The Yarra River estuary (Melbourne, Victoria, Australia) is a highly 

stratified, salt-wedge estuary (Beckett et al., 1982) and extends for about 22 km from Port Philip Bay 

to Dights Falls - a weir which represents the upper boundary of the estuary. Monitoring sites were 

selected and established for data collection (Figure 1). Two of the sites were within the estuary, 

Abbotsford at the very beginning of the estuarine section of the Yarra River (represents the region with 

little influence from the salt-wedge, but still impacted by tidal changes) and Morell Bridge, located in 

the lower part of the estuary (highly impacted by the salt-wedge). Both sites were equipped with 

refrigerated automated samplers, depth sensors and had continuous measurements of electrical 

conductivity (EC) and temperature (T) at 100mm below the surface. The Morell Bridge site was also 

equipped with an Acoustic Doppler Current Profiler (ADCP) for 3D measurements of velocities at 1 

minute intervals.  

Monitoring of upstream river inputs was conducted at Kew (Figure 1) where only grab samples were 

taken and water levels and flow rates were measured at 6 minute intervals by Melbourne Water (the 

local water management authority). 
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Figure 1. Monitoring stations in the Yarra River catchment (stations: Heidelberg and Coldstream (rain 

data) and Viewbank and Melbourne airport (climate data) are positioned outside the figure boundary. 

Shaded area represents the urban estuary catchment with the biggest 20 of the 216 modelled drains 

shown. 

 

Monitoring of stormwater inputs was done at Gardiners Creek, a heavily channelized creek which is 

the largest input of water other than the Yarra River upstream of Dights Falls. The site has been 

equipped with an automated sampler, EC/T sensors and a depth/velocity probe. Climate data was 

obtained from Australian Bureau of Meteorology and Melbourne Water for different locations in the 

Yarra River catchment (Figure 1). Gardiners Creek is considered to be an open channel stormwater 

drain because its catchment is completely developed with total impervious fraction of 47%. 

Furthermore, observed range of the E. coli concentrations (944; 6203; 17673 MPN/100ml; 5th, 50th, 

95th percentile) is well within the range reported for urban stormwater (Makepeace et al., 1995, Burton 

and Pitt, 2002). 

Sample collection and analysis. Estuarine and riverine samples were taken approximately 100mm 

below the surface where the health exposure to recreational users is expected to be the highest. In 

the period of November 2012 to July 2013, 2106 samples were collected; 1500 during dry weather and 

606 during wet weather conditions. All collected samples were transported to the Environmental and 

Public Health Microbiology (EPHM) laboratory at Monash University in coolers on ice and analyzed for 
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E. coli content using the Colilert method (IDEXX Laboratories, 2013) within 24h of collection. A large 

range of other indicators and reference pathogens were tested, but not reported here. 

Riverine model. Hydrology of the upper Yarra River catchment (river inflow at Dights Falls into the 

estuary, Fig. 1) was modelled using MUSIC – SimHyd which is a spatially lumped catchment rain-runoff 

model (eWater, 2012). The model was applied with some slight variations: (1) a linear-reservoir routing 

routine was employed (instead of MUSIC’s standard Muskingum Cunge method) as it has been 

demonstrated previously that this simpler and more stable form of routing produces equivalent results 

(McCarthy, 2008); (2) the model was employed using a constant 6-minute timestep (as opposed to 

MUSIC’s standard method of daily simulation and subsequent disaggregation). This method improved 

the computational efficiency of the model, without compromising the results. Model inputs were areal 

averaged rainfall ( Heidelberg, Kew, Kew Reservoir, Coldstream and Viewbank stations) and daily 

potential evapotranspiration, calculated using FAO Penman-Monteith method (data from Coldstream, 

Viewbank and Heidelberg stations). The MUSIC-SimHyd model was calibrated with a Monte-Carlo 

approach using a least squares objective function comparing the predicted flow rates with 

untransformed measured flow rates at Kew. The performance of the hydrologic model was assessed 

using the Nash-Sutcliffe coefficient of efficiency 𝐸𝑄  (Nash and Sutcliffe, 1970). Parameter sensitivity 

was also explored using the Monte-Carlo results, as per others in the literature (e.g. Dotto et al., 2010). 

 For the prediction of riverine microbial concentrations, a modified version of the EG pathogen-

hydrologic catchment model (Haydon and Deletic, 2006) was applied. The main variation was that the 

loss of microorganisms from the subsurface store was estimated to be inversely proportional to the 

soil moisture instead of directly proportional which was originally proposed by Haydon and Deletic 

(2006), as many studies report extended survival of faecal microorganisms at higher soil moisture 

contents(Desmarais et al., 2002, Schäfer et al., 1998). The model had 6 parameters: one parameter 

described build-up, two were loss coefficients and three were related to wash-off processes. Inputs to 

the model were time series potential evapotranspiration and flow components as calculated by MUSIC 

– SimHyd. The model was calibrated against Abbotsford’s E. coli concentration dataset. Although there 

are obvious issues with this methodology (i.e. calibrating the upstream model to a site within the 

estuary), it was considered adequate for the following reasons: (1) Daly et al. (2013) showed that Kew 

and Abbotsford have similar distributions, (2) the correlation between the E. coli from the two sites 

was 0.83 (Pearson correlation coefficient, p<0.001), and (3) the Abbotsford dataset had many more 

calibration points (776 compared to 43 at Kew) which could allow for a better calibrated model. The 

optimized parameter set for the EG model was obtained using a least squares objective function and 

by observing the Pareto front formed when calibrating using untransformed and log-transformed E. 
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coli concentrations. Additional calibration of the model parameters was conducted using the 

Generalized Reduced Gradient method, without limiting the parameters and using a criterion which 

added the two components of the Pareto front. The model’s performance was assessed by the Nash-

Sutcliffe efficiency calculated using untransformed and log-transformed E.coli concentrations -  𝐸𝐶  and 

𝐸𝐶𝑙𝑜𝑔 respectively.  

Stormwater model. Modelling of the urban stormwater input of Gardiners Creek was performed using 

Micro-Organism Prediction in Urban Stormwater, MOPUS (McCarthy et al., 2011), where the pervious 

component of the rain-runoff model was excluded. As shown previously by Dotto et al. (2011), the 

parameters which are used to model the pervious component are less sensitive than those used to 

model impervious areas, therefore demonstrating the importance of impervious areas in urbanized 

catchments. The rainfall runoff module of MOPUS was calibrated against the untransformed flow rates 

measured at the Gardiners Creek monitoring station using the same procedure outlined above for the 

riverine model.  

MOPUS’s microorganism model has five model parameters; three which represent the build-up and 

die-off of microorganisms on the surface of the catchment, and two others which represent the same 

for the subsurface (i.e. in the stormwater drain). The inputs to the model include: time series of rainfall, 

relative humidity and vapour pressure. MOPUS was calibrated using the 383 E. coli samples taken from 

Gardeners Creek during dry and wet weather periods and assessed using the same procedure as the 

EG model.  

In addition to Gardiners Creek, there are 219 stormwater drains of various sizes that drain directly into 

the Yarra River estuary (Figure 1 – the 20 biggest shown). MOPUS was further used to generate a time 

series of stormwater flow rates and microorganism concentrations for each of these stormwater inputs. 

This was achieved by generating 219 different parameter sets. Firstly, the impervious area (𝐼𝐴) for 

each of the drains was estimated using an empirical relationship between impervious area and drain 

cross-sectional area (McCarthy, 2008). Then, due to the lack of measured data, the five microorganism 

model parameters were obtained by random sampling within  parameter ranges defined by the 

optimized values from Gardiners Creek Catchment (this study) together with optimized values from 

literature which has used the MOPUS model on four other stormwater drains in Melbourne, Australia 

(McCarthy et al., 2011); Finally, the MOPUS model was  executed for all 219 drains, using  the relevant 

input data: rainfall, relative humidity and vapor pressure from Melbourne Regional Office station 

(Figure 1). 
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Input Analysis. Predicted stormwater flow rates and microorganism concentrations were used to 

calculate daily delivered volumes and loads to the estuary. A similar approach was taken with the 

riverine input, but instead of using predicted flow rates (which were substantially underestimated 

during base flow periods by the MUSIC model) measured data from Kew were used to achieve more 

realistic results. To assess the contribution of stormwater in dry and wet weather, both in terms of 

daily delivered volumes and loads, a ratio of stormwater over total inputs (sum of stormwater and 

river inputs) was calculated. Similarly, a ratio of daily delivered stormwater volume to the average 

estuary volume (estimated using GIS and bathymetry data to be 4x106 m3) was also used to assess the 

impact of direct stormwater inputs. 

 

RESULTS AND DISSCUSSION 

Input modelling. The MUSIC-SimHyd model reproduced the observed flow pattern reasonably well 

(𝐸𝑄 = 0.51); however, during base flow periods there was substantial underestimation of flow rates 

(probably a result of the model being modified for urbanized catchments). There were also timing 

issues with the prediction of the peak flows. The stormwater rainfall-runoff model had quite high 

performance in prediction of flow rates for Gardiners Creek, with an efficiency of  𝐸𝑄 = 0.81 . It 

performed particularly well in the region of very high flow rates (>10 m3/s), which was expected as the 

model was essentially developed and calibrated for the prediction of wet weather flows. 

The efficiencies of the two microorganism input models were similar;  𝐸𝐶  0.20 and  𝐸𝐶𝑙𝑜𝑔 0.40. 

Although these are not high efficiencies, they agree well with the performance reported in the 

literature for similar microorganism models (McCarthy et al., 2011). The pathogen-catchment model 

reproduced E. coli patterns well, although there are certain peak prediction time issues similar to that 

described by Haydon and Deletic (2006). The MOPUS concentration predictions are better in the region 

of high concentrations which are commonly observed during wet weather periods. Indeed, the current 

model structure was developed for modelling wet weather microbial dynamics in stormwater, hence 

it is expected to give better predictions during wet weather.  

 

Inputs analysis. The relative contribution of stormwater discharging directly to the estuary during dry 

weather ranged from <0.5% to 10% (5th and 95th percentile), suggesting limited influence of 

stormwater on overall E. coli levels in the estuary during these periods (Figure 2.a). As expected, wet 

weather stormwater proportions were higher (2% to 50%; 5th and 95th percentile), yet the average 
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daily contribution under these conditions remained marginal (median 10%). These findings agree well 

with those of Daly et al. (2013) suggesting the median daily E. coli loads coming into the estuary from 

the three biggest drains (two of them 3m in diameter and one 6x2 m) are about 1.5 orders of 

magnitude lower than the riverine inputs. However, it is important to note that our results also 

demonstrate that some conditions can produce high stormwater contributions, especially during 

periods of low riverine flows and high urban rainfall amounts (see Figure 2.b and Figure 2.c). It is also 

possible for urban stormwater to enter the estuary much faster than riverine inputs due to the higher 

imperviousness and the smaller time of concentration of urban catchments. Hence, at finer temporal 

scales (i.e. time step <1 day), stormwater could have a significant impact on overall faecal 

contamination levels within the estuary. Furthermore, stormwater might be significantly influencing 

faecal microbe distribution locally around the drain outlets. All issues stated above would certainly 

require further investigation, which is not within the scope of this paper. 
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Figure 2. a) Modelled daily stormwater contributions during dry/wet weather conditions as a 

percentage of total delivered water volume (%VOL) and E. coli load (%LOAD) to the estuary (black dots 

represent 5th and 95th percentiles) for the simulated period of November 2012 – August 2013; b) the 

relationship between percentage daily stormwater load and riverine input flowrate during dry and wet 

weather; c) the relationship between percentage daily stormwater load and urban rainfall (Melbourne 

Regional Office station). 

 

CONCLUSIONS 

The mass balance analysis using model predictions of daily faecal microorganism loads delivered to the 

Yarra River estuary via riverine input, Gardiners Creek and 219 stormwater drains discharging directly 

to the estuary revealed limited influence of urban stormwater on the estuary during dry weather. Wet 

weather contributions from stormwater drains were significant in some cases (95th percentile of 50%); 
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however, the average contribution remained marginal (median 10%). Input analysis confirmed 

previous studies showing E. coli loads derived stormwater drains are dwarfed by other inputs. 

Nevertheless, it is essential to note that these results also demonstrate that some conditions reveal 

the opposite; high proportions from stormwater are possible when combined with low riverine inputs 

and high urban rainfall amounts. This study focuses on the overall impacts of direct stormwater inputs 

on faecal contamination levels within the estuary, and localised impacts require further investigation. 
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5.5 Discussion and Conclusions 

We hypothesised that accurate characterisation of inputs of E. coli to the Yarra River estuary is very 

important for accurate prediction of E. coli dynamics within the estuary. Indeed, in Chapter 4 it was 

shown that E. coli levels within the estuary were significantly correlated to the levels in the Yarra River 

upstream of Dights Falls. Furthermore, these levels are highly temporally variable (McCarthy et al., 

2012), thus to accurately characterise input E. coli dynamics, concentrations entering the estuary are 

required at high temporal resolution, i.e. at sub-hourly time steps. This is especially true for the urban 

estuaries where urban stormwater may present an important input (Jovanovic et al., 2015). While 

continuous monitoring of all the inputs is impossible for practical reasons, the only way to account for 

these complex dynamics is by using models for the characterisation of microbial dynamics in inputs 

and providing boundary conditions for the estuarine microorganism model. 

In this chapter, an existing model for microorganism prediction in urban stormwater (MOPUS model 

(McCarthy et al., 2011b)) was tested on a range of monitored catchments. The model was able to 

reproduce the dynamics of E. coli at the outlets of these catchments. After successful prediction of the 

flow rates and E. coli concentrations from a few urban catchments, the MOPUS rainfall-runoff and 

MOPUS microorganism models were applied to predict flow rates and E. coli concentrations from an 

additional 205 ungauged stormwater drains that discharge into the estuary.  Moreover, the model was 

also successful in simulating the E. coli dynamics from the large Yarra River catchment. Indeed, the 

model achieved the highest performance efficiency for this catchment. This is very important since 

Yarra River inputs were previously shown to govern the overall E. coli levels within the estuary and 

without proper characterisations of inputs from the Yarra River, performance of the estuarine 

microorganism model would be compromised. Finally, since MOPUS was essentially developed for wet 

weather stormwater prediction, a method was presented for overcoming the model’s poor 

performance (under-predictions) during dry weather using measured E. coli data, which enabled 

generation of a continuous time series of flow rates and E. coli concentrations needed for 

characterising all inputs of faecal contamination to the estuary (i.e. providing the boundary conditions 

for the estuarine hydrodynamic-microorganism model). 

Whilst the MOPUS model was successfully applied for prediction of the Yarra River and urban 

stormwater input into the Yarra River estuary, it should be noted that the uncertainty of the 

predictions were not examined and the application of the produced inputs may affect the accuracy of 

the predictions of estuarine microorganism model.   
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Comparison of daily urban stormwater contributions to the overall E. coli load entering the Yarra river 

estuary revealed that stormwater inputs were dwarfed by the Yarra River inputs. Even during wet 

weather, stormwater inputs accounted on average for only 10% of the total load. However, it was also 

shown that in some cases (rainfall over the urban area of the catchment) these inputs can account for 

over 50% of the total load. Furthermore, the conducted analysis was based on daily loads and at sub-

daily timescale, stormwater inputs may have an important impact on overall level of E. coli in the 

estuary. 

In summary, accurate modelling of microorganism dynamics in urban estuaries requires provision of 

boundary conditions that characterise the input dynamics well. Inaccurate characterisation of input 

dynamics may lead to poor estuarine microorganism model performance and consequently, 

misleading conclusions about the most significant inputs and processes of faecal microorganism 

dynamics. This in turn can lead to ineffective and costly management strategies. 
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6.1 Introduction 

Estuarine hydrodynamics is the main driver of the microbial transport, mixing, sedimentation and 

resuspension within the estuary. Additionally, it governs the spatial and temporal distribution of 

environmental parameters, such as temperature and salinity, which influence the survival of 

microorganism. Therefore, the hydrodynamic model needs to accurately predict the velocity fields and 

mixing within the estuary. Moreover, this is an essential requirement in case of highly stratified 

estuaries such as the Yarra River estuary. Hence, the aim of this chapter is to present set up and testing 

of the hydrodynamic model of the Yarra River estuary, to which a microorganism model will be coupled. 

For this purpose, TUFLOW FV modelling platform has been selected according to the criteria outlined 

in the literature review (Chapter 2). 

This chapter aims at addressing the research question related to identifying the most important 

hydrodynamic model input data needed for accurate prediction of flow velocity, which is intrinsically 

linked to number of processes influencing the faecal microorganism dynamics such as, transport and 

mixing within the estuary, sediment resuspension/settling and temperature and salinity distribution 

(Section 2.9, Chapter 2 – Literature Review). It was hypothesised that inflow rates, bathymetry and 

wind data will be the most important for accurate prediction of velocity fields.  

