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ABSTRACT  

A reliable and clean supply of drinking water is essential to the health and quality of life. The treatment 

of contaminants has been a major water quality concern for drinking water supply system providers. 

Manganese, one of the main regulated inorganic contaminants, is not commonly identified as a health 

concern in drinking water, but it can cause detrimental aesthetic water issues such as poor taste, odour 

and colour. Specifically, total manganese concentrations at or more than 0.05 mg/L can cause issues for 

drinking water providers by causing customer dissatisfaction, manifesting as complaints about staining 

of plumbing fixtures and of laundry, discoloured water, and taste and odour issues. In addition, out of 

consideration for the protection of the water distribution system, manganese in drinking water must be 

maintained at less than 0.02 mg/L so that it does not cause coating of manganese oxides on the internal 

surface of pipes.  

 

Effective and timely treatment of manganese first requires a comprehensive understanding and accurate 

prediction of the manganese cycle in reservoirs since spikes in raw water manganese can challenge the 

capacity of water treatment plant (WTP) operators to promptly adjust the treatment procedures 

accordingly. In the present study, the Tarago Reservoir, Melbourne, Australia (a monomictic water 

supply reservoir), may experience manganese increases during reservoir turnover events, which can 

lead to elevated manganese concentrations in treated water. The vertical profiling system (VPS) 

installed in the reservoir and weekly field water sampling tests in both the reservoir and the WTP collect 

key parameters such as water temperature, dissolved oxygen and total and soluble manganese 

concentrations, which provide a basis for the data analysis and modelling study. 

 

One of the main processes in a reservoir’s manganese cycle consists of the exchanges of soluble 

manganese and insoluble manganese between the bottom sediments and the epilimnion, and is highly 

susceptible to the hydrodynamic processes. Therefore, the hydrodynamic characteristics of water-

supply reservoirs is fundamental to simulate the manganese cycle. Numerical deterministic models have 

been widely applied for simulating the hydrodynamic characteristics of various waterbodies. The 

developed three-dimensional (3D) numerical model of the Tarago Reservoir can quantify the reservoir 

thermal structure and facilitate investigation of the effects of seasonal and longitudinal factors. The 

model revealed that wind forces and river plumes play a vital role in the formation of stratification and 

turnover. Then, the developed 3D hydrodynamic model was coupled with an innovative manganese 

cycle model and applied to the Tarago Reservoir and was able to simulate the distribution of manganese 

in the reservoir. The 3D manganese model was developed based on an existing one-dimensional 

manganese cycle model. The stratification and turnover occurring in the reservoir significantly 

influenced the seasonal change