The main component of this chapter is a journal paper titled “Modelling shallow and narrow urban 

salt-wedge estuaries: Evaluation of model performance and sensitivity to optimise input data collection” 

published in Estuarine, Coastal and Shelf Science, 2019, VOL 217, pp. 9 – 27, (Section 6.2).  Part of this 

work was initially presented in form of conference paper at the 21st International Congress on 

Modelling and Simulation (MODSIM) in Gold Coast, Australia in 2015 (the conference paper can be 

found in Appendix B.2). The chapter finishes with a discussion that integrates the findings of this 

chapter with the broader aims and objectives of this thesis (Section 6.3).   
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6.2 Modelling shallow and narrow urban salt-wedge estuaries: 

Evaluation of model performance and sensitivity to optimise 

input data collection 

The supplementary material for this manuscript is provided in Appendix A3. 
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6.3 Discussion and conclusions 

The model was tested robustly using the large data set of water levels, flow velocities and salinity and 

temperature measurements. It was shown that the model is able to reproduce well the hydrodynamics 

of the Yarra River estuary. Particularly important was the ability of the model to reproduce the high 

stratification of the estuarine water column which strongly influence the microbial water quality 

processes as shown with analysis of the monitoring data in Chapter 4. This was demonstrated by 

comparing observed and predicted salinity and temperature depth profiles during different hydrologic 

conditions.  Therefore, the developed model proved capable of simulating complex hydrodynamics of 

the Yarra River estuary with high level of performance and, as such, it is fit for coupling with the 

microorganism model.   

Due to the dynamic feedback between hydrodynamic and water quality variables (Ganju et al., 2016), 

modelling of water quality can be very sensitive to hydrodynamics (e.g. Allen et al. (2007)). As such, it 

is important to assess the sensitivity of most important hydrodynamic model outputs for modelling of 

E. coli dynamics in estuarine environment. These outputs include: 1) flow velocity, which is important 

for E. coli transport and mixing, and is a key factor for sediment resuspension/settling and; 2) salinity 

and temperature distribution, which is important for modelling E. coli survival.  

Flow velocity was largely impacted by uncertainty in the major water input, i.e. the Yarra River, and to 

certain extent Gardiners Creek. Interestingly, exclusion of 208 stormwater drains did not have 

significant impact on velocity prediction, in spite of delivering similar volume of water as Gardiners 

Creek. This is likely related to the fact that these inputs are spatially distributed along the estuary as 

opposed to localised input of Gardiners Creek. Nevertheless, while not being important for velocity 

prediction stormwater inputs may be important as inputs of faecal contamination to the estuary. 

Additionally, surface velocity prediction was moderately sensitive to wind inputs, while bottom 

velocity prediction was somewhat sensitive to bathymetry inputs, particularly in the case when the 

bathymetry elevation was increased (i.e. shallower conditions). 

Salinity predictions were mainly sensitive to the variation in the freshwater inflow (i.e. the Yarra River 

and Gardiners Creek inputs) and in the wind inputs. This was true for both the surface (i.e. freshwater 

layer) and the bottom (i.e. salt-wedge) salinity. Furthermore, the bottom salinity prediction were also 

sensitive to the vertical resolution of the mesh, likely due to the impact on the propagation of the salt-

wedge along the estuary. The bias in predicted salinity of the surface layer during wet weather events 

remained below 2 psu and as such it’s not expected that this sensitivity can cause significant changes 

in the prediction of the faecal microorganism concentrations. Moreover, the concentrations during 
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wet weather are likely driven by inputs of faecal microorganisms and microorganism-sediment 

dynamics rather than the die-off. However, sensitivity of the surface salinity prediction during dry 

weather produced bias of up to 5 psu and this could potentially cause a noticeable effect on the 

predicted microorganism concentrations during dry weather. The sensitivity of bottom salinity 

prediction produced bias of around 5 psu but in some cases over 10 psu which can cause significant 

difference in salinity related die-off rates. However, the majority of the E. coli is located in the top fresh 

water layer  (Jovanovic et al., 2017a) and as such, the sensitivity of the bottom salinity might not have 

direct impact on the modelled E. coli concentrations.  

Temperature was the least sensitive output of the model. The maximum bias in temperature 

prediction for any of the tested sensitivity scenarios was around 1℃. Nevertheless, because 

temperature is the most important environmental factor governing the survival of the faecal 

microorganism (Blaustein et al., 2013), the accurate prediction of temperature by the hydrodynamic 

model is needed. However, according to the sensitivity analyses the accurate prediction of the 

temperature can be achieved with the weekly averaged water temperature inputs. Particular events 

would require more discrete temperature inputs, however during particular storm events the 

temperature die-off might not be important because the microorganism concentration is likely driven 

by the inputs of faecal microorganisms and not by the within estuary dynamics. Furthermore, duration 

of the event might be too short for any significant die-off to occur.  

In summary, predictions of the E. coli concentrations will be impacted indirectly by the sensitivity of 

the most important hydrodynamics model outputs. Based on the sensitivity analysis of the 

hydrodynamic model presented in this chapter, in the urban salt-wedge estuaries is likely the most 

influential inputs for modelling of the E. coli dynamics in the urban  

Salinity, temperature, bed roughness and vertical resolution did not have significant impact on flow 

velocity prediction and as such are not important for modelling E. coli dynamics.
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7.1 Introduction 

While predictive microorganism models for estuaries have been developed previously, a review of the 

literature indicated that none of these models satisfied the requirements of an appropriate holistic 

estuarine microorganism model (Chapter 2).  As such, there is need for the development of a more 

comprehensive and robust hydrodynamic-microorganism model. Additionally, limited datasets have 

been used for testing of existing models, hence the true performance and limitations of these models 

is still unknown and conclusions drawn from such models could be considered as questionable. 

Therefore, the aim of this chapter is to present a new hydrodynamic-microorganism model and to test 

its performance using the large dataset collected during this research project.  

Additionally, the objective of this chapter was also to address the research questions and hypotheses 

presented in Chapter 2 by means of hypothesis testing using the newly developed model. It was 

hypothesised that the most important inputs of faecal microorganisms to the Yarra River estuary are 

(ordered according to highest magnitude): Yarra River upstream of Dights Falls, urban stormwater and 

microbes stored in bed and bank sediments (Research Question 1). Also, it was hypothesised that die-

off, sediment-microorganism interaction (i.e. settling and resuspension), and hydrodynamic transport 

are the most important in-stream processes for microbial dynamics of E. coli (Research Question 2). 

Finally, the last research question relates to understanding the level of complexity needed for 

modelling of the microbial dynamics in highly stratified estuarine environments (Research Question 3). 

It was hypothesised that a 3D process-based model is required due to the complexity of both the 

microbial processes within the estuary but also the complexity of the environment itself. However, in 

the highly stratified estuarine environment the majority of the faecal microbes are residing in the 

freshwater surface layer, hence, it was also hypothesised that a simpler (conceptual) modelling 

approach might be suitable if modelling the microorganism concentrations in the surface layer of the 

water column.  

Chapter 7 is comprised of two main sections. The first section is a journal publication titled “Integrated 

conceptual modelling of faecal contamination in an urban estuary catchment” published in Water 

Science and Technology in 2015 (Section 7.2). Parts of this publication related to assessment of the E. 

coli inputs into the Yarra River estuary were presented in Chapter 5. In this chapter, the whole journal 

publication as published in Water Science and Technology is presented. The work explored conceptual 

way of modelling faecal microorganism dynamics in the Yarra River estuary as opposed to fully process-

based models. Urban (stormwater) and rural (riverine) inputs were provided through modelling and 

paper focused on assessing the overall importance of stormwater inputs in driving the E. coli dynamics 
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in the Yarra River estuary. This work was initially presented in form of conference paper at the 13th 

International Conference on Urban Drainage (ICUD) in Sarawak, Malaysia in 2014 and subsequently, 

after additional analysis and edits, submitted to Water Science and Technology.  The conference paper 

can be found in Appendix B.1.  

The second section of this chapter is a manuscript titled “Integrated modelling of fate and transport of 

E. coli within an urban salt-wedge estuary” currently under internal review for submission to Water 

Research (Section 7.3). The manuscript presents a new 3-dimensional model for microorganism 

prediction in estuarine environments. The model was tested on the extensive dataset of E. coli 

concentrations collected from the Yarra River estuary, which was described and analysed in Chapters 

3 and 4. High resolution boundary conditions for the microorganism model were provided based on 

existing models shown in Chapter 5. The model was coupled to the calibrated hydrodynamic model of 

the Yarra River estuary (Chapter 6). After extensively testing the microorganism model performance, 

the model was used to test the hypotheses outlined above. Finally, the chapter concludes with the 

discussion and the summary of findings of Chapter 7 (Section 7.4). 
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7.2 Integrated conceptual modelling of faecal contamination in an 

urban estuary  
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7.3 Modelling E. coli dynamics in an urban estuary 

 

Integrated modelling of fate and transport of E. coli  

within an urban salt-wedge estuary 
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Ana DELETICa,e and David T. McCARTHYa,* 
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7.3.1 Abstract 

Modelling of faecal microorganism dynamics in urban estuaries at a fine temporal scale is complex and 

requires an integrated modelling approach, with a good characterisations of the microbial dynamics in 

all inputs and appropriately represented in-stream microbial processes.  In this study, modelling of 

microbial dynamics in each input was achieved using an existing model, MOPUS, while a new three-

dimensional hydrodynamic-microorganism model was developed for modelling estuarine processes. 

The model was tested on the Yarra River estuary using extensive dataset of more than 3500 measured 

E. coli concentrations from two locations in the estuary as well as more than 80 E. coli depth profiles.  

Sensitivity analysis of the model components (i.e. microbial die-off and sediment-microorganism 

interaction) revealed that exclusion of these components had minimal effect on the predictive 

capability of the model (ELOG = 0.22 vs. ELOG = 0.29), suggesting that E. coli dynamics in the Yarra River 

estuary is driven by inputs and hydrodynamic transport and mixing. The importance of the Yarra River 

freshwater input was further confirmed by using measured datasets (instead of modelled ones) which 

led to a significant increase in the model’s predictive performance (ELOG = 0.18 vs. ELOG = 0.38). To 

explore model structural uncertainties, the performance of a simple conceptual spatially-lumped 

microorganism model was tested (ELOG = 0.41), suggesting that a simpler model could represent the 

mailto:dusan.jovanovic@monash.edu
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dataset as well as the new three-dimensional hydrodynamic-microorganism model. Nevertheless, 

process-based model outputs provide more information about the E. coli dynamics particularly in the 

spatial context.  

Key words:  Microbiological water quality, Escherichia coli, Yarra River estuary, 3D models, MOPUS, 

TUFLOW FV, AED2 

 

7.3.2 Introduction 

Estuaries across the world are increasingly being developed and managed for recreational purposes. 

However, at the same time, they are placed under environmental stressors, leading to excessive 

pollution and thereby limiting their benefits (Wolanski and Elliott, 2016). Majority of the adverse 

influences affecting estuarine health are anthropogenic (e.g. population growth, urbanization, climate 

change). This is not surprising considering that estuaries and continental shelf areas comprise 5.2% of 

the earth surface and around 60% of the global population lives along estuaries and coast (Lindeboom, 

2002). The environmental stress on estuaries is likely to increase in the future because population in 

coastal areas is predicted to double every twenty years (Wolanski and Elliott, 2016).  

Faecal microorganisms are the leading cause of pollution in urban estuaries (Burton and Pitt, 2002), 

and they can have significant impact on the public health. Beside health effects, medical treatment of 

illnesses associated with recreational waters can represent significant economic burden. For example, 

estimated cost for treatment of these illnesses was $3.3 million per year for only two beaches in 

California, USA (Dwight et al., 2005).  

For above reasons, increased effort has been placed around mitigation strategies for improvement of 

health of urban estuaries. However, faecal microbial dynamics in estuarine environment is very 

complex. It is influenced by an array of potential faecal contamination inputs such as: rivers and creeks 

(Martinez-Manzanares et al., 1992; Daly et al., 2013), urban stormwater (McCarthy et al., 2008; 

McCarthy et al., 2012), wastewater (CWP, 2000; de Brauwere et al., 2011), bed and bank sediments 

(Solo-Gabriele et al., 2000; Desmarais et al., 2002) and other non-host habitats and direct deposition 

by wildlife and humans (Weiskel et al., 1996). Moreover, faecal microorganism dynamics within 

estuaries is driven by their ability to survive in estuarine environment and the ability to interact with 

sediments (Pachepsky and Shelton, 2011). Additionally, an array of hydrological factors (e.g. flow, 

velocity, tide, hydrodynamic/density driven mixing) will also influence the observed complexity.  
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Due to the outlined complexity of microbial dynamics in urban estuaries, adequate mitigation cannot 

occur without a full understanding and appreciation of all the inputs and processes which occur within 

the system. This lends itself to the use of modelling tools, the only practical and possible way to 

incorporate these complex dynamics, which can then be used to explore various methods of mitigation 

(by means of hypothesis testing) and the influence of future externalities on the system’s behaviour, 

such as climate change and population growth.  

So far, there have been a few attempts to model microbial dynamics in estuaries. However, some 

limitations of existing models/modelling studies were identified. The models were developed/tested 

on predominantly well-mixed estuarine systems (Salomon and Pommepuy, 1990; de Brauwere et al., 

2014a; Gao et al., 2015; Liu et al., 2015) and it is unknown how these models would perform in highly-

stratified (salt-wedge) estuaries. There are a number of microorganisms models developed for 

simulating microorganism dynamics in creeks, rivers or lakes (e.g. (Wilkinson et al., 1995; Yakirevich et 

al., 2013; Niazi et al., 2015), However, these have not been tested in an estuarine environment. 

Furthermore, Hipsey et al. (2008) developed a generic microorganism model, potentially applicable to 

all aquatic environment, but this model also was never tested in an estuarine system.  

In most of the existing models, focus was given to the water column (Salomon and Pommepuy, 1990; 

Kashefipour et al., 2002; Gao et al., 2015), rarely including interactions between sediments and 

overlaying water layer (sedimentation/re-suspension) (Gao et al., 2011b; de Brauwere et al., 2014a). 

However, some studies did consider settling of the microorganisms into bed sediments, albeit without 

accounting for resuspension of bed-stored microbes (Garcia-Armisen et al., 2006; de Brauwere et al., 

2011; Liu and Huang, 2012; Liu et al., 2015). Not accounting for this resuspension could result in poor 

predictive performance as it is recognised that bed stores of microbes might represent an important 

input via resuspension of sediments and attached microbes back into the water column (Wilkinson et 

al., 1995; Muirhead et al., 2004; Yakirevich et al., 2013).  

While some of the reviewed models accounted for die-off of microorganisms using constant die-off 

rates (Salomon and Pommepuy, 1990; Kashefipour et al., 2002; Garcia-Armisen et al., 2006), the 

majority of studies have modelled die-off rates as a function of temperature only. Surprisingly only one 

study incorporated die-off due to salinity (Gao et al., 2015), despite modelling faecal microorganisms 

in an estuarine environment. 

It is hypothesised that microbial dynamics within the estuarine environment will be significantly 

impacted by the inputs of faecal microbes to the estuary. Yet, most of the existing models do not fully 

account for microbial dynamics in inputs. Indeed, the inputs are represented either with a constant 
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flux value, or predicted using simple relationship with flow (Garcia-Armisen et al., 2006; Liu and Huang, 

2012) or with sediment concentrations (Ghimire and Deng, 2013). Such representation of input of 

faecal microorganisms to the estuarine model might hide the importance of the particular input, 

influence the results of the model and misinform mitigation strategies.   

Therefore, the main aim of this study is to develop a process-based hydrodynamic-microorganism 

model that will account for all aspects of microbial dynamics in urban estuarine environment and its 

inputs. The salt-wedge Yarra River estuary was used as a case study and the reference faecal 

microorganism was E. coli. A dataset containing water level, flow velocities, salinity, temperature and 

E. coli concentrations measurements from the estuary and the main inputs was used for development 

and evaluation of the estuarine model. Additionally, a sensitivity analysis was performed to determine 

the importance of the different model components in the case study of Yarra River estuary.  

 

7.3.3 Methods 

7.3.4 Study site 

The Yarra River is located in south-eastern Australia and is the major river which flows through the city 

of Melbourne, Australia. The total length of the Yarra River is 242 km with the catchment size of around 

4000 km2 composed of forested headwater reaches, predominantly rural mid-reaches and urbanised 

lower reaches. The last 22 km represent its estuarine section, with Port Philip Bay at the downstream 

end and an artificial weir, Dights Falls, at the upstream end (Figure 7 - 1). The estuary is used for 

secondary contact water recreation (especially rowing, kayaking, and fishing) while primary contact 

recreation is either restricted due to boat navigation or is not recommended due to frequently high 

levels of faecal indicator microbes (Department of Sustainability and  Environment, 2012).  

The major input of fresh water to the estuary is the Yarra River, which contributes about 70% of the 

total flow at the estuary mouth (Sokolov and Black, 1996). Other freshwater inputs include Gardiners 

Creek in the upper estuary (~7.5 km downstream of the Dights Falls) and Maribyrnong River and 

Moonee Ponds Creek in the lower part of the estuary. Over two hundred stormwater drains were 

identified along the estuary, some of which have pipe diameters greater than 3m (Daly et al., 2013; 

Jovanovic et al., 2015). The wastewater drainage network is separate to the stormwater and there are 

no wastewater treatment plants that discharge the treated effluent directly into the Yarra River 

estuary.  
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The Yarra River estuary is categorised as a highly-stratified, salt-wedge estuary (Beckett et al., 1982). 

According to its tidal characteristics the estuary is classified as a micro-tidal estuary (tidal water level 

fluctuations varying between 0.3 to 0.9 m but on average around 0.5 m), having a semi-diurnal tidal 

pattern with significant diurnal variations (Beckett et al., 1982). The average fluvial flow rate in the 

lower Yarra River is estimated to be 10 m3/s (Sokolov and Black, 1996). 

 

 

Figure 7 - 1 Yarra River estuary model mesh covering the section from Dights Falls to Bolte Bridge.  

 

7.3.5 Model description 

A coupled hydrodynamic-water quality model was applied for modelling faecal microorganism 

dynamics in this study. Hydrodynamics of the Yarra River estuary was modelled using a commercially-

available, three-dimensional hydrodynamic modelling platform called TUFLOW FV 

(https://www.tuflow.com/Tuflow%20FV.aspx). The microorganism model was implemented within 

the AED2 framework (http://aed.see.uwa.edu.au/research/models/AED/index.html) which was 

coupled to the hydrodynamic model. Descriptions of the hydrodynamic model and the microorganism 

model are presented below. 

Hydrodynamic model 

TUFLOW FV is a finite volume three-dimensional numerical hydrodynamic model for modelling open 

surface flows in channel, rivers, estuaries, coasts and oceans. The model focuses on physical processes 

https://www.tuflow.com/Tuflow%20FV.aspx
http://aed.see.uwa.edu.au/research/models/AED/index.html
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in aquatic environment by solving the integral form of  the non-linear shallow water equations using 

the finite volume numerical method on unstructured (flexible) meshes (BMT WBM, 2013). The mesh 

can be made of triangular or quadrilateral elements of varying size with sigma or z coordinates 

available for vertical mesh discretisation. The model also simulates the transport of scalar constituents, 

such as salinity and temperature, and includes their effect on the hydrodynamic solution through 

baroclinic coupling using the UNESCO equation of state (Fofonoff and Millard, 1983). The extensive 

description of the hydrodynamic model set up with its application to the Yarra River estuary and 

extensive sensitivity testing to the input data is available in Jovanovic et al. (2019). The setup of the 

hydrodynamic model in this study is identical as described in the aforementioned study.  

Suspended sediments model 

Suspended sediments can play an important role in microbial dynamics because of the known 

tendency of faecal microorganisms to attach to sediment particles (Pachepsky and Shelton, 2011). In 

addition, suspended sediments affect light penetration through the water column, which again 

influences microorganism survival. Therefore, in order to account for these important interactions, a 

simple suspended sediment transport model was incorporated within the AED2 water quality module. 

The model can account for a set number of different suspended sediment fractions where 

concentration of each fraction is influenced by hydrodynamic transport and mixing, deposition and 

resuspension. Deposition is parameterised as a function of settling velocity (𝑤𝑆) while resuspension is 

a function of erosion rate (𝐸 ) and critical erosion shear stress (𝜏𝑒 ). The full model equations are 

presented in Supplementary Material. 

Microorganism model 

The reference faecal microorganisms used for model development and evaluation was E. coli, a 

common faecal indicator organism. This microorganism was chosen because methods for its 

quantification are simple, efficient and cost-effective which was necessary in order to collect enough 

data for model development and evaluation.  

The microorganism model simulates three fractions of E. coli: free E. coli, sediment-attached E. coli 

and E. coli deposited in the bed sediments (i.e. bed-store E. coli).  

Free E. coli 

Free E. coli enter the model domain by external inputs and are subject to hydrodynamic transport and 

mixing. Due to extremely small settling velocities of free bacteria (Garcia-Armisen and Servais, 2009), 

free E. coli are not subject to settling (Garcia-Armisen et al., 2006; de Brauwere et al., 2014a), but they 

are subject to die-off processes that are governed by number of environmental factors (Eq. (7 - 1)). 
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The total die-off rate was a sum of natural mortality (dark die-off rate) and sunlight inactivation (Eq. (7 

- 2)), which were parameterised following  Hipsey et al. (2008). Natural mortality was a function of 

water temperature and salinity (Eq. (7 - 3)). In this study, pH effects on the mortality were excluded 

because measured pH levels within the Yarra River estuary were near-neutral (i.e. 7 – 8; (Jovanovic et 

al., 2017a)) which is in the range of negligible pH impact on E. coli survival (Reddy et al., 1981; Hipsey 

et al., 2008). Sunlight inactivation was as a function of three solar bandwidths (i.e. visible, UV-A and 

UV-B; Eq. (7 - 4)) and again leaving out the effect of pH on sunlight inactivation for above mentioned 

reason.  

Sediment-attached E. coli 

Similarly to free E. coli, sediment-attached E. coli are subject to hydrodynamic transport and mixing 

and die-off. Additionally, they are also able to settle into the bed store and be resuspended back into 

the water column (Eq. (7 - 5)).   

Sediment-attached microorganisms are subject to the environmental effects in the same way as the 

free microorganisms. However, due to the certain degree of protection that sediments provide to 

sediment-attached microorganisms, die-off rate of the attached microorganism is typically taken as a 

fraction of that of the free microorganisms (Jamieson et al., 2005; Garcia-Armisen et al., 2006; Russo 

et al., 2011; de Brauwere et al., 2014a). Therefore, a similar approach was used in this study and die-

off rate of sediment-attached E. coli was calculated as a fraction of the die-off rate of free E. coli (Eq. 

(7 - 6)).  

Sediment-attached E. coli settle and resuspend in the same way as the sediment particles to which 

they are attached. Therefore, E. coli deposition is a function of sediment particle settling velocity (Eq. 

(7 - 7)) and E. coli resuspension is a function of bed sediment resuspension rate (Eq. (7 - 8)).  

In the current model there is no interaction between free and attached E. coli, because it was 

hypothesised that the attachment-detachment processes are slow compared to other processes 

(Pachepsky and Shelton, 2011). Similar approaches have been applied in several other models 

(Jamieson et al., 2005; Garcia-Armisen et al., 2006; Ouattara et al., 2013; de Brauwere et al., 2014a). 

Therefore, free microbes cannot become attached and sediment-attached microbes cannot become 

free. Additionally, this approach does not require knowledge of fraction of attached bacteria in the 

estuary, but the attached fraction becomes a diagnostic variable and an output of the model. 

Bed-store E. coli 

Bed-store E. coli is influenced by settling of sediment-attached E. coli, resuspension of bed-store E. coli 

and die-off (Eq. (7 - 9)). Die-off rate of microorganism in bed sediments was parameterised in a similar 
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way as those attached to sediment particles in water (Eq. (7 - 10)), where die-off rate is a fraction of the 

die-off rate for free E. coli. Unlike bed sediments, bed store of E. coli is finite and can be depleted. 
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Table 7 - 1 Microorganism model equations 

Microorganism model equation  Parameter description  Eq. no. 

Free microorganisms   

𝜕

𝜕𝑡
𝐶𝑓 +

𝜕

𝜕𝑥𝑖
(𝑈𝑖𝐶𝑓) =

𝜕

𝜕𝑥𝑖
(𝜅𝑖

𝜕𝐶𝑓

𝜕𝑥𝑖
) − 𝑘𝑑

𝑓
𝐶𝑓 + ∑ 𝐶𝑓,𝑗

𝑛

𝑗=1

 
𝐶𝑓 is concentration of free E. coli [org m-3], 𝑘𝑑

𝑓
 is die-off rate of free E. coli [day-1]  and the last term 

represents free E. coli delivered through j-th boundary input. (7 - 1) 

Die-off rate of free microorganisms   

𝑘𝑑
𝑓

= 𝑘𝑚 + 𝑘𝑙  𝑘𝑚 is natural mortality die-off rate [day-1] and 𝑘𝑙 is die-off rate due to sunlight inactivation [day-1]. (7 - 2) 

Natural mortality die-off rate   

𝑘𝑚(𝑇, 𝑆) = (𝑘𝑑20
+

𝑐𝑆𝑀
𝑆𝑘

35
) × 𝜃𝑇−20 

𝑘𝑑20
 is fresh water die-off rate of E. coli at 20 °C [day-1], 𝑆 is salinity [psu], 𝑐𝑆𝑀

 is a constant controlling 

the effect of salinity on the die-off rate [day-1psu-1], 𝑘 is a parameter controlling sensitivity of 𝑘𝑑  to 
salinity and 𝜃 is coefficient controlling sensitivity of die-off to temperature change [-].  

(7 - 3) 

Sunlight inactivation   

𝑘𝑙(𝐼, 𝑆) = ∑ 𝜑(𝑘𝑏 + 𝑐𝑆𝐵
𝑆)𝐼𝑏

𝑁𝐵

𝑏=1

∙ (
𝐷𝑂

𝐾𝐷𝑂𝑏
+ 𝐷𝑂

) 

𝑁𝐵  is the number of discrete solar bandwidths modelled [-], 𝑏  is bandwidth class [-], 𝑘𝑏  is the 
freshwater die-off rate for exposure to b-th class [m2 MJ-1], 𝑐𝑆𝐵

 is a coefficient that enhances the 

sunlight inactivation of particular bandwidth due to salinity [m2 MJ-1 psu-1],  𝐼𝑏 is the intensity of the 
b-th bandwidth [W m-2], 𝐷𝑂 is dissolved oxygen concertation [mmol DO m-3] and  𝐾𝐷𝑂𝑏

 controls the 

sensitivity of the solar bandwidth to dissolved oxygen concertation [mmol DO m-3].   

(7 - 4) 

Sediment-attached microorganisms   
𝜕

𝜕𝑡
𝐶𝑎𝑡𝑡 +

𝜕

𝜕𝑥𝑖

(𝑈𝑖𝐶𝑎𝑡𝑡)

=
𝜕

𝜕𝑥𝑖
(𝑘𝑖

𝜕𝐶𝑎𝑡𝑡

𝜕𝑥𝑖
) − 𝑘𝑑

𝑎𝑡𝑡𝐶𝑎𝑡𝑡 − 𝐷𝑎𝑡𝑡 + 𝑅𝑏𝑠 + ∑ 𝐶𝑎𝑡𝑡,𝑗

𝑛

𝑗=1

 

𝐶𝑎𝑡𝑡  is concentration of the sediment-attached E. coli [org m-3], 𝑘𝑑
𝑎𝑡𝑡  is die-off rate of sediment-

attached E. coli [day-1], 𝐷𝑎𝑡𝑡 is deposition rate of the sediment-attached E. coli [org m-2s-1], 𝑅𝑏𝑠 is the 
resuspension rate of the bed-stored E. coli [org m-2s-1] and the last term represents sediment-
attached E. coli delivered through j-th boundary input. 

(7 - 5) 

Die-off rate of sediment-attached microorganisms   
𝑘𝑎𝑡𝑡 = 𝛾𝑎𝑡𝑡𝑘𝑑  𝛾𝑎𝑡𝑡 is the scaling coefficient for the sediment-attached E. coli die-off rate [-]. (7 - 6) 
Deposition of sediment-attached microorganisms   
𝐷𝑎𝑡𝑡 = 𝑤𝑆𝐶𝑎𝑡𝑡 𝑤𝑆 is settling velocity of sediment particles to which E. coli are attached [m/s] (7 - 7) 
Resuspension of bed-store microorganisms   
𝑅𝑏𝑠 = 𝑅𝐶𝑏𝑠 𝐶𝑏𝑠 is the concentration of the bed-store E. coli [org g-1] (7 - 8) 

Bed-store microorganisms   
𝜕

𝜕𝑡
(𝐶𝑏𝑠𝜌𝑠𝑏𝑑𝑏𝑠) = 𝐷𝑎𝑡𝑡 − 𝑅𝑏𝑠 − 𝑘𝑑

𝑏𝑠(𝐶𝑏𝑠𝜌𝑠𝑏𝑑𝑏𝑠) 
𝜌𝑠𝑏  is bulk sediment density of estuarine sediments [kg m-3], 𝑑𝑏𝑠  is depth of estuary bed where 

microorganisms are present [m] and 𝑘𝑑
𝑏𝑠  is the die-off rate of bed-stored E. coli [day-1]. 

(7 - 9) 

Die-off rate of bed-store microorganisms   

𝑘𝑑
𝑏𝑠 = 𝛾𝑏𝑠𝑘𝑑  𝛾𝑏𝑠 is the scaling coefficient for the bed-store E. coli die-off rate [-]. (7 - 10) 
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7.3.6 Model set up 

Model mesh 

The mesh applied in this study is identical to the one described in Jovanovic et al. (2019). The mesh 

covers an approximately 17 km long reach of the Yarra River estuary from its head at Dights Falls to 

Bolte Bridge. The mesh has 1644 mostly quadrilateral elements with typically four elements used to 

discretise across the breadth of the estuary. Hybrid sigma-z coordinate system was applied for vertical 

discretisation.  Above -1 m AHD (Australian Height Datum) eight sigma layers were defined and 

additional z layer each 0.2 m below -1 m AHD making a total of 26702 computational cells.   

Model parameters 

Suspended sediment model 

The sediments of the Yarra River estuary are primarily composed of clay and silt (Ellaway et al., 1982). 

Hence, the two sediment fractions were simulated in the current model. The representative particle 

sizes for the two fractions were 1 µm and 10 µm with the sediment particle density of 2650 kg m-3. 

Critical stress for deposition and erosion were 0.02 Nm-2 and 0.30 Nm-2 for clay fraction and 0.05 Nm-2 

and 0.35 Nm-2 for silt fraction respectively. The erosion rate was the same for both fractions as 0.01 

gm-2s-1 based on the range reported for soft natural muds by van Rijn (1993). 

Microorganism model 

Enteric bacteria have been shown to associate with fine grained sediment particles (< 60 μm), i.e. clay 

and silt (Orlob, 1956; Gannon et al., 1983; Auer and Niehaus, 1993; Wu et al., 2009; Pachepsky and 

Shelton, 2011). Whilst two sediment fractions representing clay and silt were simulated in sediment 

transport model, E. coli was assumed to be attached to only one fraction - clay fraction. This was based 

on measurements of sedimentation of E. coli using the water collected from the Yarra River estuary. It 

was determined that there was no settling of E. coli in the first 24h indicating E. coli was attached to 

particles of less than 1.5 µm in diameter (McCarthy et al., 2011a), which agrees well with high 

percentage of clay particles (< 2 µm) found in the Yarra River estuary (Ellaway et al., 1982). 

Furthermore, this was reinforced by the minimal settling within a six to seven day period (McCarthy et 

al., 2011a). 

The value of fresh water mortality rate at 20 °C was set to 0.48 [day-1] based on E. coli survival 

experiment in the water column of the Yarra River estuary (Schang et al., 2016b). This agrees well with 

the values reported in literature (e.g. 0.42 [day-1] (Hipsey et al., 2008; Gao et al., 2015)). The values of 

other die-off parameters were adopted from Hipsey et al. (2008) and are presented Table 7 - 2. 

Because die-off rate due to salinity is also a function of dissolved oxygen it was necessary to estimate 
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dissolved oxygen concentrations in the Yarra River estuary. AED2 water quality module contains a 

dissolved oxygen model and the modelling of DO in the Yarra River estuary was previously conducted 

successfully by Bruce et al. (2014) using this model. Furthermore, Bruce et al. (2014) also used TUFLOW 

FV for modelling hydrodynamics of the Yarra River estuary, albeit the model mesh was simpler that 

the one used in this study. Therefore, the same calibrated DO model parameter values were applied 

in this study to simulate the DO dynamics in the Yarra River estuary.  

Various scaling coefficients were found in literature for accounting for die-off of the attached microbes. 

For example, for simulating die-off of attached faecal coliforms Russo et al. (2011) applied die-off rate 

of 75% of that of the free faecal coliforms; similarly Garcia-Armisen et al. (2006) and de Brauwere et 

al. (2014a) applied scaling factor of 50% in their studies, Jamieson et al. (2005) even assumed that 

attached E. coli do not decay (i.e. scaling factor =0%). Since no data is available for estimating the 

scaling factor in the Yarra River estuary, sediment-attached E. coli were assumed to die-off two times 

slower than the free E. coli, hence scaling factor of 0.5 was applied (Table 7 - 2).  

Reported die-off rates of E. coli in sediments are highly variable but on average an order of magnitude 

lower than those in water column (Pachepsky and Shelton, 2011). Additionally, survival of faecal 

microorganism in sediments was also related to sediment texture (Burton et al., 1987; Davies and 

Bavor, 2000; Desmarais et al., 2002; Pachepsky and Shelton, 2011).  Burton et al. (1987) showed that 

a number of human-associated bacteria exhibited better survival in sediments with higher clay content 

(>25%) compared to more coarse sediments, which was interpreted by Davies and Bavor (2000) as a 

result of better protection from predators, which were excluded from small pores containing bacteria 

due to their large size. Therefore, due to the high clay content of the Yarra River sediments, no die-off 

of bed-stored E. coli was simulated in this study (i.e. 𝛾𝑏𝑠 = 0, Table 7 - 2) . Many studies have adopted 

similar approach for simulating die-off of microbes in bed sediments (Steets and Holden, 2003; Gao et 

al., 2011a; de Brauwere et al., 2014a).  

Furthermore, faecal microorganisms are concentrated in the top few centimetres of the bed sediments 

and with generally not many microbes found below 5 cm depth (Pachepsky and Shelton, 2011). This 

was also true for the Yarra River estuary, where faecal microbes were abundant in the top 2 cm of the 

bed sediments but were often not detected below 9 cm (Schang et al., 2016b). Hence, in the current 

study 𝑑𝑏𝑠 parameter value was set to 0.05 m. The value of bulk sediment density was set to 200 kg m-

3 based on the bulk density of soft muds (van Rijn, 1993). 
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Table 7 - 2 Microorganism model parameters, including references from which each value was obtained. 

Parameter description Symbol Units Value 

Fresh water die-off rate of E. coli at 20 °C [day-1] 𝑘𝑑20
 [day-1] 0.48a 

Coefficient controlling sensitivity of natural mortality to temperature change 𝜃 [-] 1.11b 

Coefficient controlling the effect of salinity on the die-off rate 𝑐𝑆𝑀
 [day-1psu-1] 6.32 10-9 b 

Parameter controlling sensitivity of natural mortality to salinity. 𝑘 [-] 6.1b 
Freshwater die-off rate for exposure to visible light 𝑘𝑣𝑖𝑠 [m2 MJ-1] 0.097b 
Freshwater die-off rate for exposure to UVA light 𝑘𝑢𝑣𝑎 [m2 MJ-1] 1.16b 
Freshwater die-off rate for exposure to UVB light 𝑘𝑢𝑣𝑏 [m2 MJ-1] 36.4b 
Coefficient that enhances the sunlight inactivation due to salinity for visible 
light 

𝑐𝑆_𝑣𝑖𝑠 [m2 MJ-1 psu-1] 0.0067b 

Coefficient that enhances the sunlight inactivation due to salinity for UVA 
light 

𝑐𝑆_𝑢𝑣𝑎  [m2 MJ-1 psu-1] 0.0067b 

Coefficient that enhances the sunlight inactivation due to salinity for UVB 
light 

𝑐𝑆_𝑢𝑣𝑏 [m2 MJ-1 psu-1] 0.0067b 

Coefficient that controls the sensitivity of the visible light to dissolved oxygen 
concertation 

𝐾𝐷𝑂𝑣𝑖𝑠
 [mmol DO m-3] 15.6b 

Coefficient that controls the sensitivity of the UVA light to dissolved oxygen 
concertation 

𝐾𝐷𝑂𝑢𝑣𝑎
 [mmol DO m-3] 15.6b 

Coefficient that controls the sensitivity of the UVB light to dissolved oxygen 
concertation 

𝐾𝐷𝑂𝑢𝑣𝑏
 [mmol DO m-3] 15.6b 

Scaling coefficient for the sediment-attached E. coli die-off rate 𝛾𝑎𝑡𝑡 [-] 0.5c 
Scaling coefficient for the bed-stored E. coli die-off rate 𝛾𝑏𝑠 [-] 0.0d 
Bulk sediment density of estuarine sediments 𝜌𝑠𝑏 [kg m-3] 200e 
Depth of estuary bed where microorganisms are present 𝑑𝑏𝑠 [m] 0.05a 
a Schang et al. (2016b) 
b Hipsey et al. (2008) 
c Garcia-Armisen et al. (2006); de Brauwere et al. (2014a) 
d Steets and Holden (2003); Gao et al. (2011a); de Brauwere et al. (2014a) 
e van Rijn (1993) 

   

 

Boundary conditions 

The main inputs to the Yarra River estuary include the Yarra River at the upstream end of the estuary, 

Gardiners Creek, over 200 stormwater drains discharging directly into the estuary and returning water 

coming back into the modelled estuarine reach trough downstream boundary driven by the upstream 

tidal current.  

Flow rates, water temperature, salinity, TSS and DO inputs 

Flow rates, water temperature and salinity inputs in this study were identical to those described in 

detail in Jovanovic et al. (2019), and are hence only summarised here. Measured flow rates for the 

Yarra River and Gardiners Creek as well as the corresponding salinity and water temperature data were 

supplied by Melbourne Water or collected by Monash University. Discharges from 208 stormwater 

drains discharging directly into the estuary within the modelled reach were estimated through a 

rainfall-runoff model MOPUS (McCarthy et al., 2011b) as described in Jovanovic et al. (2015) and 

Jovanovic et al. (2017b). Temperature and salinity data collected by Monash University from two major 

stormwater drains discharging into the estuary were also used to characterise stormwater inputs. Tidal 
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surface water elevations at Southbank supplied by Melbourne Water were used as a downstream 

boundary condition. Salinity at the downstream boundary was set constant to the salinity of seawater 

(i.e. 35psu) based on the measurements of salinity in the Port Philip Bay. The water temperature data 

was available from a commercial vessel navigating the bay. No diurnal variation in the water 

temperature of the bay was observed, thus, weekly averaged temperature was applied temperature 

boundary condition. The salinity and temperature boundary conditions were applied uniformly across 

the whole downstream boundary face because there was no data available to account for the high 

stratification of the water column. However, this boundary condition will only be effective during the 

upstream tidal flux. According to current measurements from the Yarra River estuary, upstream tidal 

flux occurs for around 13% of time at an average magnitude nearly three times lower than that in 

downstream direction. Nevertheless, small errors in prediction of the halocline and thermocline were 

introduced due to uniform salinity and temperature distributions across the downstream boundary 

face (Jovanovic et al., 2019).  

Defining boundary conditions for suspended sediment model was much more difficult because much 

less data were available for characterising these boundary conditions. Around 170 measurements of 

TSS concentration from the Yarra River at Kew in period 1997 – 2016 were available for estimating TSS 

inputs from the Yarra River. A significant relationship was found with the flow rate (R2 = 0.75, p<0.001) 

which was used to provide the TSS boundary condition at the upstream end. Even less data were 

available for the Gardiners Creek, where only 55 TSS measurements in the period 2013 – 2014 were 

available. Nevertheless, relationship with flow was established (R2 = 0.72, p<0.001) and used to provide 

continuous TSS inputs of Gardiners Creek. The least TSS data was available for estimating TSS inputs 

from stormwater drains where only around 15 TSS measurements were available from one of the 

largest stormwater drains discharging into the estuary, Prahran Main Drain, for period 2013 – 2014. 

This data was used to develop relationship with flow (R2 = 0.32, p=0.06) and the TSS inputs from each 

of the stormwater drains were produced by applying this relationship with the stormwater flows 

estimated with the rainfall-runoff model. At the downstream boundary condition the TSS 

concentrations was set to zero based on the very low turbidity of salt-wedge (Jovanovic et al., 2017a).  

After the TSS boundary conditions were estimated, it was necessary to partition the total TSS 

concentration into two simulated fractions. For the Yarra River input 70% of TSS was attributed to clay 

fraction and 30% to silt fraction based on the composition of the estuarine muds reported in (Ellaway 

et al., 1982). Gardiners Creek and stormwater drains effectively supply sediments from highly 

urbanised catchments, thus, the partitioning of the TSS for these inputs was based on the typical 

particle size distributions for urban stormwater from Melbourne (Li, 2008). 45% and 55% for Gardiners 
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Creek and 20% and 80% for stormwater drains were attributed to clay fraction and silt fraction 

respectively.  

Due to the lack of measured DO concentrations, DO concentration of the Yarra River, Gardiners Creek 

and stormwater drains was assumed to be at saturation levels at the current temperature of the water 

input. This assumption seems reasonable since Yarra River enters the estuary over the weir; hence, 

the water is very well aerated. Similarly, Gardiners Creek and stormwater drains contribute the 

majority of the water during wet weather periods, when the flows are very turbulent and the oxygen 

levels may be assumed to be at the saturation levels.  The DO levels in the salt-wedge are found to be 

on average around a half of that at the surface of the water column (Jovanovic et al., 2017a). Therefore, 

DO levels at the downstream boundary were set to 40% of the DO saturation level at a current 

temperature. 

All flow and water level boundary conditions were defined at a 6-minute interval. 

E. coli inputs 

It was hypothesised that inputs will be the main drivers of the E. coli levels within the estuary and, thus, 

it was necessary to appropriately characterise these inputs. Continuous monitoring of all inputs was 

impossible, thus the only way to account for such a large number of inputs is by using models to 

characterise microbial dynamics in inputs and provide continual boundary conditions for the estuarine 

microorganism model.  

Jovanovic et al. (2017b) demonstrated that model for microorganism prediction in urban stormwater 

- MOPUS (McCarthy et al., 2011b) can be effectively calibrated to predict wet weather E. coli 

concentrations even from a large catchment such as the Yarra River. Furthermore, MOPUS was also 

able to simulate wet weather E. coli concentrations in Gardiners Creek. Therefore E. coli boundary 

conditions for the Yarra River and Gardiners Creek were obtained using calibrated models described 

in Jovanovic et al. (2017b).  

Similarly, MOPUS was also able to successfully reproduce measured wet weather E. coli concentrations 

from the three stormwater drains within the Yarra River estuary catchment (Jovanovic et al., 2017b).  

To provide the inputs from the other two hundred and five stormwater drains that did not have 

measured E. coli stormwater concentrations, the MOPUS model was applied in the following way: 1) 

an optimised model parameter set pool was created using the thousand best performing parameter 

sets from each of the three modelled urban catchments in Jovanovic et al. (2017b); 2) in order to 

diversify the produced parameter set pool, the thousand best performing parameter sets from each 

of the four urban catchments located in Melbourne and modelled by McCarthy et al. (2011b) were 
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added to existing parameter set pool; 3) Finally, the two hundred and five parameter sets were 

randomly withdrawn from the parameter set pool and used to produce the E. coli input from each of 

the two hundred and five remaining stormwater drains. 

MOPUS was developed for predicting wet weather stormwater E. coli concentrations and the 

predictions are a function of routed rainfall intensity (McCarthy et al., 2011). As such, during dry 

weather, when there is no rainfall, the model was systematically under predicting the E. coli 

concentrations. To avoid this issue, E. coli concentrations during dry weather were estimated by 

sampling from a distribution of measured dry weather E. coli concentrations. The Yarra River and 

Gardiners Creek dry weather inputs were estimated using datasets collected at Dights Falls and 

Gardiners Creek respectively, while the dry weather inputs from stormwater drains were estimated 

using data set collected at Hawthorn Main Drain east and west where a substantial amount of dry 

weather flow monitoring was conducted. Since data were not normally distributed (Shaphiro-Wilk test, 

p<0.001), before estimating the normal distribution parameters, the data were log-transformed in 

attempt to increase the normality of the data. The distribution parameters are shown in Table 7 - 3. 

Furthermore, to avoid having large discrepancies between the values of the randomly generated dry 

weather E. coli concentrations, autocorrelation within the measured data was examined and the 

obtained correlation coefficients were applied to produce dry weather E. coli concentrations of the 

Yarra River, Gardiners Creek and stormwater drains as (Eq. (7 - 11)):  

𝐶𝑡 = 𝑟𝑆 𝐶𝑡−1 + (1 − 𝑟𝑆) 10[𝐶𝐷
𝑡 ~𝑁(𝜇,𝜎2)] (7 - 11) 

 

where 𝐶𝑡 is dry weather E. coli concentration at time 𝑡 [MPN  100mL-1], 𝑟𝑆 – Pearson’s autocorrelation 

coefficient [-] and 𝐶𝐷
𝑡  is dry weather E. coli concentration [log(MPN  100mL-1)] at time 𝑡 obtained by 

sampling dry weather normal distribution with median 𝜇 and standard deviation 𝜎 (Table 7 - 3). 

 

Table 7 - 3 Medians, standard deviations and Pearson’s auto-correlation coefficients obtained for Dights falls, Gardiners 
Creek and Hawthorn Main Drain east dry weather E. coli data sets using log-transformed values.  

 
Median 𝜇 

[log(MPN  100mL-1)] 
St. dev. 𝜎 

[log(MPN  100mL-1)] 
𝑟𝑠  
[-] 

Dights Falls 2.24 0.27 0.61 

Gardiners Creek 2.72 0.40 0.72 

Hawthorn Main Drain east  3.41 0.48 0.67 

 

The E. coli concentrations entering through the downstream boundary were set to zero. The water at 

the downstream boundary is predominantly sea water (Jovanovic et al., 2017a) which is not conducive 
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to survival of the E. coli (Šolić and Krstulović, 1992) and frequently had E. coli concentrations below 

detection limit (i.e. less than 10 MPN 100mL-1. Similarly, to the discussion above, the effect of this 

boundary conditions in expected to be limited locally to the proximity of the downstream boundary.  

Model requires explicit separation of the total pool of E. coli in inputs into free and sediment-attached 

fraction. Reported fractions of sediment-attached E. coli are somewhat similar across a range of 

different water sources. For example, 34% - 44% of E.coli were sediment-attached in a freshwater 

creek (Jamieson et al., 2005) and an average of 38% of E. coli were associated with sediments in the 

Neuse River estuary (Fries et al., 2006). In stormwater the attached fraction of E. coli ranged from 20% 

- 30% during dry weather (Characklis et al., 2005; Cizek et al., 2008) to 30% - 50% during wet weather 

(Schillinger and Gannon, 1985; Characklis et al., 2005; Cizek et al., 2008). Jeng et al. (2005) found 

percentage of E. coli attached to sediments in stormwater to be in a slightly lower range 22% - 30%. In 

the current study 40% of E. coli were assumed to be attached to sediment particles in all modelled 

inputs.  

Initial conditions 

Initial water level was set to 0.0 m AHD. Salinity and temperature values were set to 20 and 20°C, 

respectively. Suspended sediment concentrations for clay fraction was set to 30 gm-3 and for silt 

fraction to 15 gm-3. Concentration of DO was set to 10 mgL-1 (i.e. 0.3126 mmolL-1). The estuary was 

initially set to be free of E. coli, hence concentrations of free and attached fractions were set to zero. 

The initial concentration of the bed-stored E. coli was 6000 MPNg-1 based on the mean measured 

concentrations of E. coli in the Yarra River estuary bed sediments (Schang et al., 2016b). 

Values of all scalar constituents were set uniformly throughout the whole modelling domain. Therefore, 

an additional month of ‘warm up’ period was added to the beginning of the simulation period to allow 

the model to adjust to a dynamic equilibrium prior to undertaking any assessments. This ensured that 

model predictions during the model assessment period were not biased by the initial conditions 

assumption. The one month ‘warm up’ period was sufficient for the model to establish salt-wedge 

dynamics in the estuary (Jovanovic et al., 2019), thus it was considered that it will also be sufficient for 

establishment of estuarine E. coli distribution. In total, the simulation covered the period of two years, 

from 1st October 2012 to 1st September 2014.  
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7.3.7 Model validation 

Due to excessively long run times of the model, a comprehensive calibration procedure of the model 

parameter values was not possible. Instead, all model parameter values were estimated based on 

literature or local experiments (see Table 7 - 2). 

Measured data 

In order to evaluate the microorganism model properly, E. coli data, which covered different hydrologic 

and weather conditions, was required. To obtain this data, E. coli concentrations were measured over 

the period of nearly two years from October 2012 to August 2014 at two locations in the Yarra River 

estuary, Abbotsford and Morell Bridge (Figure 7 - 1). Both sites were equipped with refrigerated 

automated samplers (Hach SD900) for the collection of water samples.  The water intake to the auto-

sampler at Abbotsford was fixed at approximately 40 cm above the estuary bed, while at Morell Bridge, 

the intake was attached to a flotation device and samples were taken from 10 cm depth (from the 

water surface) regardless of the tidal stage. Over 1700 samples were collected at each site.  All 

collected samples were transported to the Environmental and Public Health Microbiology (EPHM) 

laboratory at Monash University in coolers on ice and analysed using Colilert method (IDEXX 

Laboratories, 2013) within 24h of collection. Additionally, to be able to assess the ability of the model 

to predict distribution of E. coli along the depth of the water column over 80 E. coli depth profiles were 

collected from four locations in the Yarra River estuary (Jovanovic et al., 2017a). All E. coli 

concentrations in this study were measured as Most Probable Number (MPN) per 100 ml, thus all 

model E. coli predictions were transformed to the same units for evaluation.  

Model performance  

The model performance was evaluated both qualitatively and quantitatively. Qualitative assessment 

of model performance was done visually by producing a range of plots including measured vs. 

modelled E. coli concentrations, time series plots of measured and modelled E. coli concentrations and 

depth profile plots of measured and modelled E. coli concentrations. Quantitative assessment of model 

performance was done by calculating Nash-Sutcliffe efficiency, which also enables a comparison with 

other microbial models in the literature.  

Generally, there are two ways of calculating the efficiency of microorganism model predictions. One 

way is to calculate model efficiency by using raw measured and predicted microbial concentrations 

(McCarthy et al., 2011b; Yakirevich et al., 2013; Jovanovic et al., 2017b). The other way is to calculate 

model efficiency by using log-transformed measured and predicted microbial concentrations (Parajuli 

et al., 2009; Niazi et al., 2015). The latter is done due to high variability of microbial concentrations 
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found in datasets which often span a few orders of magnitude. Having a few data points with extremely 

high concentration values can bias the value of the model efficiency. When data is log-transformed, 

this issue is greatly reduced because the differences between dataset values are much smaller. In this 

study, Nash-Sutcliffe efficiency is calculated using log-transformed E. coli concentrations.  

7.3.8 Sensitivity of the model to different model components 

Simple ad hoc “One at a Time” (OAT) sensitivity analysis was applied to assess the importance of 

different model components on the model predictions. Due to extremely long run times of the model 

(approx. 110h), it was not possible to perform a full sensitivity analysis. Nevertheless, application of 

simple sensitivity testing procedures, such as OAT, can still provide valuable insights about the model 

structure. 

Assessment of the in-stream model components (i.e. die-off and sediment-microorganism interactions) 

was conducted by performing model simulations were in-stream model components were successively 

removed and the model performance was assessed by calculating Nash-Sutcliffe efficiency. 

To test the hypothesis about the importance of the inputs on the model prediction, the measured E. 

coli data available at Dights Falls was used to modify the Yarra River input (i.e. instead of modelling it). 

In periods when measured data were available, the Yarra River modelled E. coli concentrations were 

replaced with the measured concentrations. Since measured data were available at hourly time step, 

the data were linearly interpolated to produce six minutely input time series. All other E. coli inputs to 

the estuary were kept the same. It should be noted that the measured E. coli data at Dights Falls 

covered shorter period of time than the data used for model evaluation at Morell Bridge. As such, the 

model efficiency was calculated using only the part of the dataset at Morell Bridge that corresponded 

to the Dights Falls measured data period.  

In order to assess the effect of increasing model complexity on model’s predictive performance, the 

current model was compared to a more simple conceptual model of E. coli dynamics in the Yarra River 

estuary (Jovanovic et al., 2015). A model simulation was performed for the same period and using the 

same inputs as described in Jovanovic et al. (2015). 
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7.3.9 Results and discussion 

7.3.10 Model evaluation 

It is important to reiterate that due to extremely long run times (more than 110 hours), this model has 

not been calibrated, and all parameter values have been directly adopted from literature, either from 

local experiments or international literature. 

Measured versus predicted E. coli concentrations at Abbotsford and Morell Bridge are presented in 

Figure 7 - 2. Predicted E. coli concentration during three different hydrologic periods (a large wet 

weather event, a small wet weather event and a dry weather period) at Abbotsford and Morell Bridge 

are presented in Figure 7 - 3 and Figure 7 - 4 respectively.  

There is an apparent discrepancy between measured and predicted concentrations at Abbotsford 

(Figure 7 - 3). While there is a clear dynamics in the predicted concentrations, it looks like there is a 

phase shift between predicted and measured concentrations. The model predictions at Abbotsford are 

predominantly influenced by the Yarra River input, which is confirmed by the high correlation between 

the Yarra River input and the model prediction at Abbotsford (Spearman rank correlation coefficient 

𝜌 = 0.95 , 𝑝 < 0.001 with time shift 11 time steps = 66 min to account for travel time from upstream 

boundary to Abbotsford). The impact of die-off on model prediction is limited because of short travel 

time and only a couple of small stormwater drains discharge into estuary upstream of Abbotsford, 

which are not expected to have significant effect on model predictions. The Yarra River input was 

produced by the MOPUS model, which has been reported previously to have some timing issues (i.e. 

misalignment between measured and predicted pollutographs) (McCarthy et al., 2011b), which may 

explain the observed phase shift in estuarine model predictions. Furthermore, the MOPUS model was 

calibrated against the measured data that covered only around one half of the period of the data used 

to assess the model performance at Abbotsford. This effectively means that the MOPUS model was 

applied outside the calibration period, which also may have influenced the estuarine model’s 

predictions at Abbotsford.  

In contrast, model was able to capture overall dynamics of E. coli at Morell Bridge (Figure 7 - 4).  Morell 

Bridge is located around 12 km downstream from Abbotsford and there are a number of stormwater 

inputs entering along including Gardiners Creek. Whilst Yarra River is a major input of E. coli into the 

estuary (Jovanovic et al., 2015), the E. coli concentrations at Morell Bridge will not be influenced so 

strongly like at Abbotsford. This is confirmed with a significant but weaker correlation between Yarra 

River E. coli inputs and predicted E. coli concentrations at Morell Bridge (𝜌 = 0.69 , 𝑝 < 0.001 with 

time shift 213 time steps = 21.3 h). 
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Figure 7 - 2 Predicted vs. Measured E. coli concentrations at Abbotsford and Morell Bridge 

 

 

 

Figure 7 - 3 Measured and predicted E. coli concentrations at Abbotsford for three different periods including large wet 
weather event (top; total rainfall = 139.4 mm), small wet weather event (middle; total rainfall = 6.1 mm) and a dry weather 
period (bottom; total rainfall = 0.0 mm). 
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Figure 7 - 4 Measured and predicted E. coli concentrations at Morell Bridge for three different periods including large wet 
weather event (top; total rainfall = 139.4 mm), small wet weather event (middle; total rainfall = 6.1 mm) and a dry weather 
period (bottom; total rainfall = 0.0 mm). 

 

Examples of measured and predicted E. coli depth profiles for low, mid and high flow conditions at four 

locations in the Yarra River estuary are presented in Figure 7 - 5. The predicted vertical distribution of 

E. coli concentrations correspond to those measured particularly at Morell Bridge and Southbank 

locations where strong stratification of the water column exist. However, the E. coli concentrations in 

the salt-wedge (bottom layer) seem to always be underestimated. A few possible factors may have 

contributed to this outcome. Firstly, the E. coli concentrations at the downstream boundary conditions 

are set to zero, which means that as the salt-wedge progresses upstream forced by tides, there is no 

E. coli entering the model domain with it. Secondly, due to difference in densities between fresh water 

layer and salt-wedge as well as limited tidal range in the estuary there is little mixing between the two 

layers (which enables the formation of salt-wedge) (Dyer, 1997). In turn, a small number of E. coli are 

able to penetrate into the salt-wedge. Finally, due to high salinity of salt-wedge, die-off rate in salt-
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wedge is more pronounced than in the overlaying fresh water later so even if some E. coli are mixed 

into the salt-wedge they would quickly die-off.  

 

 

Figure 7 - 5 Measured and predicted E. coli depth profiles at Abbotsford (ABB - row 1), Hawthorn (HMD - row 2), Morell Bridge 
(MOR – row 3) and Southbank (SB – row 4) on 26th June 2013 at 11:28 am (left; average Yarra River flow rate in 24h before 
the depth profiling 𝑄24ℎ = 4.9 𝑚3/𝑠 – representative of low flow conditions), 9th May 2014 at 10:26 am (middle; 𝑄24ℎ =
14.9 𝑚3/𝑠  – representative of mean flow conditions) and 6th August 2014 at 10:20 am (right; 𝑄24ℎ = 32.2 𝑚3/𝑠  – 
representative of high flow conditions). N.B. There was no depth profile available at Abbotsford on 6th August 2014. 
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Model efficiency 

The performance of microorganism models is rarely assessed quantitatively by calculating model fit 

parameters. Most commonly, the model fit assessment is conducted visually by plotting measured 

versus predicted microbial concentrations typically in time series format (Garcia-Armisen et al., 2006; 

Hipsey et al., 2008; Bedri et al., 2011; de Brauwere et al., 2011; Gao et al., 2011b; Liu and Huang, 2012; 

Bedri et al., 2013; Gao et al., 2013; de Brauwere et al., 2014a). Interestingly, sometimes model fit 

parameters are calculated for hydrodynamic model prediction but not for microorganism model 

predictions within the same study. For example, Liu and Huang (2012) calculated mean average error, 

root mean square error and Nash-Sutcliffe Efficiency for hydrodynamic model predictions of estuarine 

current velocities and salinity but not for prediction of faecal coliform concentrations. Instead they 

relied only on visual assessment of goodness of model fit for microorganism model prediction. While 

qualitative assessment of model performance is important, it is hard to assess the microorganism 

model performance objectively. For example, visual impression of the model fit can be influenced by 

selecting the axis limits. In contrast, quantitative model fit assessment not only ensures objective 

assessment of the model performance but it also enables comparison between different models. 

Therefore, the performance of many microorganism models published in literature remains unknown 

and any comparisons with these models are impossible. 

Nash Sutcliffe Efficiency criterion values for this model are presented in Table 7 - 4. The efficiencies of 

the model at predicting E. coli concentrations at Abbotsford was 𝐸𝐿𝑂𝐺 =  −0.26 and at Morell Bridge 

𝐸𝐿𝑂𝐺 =  0.22. The model efficiency values reflects well the observed model predictions in Figure 7 - 3 

and Figure 7 - 4. The efficiency of the model at predicting vertical distribution of E. coli concentration 

was similar 𝐸𝐿𝑂𝐺 =  −0.72 but ranged from −1.42 to −0.10 at different locations. Less than zero 

efficiency values indicate that model predictive skills are worse than assuming the mean of measured 

data. Nevertheless, obtaining good model efficiency values for microorganism prediction is proven to 

be difficult. For example, out of a few studies that report model efficiency values, Niazi et al. (2015)  

reported 𝐸𝐿𝑂𝐺  values in the range of – 0.94 to 0.47 for faecal coliforms and -0.81 to 0.39 for E. coli for 

catchment scale modelling. Similarly, Parajuli et al. (2009) reported values of 𝐸𝐿𝑂𝐺  from -2.20 to 0.38 

for modelling E. coli at catchment scale. For stormwater microorganism modelling reported efficiency 

values using raw data ranged from 0.17 to 0.45 (McCarthy et al., 2011b; Jovanovic et al., 2017b). 
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Table 7 - 4 Model prediction performance according to Nash-Sutcliffe efficiency using log-transformed data (ELOG).  

 Location ELOG 

TS
a  Abbotsford -0.26 

Morell Bridge 0.22 

D
ep

th
 p

ro
fi

le
s 

Abbotsford -0.62 

Hawthorn -0.10 

Morell Bridge -0.35 

Southbank -1.42 

All -0.72 
a – time series data 

 

 

Overall, the weak performance of the model at reproducing measured E. coli concentrations can be a 

consequence of a number of different reasons. Some of the reasons (in hypothesised order of 

importance) include:  

1) The measured E. coli concentrations used for model evaluation are inherently uncertain 

(Harmel et al., 2016). The average total random uncertainty in estimation of E. coli 

concentrations in streams is estimated to be around 70% (but range from around 30% to 

110%)(Harmel et al., 2016) and in stormwater greater than 30% (but range from 15% to 

67%)(McCarthy et al., 2008).  

2) As explained above, continuous monitoring of E. coli inputs to the estuary is not possible, 

however, continuous inputs are required as boundary conditions. To overcome this, existing 

microorganism models were applied to produce continuous E. coli inputs and provide 

boundary conditions to the estuary. However, as with all microbial models, the applied models 

were not able to fully explain the measured E. coli variability in inputs. Therefore, the errors in 

estimation of E. coli concentration (e.g. magnitudes, timing etc.) produced by these models 

are propagated trough the estuarine model and impact the estuarine model predictions of E. 

coli concentrations. Furthermore, assumptions related to the downstream boundary condition 

might have also impacted the predicted E. coli concentrations. 

3) Not all possible inputs are included in the model. For example, sewer cross connections with 

stormwater drains can occur which can contribute untreated sewage directly into the estuary. 

Additionally, there are a number of emergency relief structures (ERS) along the estuary that 

serve to relieve sewers in case of blockages or capacity breach. These mostly occur during wet 

weather due but can also occur during dry weather. In fact, 4% human wasterwater was 
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detected at Morell Bridge using microbial source tracking techniques on one occasion within 

the modelling period (Henry et al., 2016). 

4) Not all processes influencing E. coli concentrations are considered in the current estuarine 

microorganism model. For example, bank sediments are known to contain high concentrations 

of E. coli. These can be resuspended by a variety of mechanisms such as increased riverine 

flow, tidal action, boat traffic and recreational boating all of which occur in the Yarra River 

estuary. Additionally, wildlife living around and within the estuarine area can contribute to the 

E. coli concentration by direct deposition into the estuary. For example, a colony of grey-

headed flying foxes located just upstream of the estuarine reach of the Yarra River was 

estimated to deposit up to 41 kg of faecal matter into the water column daily during winter 

(Henry et al., 2018). This equates to total E. coli load of around 1010 MPN day-1. 

 

7.3.11 Sensitivity of the microorganism model predictions to different model 

components  

Surprisingly, exclusion of the die-off dynamics of E. coli have improved model prediction marginally 

(Table 7 - 5, Sim ID 1 and 1a; Figure 7 - 6). While it was expected that the model will be able to produce 

better prediction with inclusion of more microbial processes, and thus more model parameters, this 

finding suggests that model parameter values were not estimated accurately by taking values from 

literature or past experiments. Indeed, due to long model run times, it was not possible to calibrate 

the model parameters by applying some of the conventional calibration procedures. Instead, the 

model parameter values were estimated based on the literature and not truly calibrated to fit the 

observed E. coli concentrations. This may have resulted in worse model predictions with the simulated 

die-off dynamics. Nevertheless, there is likely a combination of the values of these parameters that 

would increase the model performance.  

The exclusion of sediment-microorganism interaction did not have any effect on model performance 

(Table 7 - 5, Sim ID 1a and 1b; Figure 7 - 6). E. coli are attached to clay fraction which has very small 

settling velocity (around 0.06 mday-1), thus, their settling is very limited. This was confirmed 

experimentally in the Yarra River estuary (McCarthy et al., 2011a). Similar results were obtained by 

Russo et al. (2011) when modelling faecal coliform sediment interaction. They showed that on average 

less than 2% of faecal coliforms were estimated to settle out of the water column per year. Additionally, 

resuspension in the Yarra River estuary is limited because of generally low bottom shear stresses. 

Considering the whole modelling domain, bottom shear stress was greater than the critical shear stress 



Chapter 7: Modelling E. coli dynamics within the Yarra River estuary  

 210 

needed for resuspension of clay particles (i.e. 0.30 Nm-2) less than 3% of the simulation time. The 

average bottom shear stress value during this time was 0.62 Nm-2 (with 0.31 Nm-2, 0.48 Nm-2 and 1.44 

Nm-2 being 5th, median and 95th percentile, respectively). Using the sediment transport model 

parameters and the initial bed-store E. coli concentration the shear stress above would cause 

resuspension rate of 64 E. coli m-2s-1. If these are resuspended under a flow rate of 1 m3s-1 assuming 

complete mixing, the increase in concentration would be negligible, around 0.0064 MPN 100mL-1.  

Therefore, resuspension is unlikely to impact the E. coli levels in the Yarra River estuary. 

The limited effect of survival kinetics and sediment-related processes on model prediction of E. coli 

concentrations may also suggest that the inputs into the system are the main driver of E. coli dynamics 

in the estuary. This agrees well with the initial hypothesis that accurate representation of the inputs 

will be the most important for the simulation of microbial dynamics in the Yarra River estuary. The 

Yarra River is the main water input into the estuary (Beckett et al., 1982) and also the main input of E. 

coli, contributing on average more than 99% of E. coli load during dry weather and around 90% of E. 

coli load during wet weather (Jovanovic et al., 2015). Therefore, it was hypothesised that any 

improvement in the representation of the Yarra River E. coli input will have significant impact on the 

model prediction and will be reflected in the model efficiency values.  

When the measured E. coli concentrations at Dights Falls were incorporated into the existing Yarra 

River E. coli input, the resulting model efficiency increased from 0.19 (modelled inputs; Table 7 - 5, Sim 

ID 2a) to 0.38 (measured inputs; Table 7 - 5, Sim ID 2b, Figure 7 - 7). Therefore, improving 

characterisation of the Yarra River E. coli input by including measured data did indeed improved the 

model performance.  

Since it was shown that the E. coli dynamics in the Yarra River estuary was driven heavily by inputs into 

the estuarine system and hydrodynamic transport/mixing within the estuary, a comparison was made 

with a simpler transport model to assess if more complex hydrodynamic transport models provide 

significant improvement in model performance. It was shown previously that the simple routing model 

was able to achieve model prediction performance (𝐸𝐿𝑂𝐺 ) of around 0.4 (Table 7 - 5, Sim ID 3) 

(Jovanovic et al., 2015). The 3-dimensional microorganism model (Table 7 - 5, Sim ID 3a) achieved much 

lower performance. The poor performance of the model was related to die-off impact on model 

predictions (Figure 7 - 8). When the in-stream model components were turned off, model achieved a 

higher model performance (Table 7 - 5, Sim ID 3c). Whilst, it may seem that there is no benefit in 

increasing the model complexity from conceptual to process-based, the complex model can provide 

outputs that can be used to gain much more insight into the microbial dynamics and at a much higher 

spatial resolution. Nevertheless, simple models are easy to set up, do not require as much data to run 
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and have short model run times, so they can be a useful tool for initial assessment and real time (online) 

predictions.  

 

 

 

Figure 7 - 6 Sensitivity assessment of model E. coli concentrations predictions to in-stream microorganism model components 
(die-off kinetics and sediment-microorganism interaction). Measured and predicted E. coli concentrations from Simulation 1 
and Simulation 1b (Table 7 - 5) for three periods including large wet weather event (top; total rainfall = 139.4 mm), small wet 
weather event (middle; total rainfall = 6.1 mm) and a dry weather period (bottom; total rainfall = 0.0 mm). 
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Table 7 - 5 Model prediction performance at Abbotsford and Morell Bridge for different simulations.   

Simulation  ID Simulation components E. coli input  Simulation period Efficiency calculation 
 period 

Abbotsford Morell Bridge 
     ELOG  ELOG 

1 Transport/Mixing 
Die-off 
Resuspension/Settling 

Yarra River (Jovanovic et al., 2017b) 
Stormwater (Jovanovic et al., 2017b) 

01/10/12 – 01/09/14 01/10/12 – 01/09/14  -0.26  0.22 

         
1a Transport/Mixing 

Die-off 
Resuspension/Settling 

Yarra River (Jovanovic et al., 2017b) 
Stormwater (Jovanovic et al., 2017b) 

01/10/12 – 01/09/14 01/10/12 – 01/09/14  -0.25  0.29 

         
1b Transport/Mixing 

Die-off 
Resuspension/Settling 

Yarra River (Jovanovic et al., 2017b) 
Stormwater (Jovanovic et al., 2017b) 

01/10/12 – 01/09/14 01/10/12 – 01/09/14  -0.25  0.29 

         
2 Transport/Mixing 

Die-off 
Resuspension/Settling 

Yarra River (Jovanovic et al., 2017b) 
Stormwater (Jovanovic et al., 2017b) 

01/10/12 – 01/09/14 16/09/13 - 01/09/14 
 

 -0.99  0.18 

         
2a Transport 

Die-off 
Resuspension/Settling 

Yarra River (Jovanovic et al., 2017b) 
Stormwater (Jovanovic et al., 2017b) 

01/10/12 – 01/09/14 16/09/13 - 01/09/14 
 

 -1.02  0.19 

         
2b Transport/Mixing 

Die-off 
Resuspension/Settling 

Yarra River (Jovanovic et al., 2017b) + measured E. coli* 

Stormwater (Jovanovic et al., 2017b) 
01/10/12 – 01/09/14 16/09/13 - 01/09/14 

 
 -1.39  0.38 

         
3 Conceptual Yarra River (Jovanovic et al., 2015) 

Stormwater (Jovanovic et al., 2015) 
01/10/12 – 01/08/13 01/10/12 – 01/08/13    0.41 

         
3a Transport/Mixing 

Die-off 
Resuspension/Settling 

Yarra River (Jovanovic et al., 2015) 
Stormwater (Jovanovic et al., 2015) 

01/10/12 – 01/08/13 01/10/12 – 01/08/13  0.21  -2.13 

         
3b Transport/Mixing 

Die-off 
Resuspension/Settling 

Yarra River (Jovanovic et al., 2015) 
Stormwater (Jovanovic et al., 2015) 

01/10/12 – 01/08/13 01/10/12 – 01/08/13  0.27  0.27 

Strikethrough simulation components are not active during the simulation.  
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Figure 7 - 7 Sensitivity assessment of model E. coli concentrations predictions to Yarra River input. Measured and predicted E. 
coli concentrations from Simulation 2a and Simulation 2b (Table 7 - 5) for three periods including large wet weather event 
(top; total rainfall = 55.4 mm), small wet weather event (middle;  total rainfall = 31.2 mm) and a dry weather period (bottom; 
total rainfall = 0.6 mm). 
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Figure 7 - 8 Comparisson of E. coli concentration predictions from a simple conceptual model (Jovanovic et al., 2015) with the 
E. coli prediction from a three-dimensional hydrodynamic microorganism model presented in this study Measured and 
predicted E. coli concentrations from Simulation 3 and Simulation 3a (Table 7 - 5) for three periods including large wet weather 
event (top; total rainfall = 139.4 mm), small wet weather event (middle;  total rainfall = 6.1 mm) and a dry weather period 
(bottom; total rainfall = 0.0 mm). 

 

7.3.12 Conclusions 

A three-dimensional hydrodynamic microorganism model for modelling faecal microorganism fate and 

transport urban estuaries was presented. The model simulated die-off of faecal microoganisms 

dynamically as a function of temperature, salinity and sunlight. It also accounted for sediment-

microorganism interactions simulating settling and resuspension of sediment attached microbes. 

Three fractions of faecal microorganisms were considered in the model: free fraction, sediment-

attached fraction and fraction stored in bed sediments. In this study, the model was applied to simulate 

fate and transport of E. coli, a common faecal indicator organism, in the Yarra River estuary, Australia. 

The model was tested using an extensive dataset of more than 3500 measured E. coli concentrations 

from two locations within the estuary. Additionally, the model was also tested against more than 80 

depth profiles of measured E. coli concentrations collected from the Yarra River estuary. This is the 
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first model that was tested to such an extent. The performance achieved by the model was comparable 

to those published in the literature for other microorganism models that were tested against 

significantly less data. 

Exclusion of die-off and sediment-microorganism interaction marginally improved model performance. 

This may be the consequence of inability to calibrate model and literature-based estimation of model 

parameters.  Additionally, limited impact of in-stream processes may also suggest that inputs and 

hydrodynamic transport and mixing are the major drivers determining the levels of E. coli in the Yarra 

River estuary. This was confirmed by incorporating available measured E. coli concentrations at the 

upstream boundary into the boundary condition, which improved the model performance. Therefore, 

accurate characterisation of the microbial levels in inputs is essential for accurate prediction of the E. 

coli levels within the estuary. 

Comparison between a simple spatially-lumped conceptual microorganism model and a complex 

three-dimensional process-based microorganism model revealed that despite the significant increase 

in model complexity of the process-based model, the models achieved similar performances. However, 

the three-dimensional model outputs provide much more information, particularly in the spatial 

domain. Nevertheless, the simplicity of the conceptual model makes it very suitable for quick and initial 

assessments of faecal microorganism dynamics as well as real time predictions and forecasting of risks 

for recreational users. Therefore, each model has its value depending on the intended end use. 
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7.4 Discussion and conclusions 

Modelling of faecal microorganism dynamics in urban estuarine environment is a challenging and 

complex task. In this chapter, E. coli dynamics in the Yarra River estuary was modelled using an 

integrated modelling approach where both input E. coli dynamics and estuarine E. coli dynamics was 

modelled. Modelling of E. coli in the Yarra River estuary was conducted at two levels of model 

complexity by developing a simple spatially lumped conceptual model and a three-dimensional 

process-based model. The models were tested using one of the largest E. coli datasets reported in 

literature. 

Overall, both models identified the Yarra River as a dominant driver of E. coli levels within the estuary 

and therefore the importance of it for model prediction. Contrary to common perception, analysis of 

inputs and sensitivity analysis of conceptual model suggested that stormwater has limited impact on 

faecal microorganism levels within the estuary. However further analyses are required to explore the 

effect of stormwater in much more detail than currently presented in this thesis. This will certainly be 

included as a part of future testing and exploration of the process-based microorganism model. 

Some suggestion about the importance of the governing in-stream processes in the case of the Yarra 

River estuary was given in this chapter. Sensitivity analysis of the process-based model suggested that 

die-off and sediment-microorganism interaction did not have a significant impact on the model 

prediction. This may suggest that in the case of the Yarra River estuary the main factors controlling the 

E. coli dynamics are inputs and hydrodynamics transport and mixing. However, the process-based 

model was not truly calibrated but the model parameters were derived from literature or experiments, 

which may have been wrong or inapplicable to our case study. As such, a question remains if this would 

also be the case if we were able to calibrate the model parameters to the measured data. Yet, the 

sensitivity analysis of a conceptual model, which was calibrated to the measured E. coli data, revealed 

that exclusion of die-off dynamics did not have significant impact on model predictions. This may 

suggest that it is likely that in the case of the Yarra River estuary, faecal microorganism inputs and 

hydrodynamic transport and mixing are, indeed, that main factors influencing the E. coli dynamics.  

This chapter attempted to answer the question related to the most appropriate methods and 

complexity needed for modelling faecal microorganism dynamics in urban salt-wedge estuaries 

(Research Question 3). This was done by comparing a simple conceptual model and a full process-

based model.  Both models obtained similar performance, which was a surprising finding, as one would 

expect that a more complex model would result in better prediction. However, it should be noted that 

process-based model has other benefits such as outputs that are spatially-distributed and provides 
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much more information about E. coli dynamics that a simple conceptual model. Therefore, for 

purposes of mitigation strategy design process-based model will be more appropriate. Yet, if simple 

models can be useful if quick information about the E. coli levels are needed (for example, for real time 

forecasting and communication of risks to swimmers).
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8.1 Introduction 

Urban estuaries are currently exposed to significant environmental stress due to population growth, 

urbanisation and climate change which leads to increased levels of pollution. Faecal microorganism 

are a leading cause of this pollution and present significant management challenge for water managers. 

The main challenges related to microbial water quality management stem from the complexity of the 

faecal microbial dynamics in urban estuarine environment. Therefore, understanding faecal 

microorganism dynamics in urban estuarine environment is important for the assessment of health 

risks associated with the use of this water bodies. In order to assess the health risks, it is necessary to 

be able to accurately identify the levels of faecal microorganisms within estuary. A modelling tool that 

is able to account of the microbial dynamics in an urban estuarine environment lends itself as a 

practical way of addressing this pressing issue.  

However, majority of the existing estuarine microorganism models are primarily focused on water 

column and rarely included the interaction between microorganism and sediments which has been 

shown as an important component of the microbial dynamics in aquatic environment. Furthermore, 

modelling of die-off dynamics in water column is mostly static, without functional relationship to 

environmental variables such as temperature, salinity, sunlight etc. Additionally, inputs of the faecal 

dynamics are poorly characterised, often using a constant flux value or predicted using a simple 

relationship with flow or TSS concentration.  Lastly, the existing models were tested using scarce 

datasets, thus their true performance is unknown. 

As such the main aim of this research was development of a more comprehensive estuarine 

microorganism model that will account for all important in-stream microbial processes as well as 

accurately characterise the microorganism levels in estuarine inputs. 

The research was guided by the four major research questions:  

1) What are the most important inputs of faecal microorganisms in an urban estuary?  

2) What are the most important processes (including transport pathways) of faecal 

microorganisms in an urban estuary? 

3) What are the most appropriate methods to model microbial dynamics in salt-wedge 

estuaries? What complexity is required? 

4) What are the essential input data that need to be measured accurately in order to predict 

the parameters required for modelling faecal microorganisms in urban estuaries? 
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This chapter presents an overview and a summary of the whole research project. The key findings of 

this research project presented in the previous chapters of this thesis are summarised in Section 8.2. 

Major strengths and weaknesses of the research project are discussed in Section 8.3. Lastly, some 

suggestions for further investigations are given in Section 8.4.  

 

8.2 Conclusions 

In order to be able to test the microorganism model extensively, a large monitoring program was 

undertaken to characterise the faecal microorganism levels within the estuary. E. coli was chosen as a 

reference microorganism and the Yarra River estuary was used as a case study estuary. The time series 

of E. coli concentrations containing over 3500 data points were collected from two locations within 

the estuary, Abbotsford and Morell Bridge. Furthermore, due to high stratification of the water column 

in the estuary more than 80 depth profiles of E. coli concentrations at four locations in the Yarra River 

estuary were collected. Additionally, over 1700 E. coli concentrations were measured in the major 

inputs of faecal microorganism to the estuary, including river, creek and urban stormwater. In addition 

to E. coli concentrations a significant amount of data related to water levels, flow rates and velocities, 

temperature, salinity, pH, dissolved oxygen and turbidity in the estuary as well as in the main estuarine 

inputs were collected.  

Analysis of the depth profiling data revealed that the spatial variability of E. coli was significantly 

related to the salt-wedge dynamics. At locations where salt-wedge was present E. coli also exhibited 

high stratification along depth, and in the absence of salt-wedge the vertical distribution of the E. coli 

concentrations represented a well-mixed system. The cross-sectional variability of E. coli was limited 

and within analytical measurement uncertainty. Additionally, the collected data was used to examine 

the relationship between E. coli concentrations and tidal cycle, where some confusion within the 

literature existed. It was shown that E. coli levels fluctuate over the tidal cycle and the fluctuations 

were related to flow velocity rather than to water level. Measured E. coli concentrations within the 

Yarra River and the two locations within the estuary identified the Yarra River as a dominant factor in 

determining the overall E. coli levels within the estuary. This was confirmed by a simple conceptual 

model, which showed that the Yarra River contributed on average around 99% of E. coli load during 

dry weather and around 90% of E. coli load during wet weather.  

Therefore, faecal microorganism inputs were identified as important elements of estuarine microbial 

dynamics. In fact, it was hypothesised that without accurate representation of E. coli dynamics in 

inputs to the Yarra River estuary it would not be possible to accurately model the E. coli dynamics 
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within the estuary itself. Since E. coli levels in inputs were highly temporally variable, it was necessary 

to characterise E. coli concentrations in each input at sub-hourly time step. This was achieved by 

testing and modifying the existing model for microorganism prediction in urban stormwater (MOPUS) 

on a range of stormwater catchments, an urban creek and even the Yarra River. It was demonstrated 

that the model could reproduce the measured E. coli concentrations with certain accuracy. The model 

Nash-Sutcliffe efficiency (E) at urban catchments ranged from 0.17 to 0.45 and was similar to previously 

reported efficiency for this model (i.e. E = 0.25 - 0.41). More interestingly, the model was able to 

predict E. coli dynamics at the outlet of the large Yarra River catchment achieving efficiency of 0.64, 

demonstrating the MOPUS structure can be adaptable for simulating microorganism dynamics outside 

the stormwater domain. 

Another important element of modelling microorganism dynamics in urban estuaries is accurate 

representation of the estuarine hydrodynamics. As mentioned above, E. coli fluctuations over tidal 

cycle were related to flow velocity and the spatial variability of E. coli was significantly linked with salt-

wedge dynamics all of which are related to estuarine hydrodynamic.  Therefore, it was an imperative 

to accurately simulate hydrodynamics within the Yarra River estuary. The there-dimensional 

hydrodynamic model of the Yarra River estuary was built using TUFLOW FV modelling platform. The 

model was able to reliably simulate complex estuarine hydrodynamics including salt-wedge dynamics 

as demonstrated by high model performance efficiency. In order to identify the most influential input 

data required for modelling of E. coli dynamics, a sensitivity analysis of the model outputs to a range 

of model input data was conducted. For accurate prediction of flow velocity and salinity it was 

necessary to obtain accurate input data on the large water inputs, such as the Yarra River and 

Gardiners Creek, as well as accurate measurements of wind. Surprisingly, uncertainty in bathymetry 

data of ± 15cm was not found to have significant effect on model predictions.  

Finally, a new model for microorganism prediction in urban estuaries was developed with all important 

components of the microorganism dynamics in urban estuarine environment incorporated in the 

model structure. The model simulated free, sediment-attached and bed-store E. coli fractions. The 

instream model components accounted for die-off of E. coli, as a function of temperature, salinity and 

sunlight, and for settling and resuspension into/from bed sediments. The model was evaluated 

extensively using the whole dataset described above and unlike many estuarine microorganism 

modelling studies, which assess the model only qualitatively (i.e. visually by plotting graphs), the 

assessment of model efficiency in this research was also done by calculating a model fit metric – Nash-

Sutcliffe Efficiency. The model efficiency at Abbotsford was -0.26 while at Morell Bridge was 0.22. The 

model efficiency at predicting E. coli depth profiles range from -1.42 to -0.10 at different locations 



Chapter 8: Conclusions, strengths and weaknesses of the research and future work 

224 

while it was -0.72 for the whole depth profile dataset. The model efficiencies compared well to the 

efficiency of other microorganism models in the literature, even though these models were tested with 

significantly less data. Sensitivity analysis of the model revealed a limited effect of model in-stream 

components on model predictions. This may have been the consequence of the fact that model 

parameters have been defined based on literature and may not be appropriate for the Yarra River 

estuary. Also, these results may suggest that the dominant components of the E. coli dynamics in the 

estuary are faecal contamination inputs and estuarine hydrodynamics. A comparison between a simple 

conceptual model and the process-based model of E. coli dynamics in the Yarra River estuary revealed 

that similar model performance can be achieved using different level of model complexity. This was 

important because these models have very different data and computational requirements and, as 

such, depending on the modelling problem, one or the other approach might be used without the 

trade-off between model complexity and performance. Finally, the developed model presents 

potential for being used for developing a real-time warning system for the recreational users of the 

estuary.   

 

8.3 Strengths and weaknesses of the research 

Data 

One of the major issues with existing estuarine microorganism models is the limited availability of 

microbial data for model testing. Without enough data it is impossible to robustly test the model and 

know its true performance. The data collected in this thesis represents the largest dataset of E. coli 

concentrations collected in an estuarine environment. Additionally, a significant amount of data were 

also collected from a river, an urban creek and some of the largest stormwater drains that discharge 

into the estuary.  In parallel with the microbial data, a large amount of other environmental data such 

as temperature, EC/salinity, pH, dissolved oxygen, turbidity, together with water level and flow data 

were collected from the estuary and the major inputs. The quantity of data collected as a part of this 

research project makes this study unique, and, thus, represents a major strength of this research. 

A weakness of this research is that only one faecal indicator microorganism, E. coli, was monitored and 

the model was not tested for specific pathogens. Nevertheless, it is considered that the model 

structure can accommodate for simulation of faecal pathogens and that only values of the model 

parameters will be different. E. coli, as an indicator of faecal contamination, has a number of 

drawbacks such as inability to be used for estimation of human health risks or differentiation between 

human and animal sources. However, currently E. coli is the world standard in microbial water quality 
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assessment (including in this river system), and it gives an indication of the overall faecal 

contamination levels. Furthermore, it is easily measured which enables efficient collection of large 

quantities of data. As such, E. coli was used as a reference faecal microorganism in this research.  

Analysis of the E. coli dynamics in an urban estuary 

The collected data enabled analysis of some aspects of the E. coli dynamics within an urban estuarine 

environment that were previously limited by the lack of the available data. In particular, significant 

advancement was made in understanding the spatial variability of E. coli in a highly stratified estuary. 

The was considered to be a strength of this research, as the knowledge about the spatial variability of 

E. coli gained in this thesis has many practical aspects related to design of sampling strategies for 

monitoring and assessment of faecal contamination and/or data collection for building and testing the 

models of faecal microorganism dynamics in salt-wedge estuaries.  

Additionally, the collected data enabled analysis of the impact of tides on E. coli concentrations in an 

estuarine environment. While other studies have reported various relationships between tidal water 

levels and E. coli concentrations, this research showed that E. coli concentrations do indeed fluctuate 

over the tidal cycle but that the fluctuations are related to flow velocity rather than water level. This 

was a small contribution to clarification of some disagreement in the literature, but it was regarded as 

a strength of the research project.   

Modelling of inputs of faecal contamination to an urban estuary 

Providing well characterised boundary conditions to an estuarine microorganism model is important 

for accurate prediction of the microbial dynamics within the estuary. This thesis has demonstrated that 

existing conceptual stormwater microorganism model could successfully be applied at various spatial 

scales of urban catchments for prediction of E. coli levels in an urban stormwater during wet weather. 

Furthermore, the model was able to predict E. coli concentrations in an urban creek and even in a river, 

which has demonstrated that the model structure can to some extent be applied outside the initially 

intended use.   

Modelling of estuarine hydrodynamics 

Hydrodynamic modelling was not the main topic of this thesis, however, modelling of hydrodynamics 

is a necessary first step in modelling water quality. This thesis did not only build and tested the three-

dimensional hydrodynamic model of the Yarra River estuary but an additional step was undertaken to 

assess the sensitivity of the hydrodynamic model to a range of input data. It was identified that this 

was a contribution to the knowledge and, as such, it was regarded as a strength of this research.  
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Estuarine microorganism model development and testing 

The review of the current literature identified there was a research gap in the field of modelling faecal 

microorganism dynamics in estuarine environment and the developed model presented in this thesis 

has, at least to some extent, filled this gap. The estuarine microorganism model presented in this thesis 

represents the most complete model from the aspect of modelling faecal microorganism dynamics in 

both inputs and estuary and it was evaluated using one of the largest datasets of faecal indicator 

organisms available. This was considered to be a major strength of this thesis.  

One of the major weaknesses of the current research is that the model parameters could not be 

calibrated to measured data using a comprehensive calibration procedure due to long simulation run 

times. As such, the value of model parameters were defined using the literature and measured data 

was used to assess the model performance. Indeed, adopting model parameter values from the 

literature we were able to test the model’s robustness and transferability. Overall, model was tested 

very conservatively, and better model performance results than those presented in this thesis would 

have been expected if proper calibration was performed.  

Another weakness of the thesis is that impact of uncertainty of both E. coli input data and the model 

testing data (i.e. measured E. coli data) on the model predictions was not investigated. As such this 

would from a part of future work. However, ‘One at a Time’ (OAT) sensitivity testing was performed to 

gain some understanding of the model sensitivity. While the OAT sensitivity testing has certain down 

sides, such as inability to detect interactive effects, with proper design of sensitivity test scenarios it 

can provide useful insights into model sensitivity, particularly for computationally demanding models. 

In this thesis, it was used to examine overall effects of in-stream processes and the main input of E. 

coli on model predictions. 

In this study, the estuarine microorganism model was evaluated at only one case study site – the Yarra 

River estuary. This is considered to be a weakness of this research. It would be beneficial to test the 

model on other estuarine systems that have different characteristics to those of the Yarra River estuary. 

This would be a good test of the current model structure and model parameterisation. However, as 

listed above, model testing requires significant amount of data which is often unavailable, which 

represents a major issue when testing microorganism models. 
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8.4 Future work 

Calibration and testing of the model using actual pathogens and other indicators 

It would be valuable to determine how the model would perform when tested using other faecal 

microorganisms/pathogens (e.g. Campylobacter, Giardia or enteroviruses). This task could not be 

undertaken in this research project because of the limitations of monitoring faecal pathogens outlined 

in Literature Review (Chapter 2). However, with the development of new methods for monitoring and 

quantifying faecal pathogens, which are more time and cost efficient, obtaining pathogen 

concentrations at high temporal resolution will be much easier and, hence, the model could be 

tested/modified/adjusted for modelling faecal pathogens. It is hypothesised that pathogen dynamics 

can be modelled using the existing model equations for faecal indicators, although the value of model 

parameters are likely to be different. Furthermore, the sensitivity the model predictions to different 

model components will likely be different as well. For example, settling and resuspension might be 

important for protozoa, which are larger and heavier microbes, but not so much important for virus 

which are generally the smallest microorganisms.  

Sensitivity and uncertainty analyses 

Due to extremely long model run times, only an ad hoc “One at a Time” sensitivity analysis was 

performed to explore the effect of different model components on the model predictions. In addition 

the previous and also due to the time constraints in this research project, estuarine microorganism 

model uncertainty analyses were not conducted to explore the impact of uncertainties in input data 

and data used for model testing on the model performance. As such, thorough sensitivity and 

uncertainty analyses should be conducted.  

Alternative ways of providing model inputs 

The inputs of faecal contaminations are shown to be important for accurate representation of dynamic 

of E. coli in an estuarine environment. Whilst this thesis presented a way of providing high resolution 

microorganism boundary conditions, there were still some pitfalls with the current input prediction. 

As such, future work could be directed at improving the way of characterising the boundary conditions 

of the estuarine model, which is hypothesised to improve within-estuary model predictions. 

Testing of the model on other urban estuaries 

The microorganism model has been tested using the Yarra River estuary as a case study. This estuary 

is characterised by high stratification of the water column and river-like shape. As such, future work 

should focus on testing of the model on other types of estuarine systems, both in terms of scale (i.e. a 

range of different sizes), morphology (i.e. drowned river-valley, fjordtype, lagoon-type or tectonic 
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estuary) and salinity structure (i.e. well-mixed, partly-mixed or highly-stratified estuaries). This would 

help to determine if the current model can be universally applied across different estuaries and, if not, 

what modifications need to be made to adjust the model to suit these different types of estuaries.  

Application of the current model for estimation of human health risks 

While to focus of this thesis was not on estimation human health risks due to levels of faecal 

microorganism in the Yarra River estuary, the model can be applied in conjunction with a Quantitative 

Microbial Risk Assessment (QMRA) framework for estimation of human health risks. QMRA requires 

concentrations of actual pathogens, rather than faecal indicators such as E. coli. As such, there is a 

need to either calibrate the model for prediction of faecal pathogens or apply a scaling factor to E. coli 

concentration predictions, which would translate the predicted E. coli concentrations into 

concentrations of a desired pathogen.  

Application of the current model for development of targeted and cost-effective mitigation 

strategies 

Similarly to above, the exploration of the mitigation strategies for improvement of the microbial water 

quality of the Yarra River estuary were outside the scope of this thesis. Therefore, the developed model 

can be applied as a tool for hypothesis testing in order to help develop appropriate mitigation 

strategies. The model can be used to explore the effect of different inputs on E. coli levels under 

different conditions, test the impact of wastewater spills into the estuary (via emergency release 

structures), or test the impact of climate change on E. coli levels in the estuary.
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A.1 Supplementary materials for ‘Tidal fluctuations influence E. coli 

concentrations in urban estuaries’ (Chapter 4) 
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Supplementary material 

 

Correlation between flow velocity and water level at Morell Bridge 

This section presents additional correlations between flow velocity and water level at Morell Bridge 

that were not included in the manuscript due to space constraints. The aim of this section is to enable 

further insight into relationship between flow velocity and water level over the tidal cycle in the lower 

estuary.  

The phase shift between flow velocity and water level is 9 hours in when using both all-weather data 

and dry-weather data. This indicates that maximum flow velocity occurs at mid ebb tide, i.e. mid way 

between high tide and low tide, and vice-versa.  

 

 

Figure A.1 - 1 Spearman rank correlation coefficients (ρ) and corresponding p-values between flow velocity and water levels 
at Morell Bridge applying various shift intervals to: all-weather data (left) and dry weather data only (right). The red line 
indicates a p-value of 0.05. 
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A.2 Supplementary materials for ‘Conceptual modelling of E. coli in urban 

stormwater drains, creeks and rivers’ (Chapter 5) 

 

Conceptual modelling of E. coli in urban stormwater drains, creeks and rivers 

Dusan JOVANOVIC, Jon HATHAWAY, Rhys COLEMAN, Ana DELETIC and David McCARTHY 

 

Supplementary material 

 

Governing equations and description for the MOPUS models 

List of governing equations of the MOPUS rainfall runoff model are given in Table S1, while the 

governing equations of the MOPUS microorganism model are given in Table S2. Exponent in equation 

S.3 has been changed to -4.65 and divisor in equations S.6 and S.7 to 240 compared to the equations 

published in McCarthy et al. (2011b) as the model has been modified for 6 minute time step 

calculations instead of 1 minute time step as originally proposed. 

 

Table A.2 - 1 The governing equations of the MOPUS rainfall runoff model. 

Model equation Comment Equation no. 

Impervious surfaces   
𝑆𝑖𝑚𝑝(𝑡) = 𝑆𝑖𝑚𝑝(𝑡 − 1) + 𝐼(𝑡) − 𝐼𝑚𝑝𝐸𝑣𝑎𝑝(𝑡) − 𝑄𝑖𝑚𝑝(𝑡 − 1) Impervious store (A.2 - 1) 
𝑄𝑖𝑚𝑝(𝑡) = max (0, 𝑆𝑖𝑚𝑝(𝑡) − 𝑆𝑖𝑚𝑝𝑚𝑎𝑥) Impervious outflow (A.2 - 2) 
𝐼𝑚𝑝𝐸𝑣𝑎𝑝(𝑡) = 𝑆𝑖𝑚𝑝(𝑡) × 𝑒−4.65 Impervious store depletion (A.2 - 3) 

Pervious surfaces   
𝑆𝑝𝑒𝑟𝑣(𝑡) = 𝑆𝑝𝑒𝑟𝑣(𝑡 − 1) + 𝐼(𝑡) − 𝑃𝑒𝑟𝑣𝐸𝑣𝑎𝑝(𝑡) − 𝑄𝑝𝑒𝑟𝑣(𝑡 − 1) − 𝑄𝑠𝑒𝑒𝑝(𝑡) Pervious store (A.2 - 4) 
𝑄𝑝𝑒𝑟𝑣(𝑡) = max (0, 𝑆𝑝𝑒𝑟𝑣(𝑡) − 𝑆𝑝𝑒𝑟𝑣𝑚𝑎𝑥) Pervious outflow (A.2 - 5) 

𝑃𝑒𝑟𝑣𝐸𝑣𝑎𝑝(𝑡) =

𝑚𝑖𝑛 [
10 × 𝑆𝑝𝑒𝑟𝑣(𝑡)

𝑆𝑝𝑒𝑟𝑣𝑚𝑎𝑥
, 𝐸𝑣𝑎𝑝(𝑡)]

240
 

Evapotranspiration (A.2 - 6) 

𝑄𝑠𝑒𝑒𝑝(𝑡) =
0.01

240
× 𝑆𝑝𝑒𝑟𝑣(𝑡) Deep seepage (A.2 - 7) 

Routing routine   
𝑆(𝑡) = 𝑆(𝑡 − 1) + 𝐼𝑀𝑃 × 𝑄𝑖𝑚𝑝(𝑡) + (1 − 𝐼𝑀𝑃) × 𝑄𝑝𝑒𝑟𝑣(𝑡) − 𝑂(𝑡 − 1) Routing store (A.2 - 8) 
𝑂(𝑡) = 𝐾 × 𝑆(𝑡)𝑚 Routed outflow (A.2 - 9) 

𝑅(𝑡) = 𝑂(𝑡 − 𝑇𝑂𝑇) = 𝑂(𝑡 − (𝑇𝑂𝐶 − 𝑇𝑂𝑅)) = 𝑂(𝑡 − (𝑇𝑂𝐶 − [
1

𝐾
]

0.7

))  Translated outflow (A.2 - 10) 

𝑆𝑖𝑚𝑝(𝑡) impervious surface store [mm], 𝐼(𝑡) rainfall depth [mm] (either gauged or weather radar-derived), 𝐼𝑚𝑝𝐸𝑣𝑎𝑝(𝑡) amount of water 

removed from the impervious store [mm] due to evaporation, 𝑄𝑖𝑚𝑝(𝑡) outflow from the impervious store [mm], 𝑆𝑖𝑚𝑝𝑚𝑎𝑥 capacity of the 

impervious store = 1 mm, 𝑆𝑝𝑒𝑟𝑣(𝑡) pervious surface store [mm], 𝑃𝑒𝑟𝑣𝐸𝑣𝑎𝑝(𝑡) amount of water removed from the store due to actual 

evapotranspiration [mm], 𝑄𝑝𝑒𝑟𝑣(𝑡) outflow from the pervious store [mm], 𝑄𝑠𝑒𝑒𝑝(𝑡) amount of water lost from the store to deep seepage 

[mm], 𝑆𝑝𝑒𝑟𝑣𝑚𝑎𝑥  capacity of the pervious store [mm], 𝑆(𝑡) routing store [mm], 𝐼𝑀𝑃 effective impervious proportion, 𝑂(𝑡) amount of 

water removed from routing store [mm], 𝐾  and 𝑚  to attenuate and route flow, 𝑅(𝑡)  translated outflow [mm], 𝑇𝑂𝐶  time of 
concentration, 𝑇𝑂𝑅 time of redistribution and 𝑇𝑂𝑇 time of translation [min]. 
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Table A.2 - 2 The governing equations of the MOPUS microorganism model.  

Model equation Comment Equation no. 

Surface component   

𝑃𝑠(𝑡) = 10𝑃𝑠𝐶𝑜𝑒𝑓𝑓 × [
𝑉𝑃(𝑡 − 1)

𝑉𝑃̅̅ ̅̅
]

𝑉𝑃𝐶𝑜𝑒𝑓𝑓

× [
𝑅𝐻(𝑡 − 1)

𝑅𝐻̅̅ ̅̅
]

𝑅𝐻𝐶𝑜𝑒𝑓𝑓

 Surface store (A.2 - 11) 

𝐶𝑠(𝑡) =
𝑃𝑠(𝑡) × 𝐼𝑟𝑎𝑖𝑛(𝑡)1.293

𝐼𝑟𝑎𝑖𝑛(𝑡)
 Surface wash-off (A.2 - 12) 

Routed, redistributed and translated rainfall intensity   
𝑆𝑟𝑎𝑖𝑛(𝑡) = 𝑆𝑟𝑎𝑖𝑛(𝑡 − 1) + 𝐼(𝑡) − 𝑂𝑟𝑎𝑖𝑛(𝑡 − 1) Routing store (A.2 - 13) 
𝑂𝑟𝑎𝑖𝑛(𝑡) = 0.2 × 𝑆𝑟𝑎𝑖𝑛(𝑡) Routed rainfall intensity (A.2 - 14) 

𝐼𝑟𝑎𝑖𝑛(𝑡) = 𝑂𝑟𝑎𝑖𝑛(𝑡 − (𝑇𝑂𝐶 − [
1

0.2
]

0.7

))  Translated rainfall intensity (A.2 - 15) 

Subsurface component   

𝑃𝑠𝑠(𝑡) = 10𝑃𝑠𝑠𝐶𝑜𝑒𝑓𝑓 × 𝐴𝐷𝑊𝑃𝑅𝐼(𝑡) Subsurface store (A.2 - 16) 

𝐶𝑠𝑠(𝑡) = 𝑃𝑠𝑠(𝑡) × 𝐼𝑟𝑎𝑖𝑛(𝑡) × [∑ 𝐼𝑟𝑎𝑖𝑛(𝑖) + 0.1

𝑡

𝑖=𝐴

]

−1

 Subsurface wash-off (A.2 - 17) 

Concentration at the outlet of the catchment   
𝐶(𝑡) = 𝐶𝑠(𝑡) + 𝐶𝑠𝑠(𝑡) Concentration at outlet (A.2 - 18) 
𝑃𝑠(𝑡)  microorganism levels in the surface store [orgs], 𝑉𝑃(𝑡 − 1)  previous day’s vapour pressure [hPa], 𝑅𝐻(𝑡 − 1)  previous day’s 
relative humidity [%], 𝑉𝑃̅̅ ̅̅  and 𝑅𝐻̅̅ ̅̅  indicate mean vapour pressure and relative humidity values, 𝑃𝑠𝐶𝑜𝑒𝑓𝑓, 𝑉𝑃𝐶𝑜𝑒𝑓𝑓 and 𝑅𝐻𝐶𝑜𝑒𝑓𝑓 are 
calibration parameters. 𝐶𝑠(𝑡) concentration in the outlet of the surface store [orgs/L], 𝐼𝑟𝑎𝑖𝑛(𝑡) routed, redistributed and translated 
rainfall intensity [mm], 𝑃𝑠𝑠(𝑡) microorganism levels in the subsurface store [orgs], 𝐴𝐷𝑊𝑃𝑅𝐼(𝑡) time since a rainfall event capable of 
flushing the in-pipe microorganism [days], 𝑃𝑠𝑠𝐶𝑜𝑒𝑓𝑓 and 𝑅𝐼 [mm] are calibration parameters, 𝐶𝑠𝑠(𝑡) concentration in the outlet of the 
subsurface store [orgs/L] and 𝐶(𝑡) total concertation of microorganisms at the outlet of the catchment [orgs/L].  

 

 

Sensitivity testing of MOPUS rainfall runoff model by applying linear reservoir routing 

procedure  

In addition to the non-linear reservoir routing technique applied by McCarthy et al. (2011b) and initially 

utilized in this study, the rainfall-runoff model was tested further by applying a linear routing 

procedure in place of the non-linear procedure. In this procedure, the outflow from the routing store 

is a function of only one parameter – K (the routing coefficient) while m is fixed to 1. This was tested 

herein to explore the possibility of reducing the number of rainfall-runoff model parameters needed 

to predict stormwater flow rates. In fact, previously published optimized values of the routing 

exponent m ranged from 1.00 – 1.08, giving some indication that the impact of this parameter is limited. 

Additionally, linear routing is desirable as it helps avoid the cross correlation between the K and m 

parameters. As an illustration of the cross correlation between K and m, Figure A.2 - 1 shows that the 

non-linear reservoir routing equation, with example values of the amount of rainfall in routing store 

and the store outflow, 0.1 = K x 2m, is satisfied for a number of combinations of K and m parameter 

values.   
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Figure A.2 - 1 Cross correlation between parameters K and m in non-linear routing routine. This example shows that the 
equation in the figure is satisfied for a number of different combinations of parameters K and m. 

 

 

Table A.2 - 3 The optimised parameter values and the performance statistics for the rainfall-runoff model at the five 
urbanized catchments when linear reservoir routing was applied (i.e. m=1). 

 Raleigha Hawthorn Main Drain 

east 

Hawthorn Main Drain 

west 

Prahran Main Drain Gardiners Creek 

 RG RADAR RG RADAR RG RADAR RG RADAR RG RADAR 

Optimised 

parameters 

          

Spervmax (mm) 72 - 47 50 23 68 55 43 50 35 

IMP (-) 0.11 - 0.39 0.32 0.44 0.39 0.20 0.19 0.21 0.22 

K (-) 0.372 - 0.173 0.316 0.162 0.135 0.278 0.411 0.022 0.022 

m(-) 1.00 - 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 

TOC (min) 12 - 30 36 36 42 12 24 102 84 

           

Model performance           

EQ 0.77 - 0.71 0.35 0.67 0.16 0.90 0.75 0.93 0.88 

EEQi min 0.21 - -0.10 -3.83 -1.11 -3.31 -2.22 -7.67 -0.32 -3.82 

EEQi median 0.74 - 0.66 0.56 0.52 0.09 -0.04 -0.41 0.63 0.35 

EEQi  max 0.90 - 0.89 0.88 0.93 0.84 0.89 0.59 0.95 0.96 

EV 0.76 - 0.84 -0.79b 0.75 0.70 0.99 0.96 0.81 0.63 

a – Only Melbourne weather radar data was used to derive rainfall intensities, hence no results are available for Raleigh catchment.  
b – The volume prediction performance was caused by one poorly predicted event. When this event was removed, the recalculated 

performance was 0.38. 
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MOPUS microorganism model results for Raleigh, Hawthorn Main Drain West and Gardiners 

Creek test catchments 

Detailed results of MOPUS microorganism model, including two example wet weather events, 

predicted versus measured instantaneous E. coli concentrations, predicted versus measured E. coli 

event mean concentrations, predicted versus measured E. coli event peaks and predicted versus 

measured E. coli event loads are presented for Raleigh, Hawthorn main drain west (HMD west) and 

Gardiners Creek in Figure S2, Figure S3 and Figure S5, respectively. It should be noted that Prahran 

main drain test catchment had only measured event mean concentrations and, as such, only  predicted 

versus measured E. coli event mean concentrations and predicted versus measured E. coli event loads 

are presented for this catchment in Figure S4.  

 

  

   

  
 
Figure A.2 - 2 Detailed results for Raleigh catchment when using gauged rainfall inputs. Top - measured and predicted E. coli 
pollutographs and hydrographs for two events, Middle Left - Predicted versus measured instantaneous E. coli concentrations, 
Middle Right – predicted versus measured E.coli event mean concentrations (EMCs), Bottom Left - predicted versus measured 
event peaks, Bottom Right – predicted versus measured  event loads. 
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Figure A.2 - 3 Detailed results for Hawthorn Main Drain (HMD) west catchment when using gauged rainfall inputs. Top - 
measured and predicted E. coli pollutographs and hydrographs for two events, Middle Left - Predicted versus measured 
instantaneous E. coli concentrations, Middle Right – predicted versus measured E.coli event mean concentrations (EMCs), 
Bottom Left - predicted versus measured event peaks, Bottom Right – predicted versus measured  event loads. 
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Figure A.2 - 4 Detailed results for Prahrain Main Drain (PMD) catchment when using gauged rainfall inputs. Left – predicted 
versus measured E.coli event mean concentrations (EMCs) and Right – predicted versus measured event loads.  

 

 

  

  
 
Figure A.2 - 5 Detailed results for Gardiners Creek catchment when using gauged rainfall inputs. Top - measured and predicted 
E. coli pollutographs and hydrographs for two events, Middle Left - Predicted versus measured instantaneous E. coli 
concentrations, Middle Right – predicted versus measured E.coli event mean concentrations (EMCs), Bottom Left - predicted 
versus measured event peaks, Bottom Right – predicted versus measured  event loads. 
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A.3 Supplementary materials for ‘Modelling shallow and narrow urban salt-

wedge estuaries: evaluation of model performance and sensitivity to 

optimise input data collection’ (Chapter 6) 

 

Modelling shallow and narrow urban salt-wedge estuaries: evaluation of 

model performance and sensitivity to optimise input data collection 

Dusan JOVANOVIC, Simone GELSINARI, Louise BRUCE, Mathew HIPSEY, Ian TEAKLE, Matthew 

BARNES,  Rhys COLEMAN, Ana DELETIC and David T. McCARTHY 

 

Supplementary material 

 

Model performance 

This section presents additional performance plots that were not included in the manuscript due to 

space constraints and to show assessment of model’s performance against the temperature dataset 

that was not presented in the manuscript. The aim of this section is to enable further insight into how 

well the model performed at simulating the hydrodynamics of the Yarra River estuary.  

 

 

 

 

Figure A.3 - 1 Predicted versus measured water level at Abbotsford, Hawthorn, Burnley and Southbank (E - Nash-Sutcliffe 
efficiency). 
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Figure A.3 - 2 Predicted versus measured salinity (left) and temperature (right) at four depth profiling sites: Abbotsford (ABB), 
Hawthorn (HAW), Morell Bridge (MOR) and Southbank (SB).
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Figure A.3 - 3 Measured and predicted salinity (top) and temperature (bottom) depth profiles at Abbotsford (ABB) on 26th June 
2013 at 14:04 pm (left); average Yarra River flow rate in 24h before the depth profiling 𝑄24ℎ = 4.9 𝑚3/𝑠; average wind speed 
over 3 hours prior to depth profiling  𝑆𝑊_3ℎ = 0.8 𝑚/𝑠) , 9th May 2014 at 09:07 am (right; 𝑄24ℎ = 14.9 𝑚3/𝑠; 𝑆𝑊_3ℎ =

5.2 𝑚/𝑠). N.B. The measurements on 6th August 2014 were not conducted at this site. 
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Figure A.3 - 4 Measured and predicted salinity (top) and temperature (bottom) depth profiles at Hawthorn (HAW) on 26th June 
2013 at 13:12 pm (left; average Yarra River flow rate in 24h before the depth profiling 𝑄24ℎ = 4.9 𝑚3/𝑠; average wind speed 
over 3 hours prior to depth profiling  𝑆𝑊_3ℎ = 0.8 𝑚/𝑠) , 9th May 2014 at 08:17 am (middle; 𝑄24ℎ = 14.9 𝑚3/𝑠; 𝑆𝑊_3ℎ =

5.2 𝑚/𝑠) and 6th August 2014 at 09:32 am (right; 𝑄24ℎ = 32.2 𝑚3/𝑠; 𝑆𝑊_3ℎ = 3.4 𝑚/𝑠). 
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Figure A.3 - 5 Measured and predicted salinity (top) and temperature (bottom) depth profiles at Southbank (SB) on 26th June 
2013 at 10:30 am (left; average Yarra River flow rate in 24h before the depth profiling 𝑄24ℎ = 4.9 𝑚3/𝑠; average wind speed 
over 3 hours prior to depth profiling  𝑆𝑊_3ℎ = 0.8 𝑚/𝑠) , 9th May 2014 at 06:52 am (middle; 𝑄24ℎ = 14.9 𝑚3/𝑠; 𝑆𝑊_3ℎ =

5.2 𝑚/𝑠) and 6th August 2014 at 08:45 am (right; 𝑄24ℎ = 32.2 𝑚3/𝑠; 𝑆𝑊_3ℎ = 3.4 𝑚/𝑠). 

 

 

 

 

 

 

 

 

 



Appendix A: Supplementary Materials   

254 

Assessment of temperature prediction 

The assessment against the continuous temperature measurements at Abbotsford and Morell Bridge 

confirmed the model’s ability to reproduce temperature dynamics within the Yarra River estuary. The 

temperature predictions were particularly good at Abbotsford (Figure A.3 - 6), with very high model 

performance (e.g. Nash-Sutcliffe efficiency and IOA both equal to 0.99; Table A.3 - 1). The reason for 

this is the proximity to the upstream model boundary (around 500m) where the measured data was 

used to characterise the temperature of incoming flow. The model performance at Morell Bridge was 

also good (Figure A.3 - 6 and Table A.3 - 1), however, slightly lower than that at Abbotsford. Moreover, 

the model performed better at predicting bottom than surface temperature which agrees well with 

the difficulties illustrated in the example of the depth profile data above.  

This demonstrate that the model is capable of reproducing the temperature and salinity dynamics 

within the Yarra River estuary to a great extent, including the high stratification of the water column, 

for a variety of hydrologic conditions. 

Table A.3 - 1 Model performance parameters for continuous temperature prediction at Abbotsford and Morell Bridge. 

Variable Location B Br NMAE RMSE E IOA r 

Temperature  [°C] [%] [-] [°C] [-] [-] [-] 

 Abbotsford -0.2 -1 0.03 0.48 0.99 0.99 0.99 
 Morell Bridge Surface 0.8 5 0.11 2.43 0.79 0.94 0.90 
 Morell Bridge Bottom -0.6 -3 0.06 1.44 0.88 0.97 0.95 

 

 

 

Figure A.3 - 6 Measured and predicted temperature at Abbotsford (top) and Morell Bridge Surface (middle) and Bottom 
(bottom).
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Model sensitivity 

This section presents additional sensitivity plots at sites that were not included in the paper. The 

following are presented here: 1) Water level sensitivity at Hawthorn and Southbank (Figure A.3 - 7); 2) 

Surface and bottom minor velocity component (Vy) sensitivity at Morell Bridge (Figure A.3 - 8); 3) 

Salinity sensitivity at Abbotsford (Figure A.3 - 9) and; 4) Temperature sensitivity at Abbotsford (Figure 

A.3 - 10). 

 

 

 

 

Figure A.3 - 7 Water level sensitivity at Hawthorn and Southbank (B – bias and Br – relative bias). 
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Figure A.3 - 8 Surface and bottom minor flow velocity component (Vy) sensitivity at Morell Bridge (B – bias and Br – relative 
bias). 
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Figure A.3 - 9 Salinity sensitivity at Abbotsford (B – bias and Br – relative bias). 

 

 

 

Figure A.3 - 10 Temperature sensitivity at Abbotsford (B – bias and Br – relative bias). 
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A.4 Supplementary materials for ‘Integrated modelling of fate and transport of 

E. coli within an urban salt-wedge estuary’ (Chapter 7) 

 

Integrated modelling of fate and transport of E. coli  

within an urban salt-wedge estuary 

Dusan JOVANOVIC, Mathew HIPSEY, Ian TEAKLE, Matthew BARNES,  Rhys COLEMAN, Ana 

DELETIC and David T. McCARTHY 

 

Supplementary material 

 

Suspended sediments model 

The suspended sediments model can account for a number of different fractions of sediments. Each 

fraction is transported by advection and diffusion and is subject to processes of settling and 

resuspension into/from bed sediments. The sediment transport equation is given below: 

𝜕

𝜕𝑡
𝐶𝑆𝑆,𝑗 +

𝜕

𝜕𝑥𝑖
(𝑈𝑖𝐶𝑆𝑆,𝑗) =

𝜕

𝜕𝑥𝑖
(𝜅𝑖

𝜕𝐶𝑆𝑆,𝑗

𝜕𝑥𝑖
) − 𝐷𝑗 + 𝑅𝑗 (A.4 - 1) 

 

where 𝑡 is time [s], 𝑥𝑖 is distance the i-th dimension [m], 𝑈𝑖  is the velocity in i-th direction [m s-1],  𝜅𝑖 is 

the eddy-diffusivity, 𝐶𝑆𝑆,𝑗  is suspended sediment concentration of j-th fraction [g m-3], 𝐷𝑗  is the 

suspended sediment deposition rate of j-th fraction [g m-2s-1] and 𝑅𝑗 is the resuspension rate of bed 

sediments of j-th fraction [g m-2s-1].  

The total suspended sediments concentration is a sum of concentrations of all modelled fractions:  

𝐶𝑠𝑠 = ∑ 𝐶𝑆𝑆,𝑗

𝑛

𝑗=1

 (A.4 - 2) 

 

where 𝑛 is the number of modelled sediment fractions [-]. 

Deposition of suspended sediments was parameterised as a function of settling velocity and critical 

stress for deposition: 
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𝐷𝑗 = 𝑤𝑆,𝑗 [
𝜏𝑑,𝑗 − 𝜏

𝜏𝑑,𝑗
] 𝐶𝑆𝑆,𝑗 ,    𝜏 ≤ 𝜏𝑑,𝑗  (A.4 - 3) 

𝐷𝑗 = 0                          ,    𝜏 > 𝜏𝑑,𝑗  (A.4 - 4) 

 

where 𝑤𝑆 is settling velocity, 𝜏𝑑,𝑗 is critical stress for deposition for j-th fraction [N m-2]  and 𝜏 is current 

shear stress provided by hydrodynamic module [N m-2]. 

The settling velocity in the Equation A.4 - 3 is calculated according to Stoke’s Law as: 

𝑤𝑆,𝑗(𝑇, 𝑆) =
𝑔𝑑𝑆,𝑗

2 [𝜌𝑆 − 𝜌𝑊(𝑇, 𝑆)]

18𝜇(𝑇)
 (A.4 - 5) 

 

where 𝑔 is gravitational acceleration [m s-2], 𝑑𝑆,𝑗 is particle diameter of j-th fraction [m], 𝜌𝑆 is sediment 

particle density [kg m-3], 𝜌𝑊 is density of water [kg m-3] as function of temperature and salinity, and 

finally 𝜇 is the dynamic viscosity of water [kg m-1 s-1] as a function of temperature.  

The inclusion of critical stress for deposition in the Equation A.4 - 3 and Equation A.4 - 4 will account 

for the fact that deposition of sediments does not occur continually but only when hydrodynamic 

conditions are suitable for settling. Furthermore, since settling velocity is calculated for still water, the 

deposition below critical stress for deposition will be proportional to the difference between the 

critical stress for deposition and the current stress which reflects the movement of the water. 

Therefore, deposition with the calculated settling velocity will only occur if the current stress is equal 

to zero, i.e. in still water. 

Similarly, the parameterisation of resuspension rate is based on commonly used formula where 

resuspension only occurs if the bottom stress is great enough to cause the resuspension of the 

sediment particles stored in the bed sediments: 

𝑅 = 𝐸𝑗 [
𝜏𝑏 − 𝜏𝑒,𝑗

𝜏𝑒,𝑗
],   𝜏𝑏 > 𝜏𝑒,𝑗  (A.4 - 6) 

𝑅 = 0                   ,    𝜏𝑏 ≤ 𝜏𝑒,𝑗  (A.4 - 7) 

 

where  𝐸𝑗  is erosion rate for a particular fraction [g/m2s], 𝜏𝑏 is bottom stress supplied by hydrodynamic 

module [N m-2] and 𝜏𝑒,𝑗 is critical stress for resuspension of particular sediment fraction [N m-2].  
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It is important to note that the bed sediment store is infinite, thus resuspension will be occurring as 

long as the bottom shear stress is higher than critical shear stress for sediment resuspension.



 

 



 

 

 

 

 

 

 

Appendix B 

Conference papers 



 

 



Appendix B: Conference papers 

265 

B.1 Modelling Impact of Stormwater on Faecal Contamination of Urban 

Estuaries 
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B.2 3D Hydrodynamics and Vertical Mixing in a Stratified Estuary 
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C.1 Environmental monitoring of waterborne Campylobacter: evaluation of 

the Australian standard and a hybrid extraction-free MPN-PCR method 
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C.2 Source tracking using microbial community fingerprints: Method 

comparison with hydrodynamic modelling 
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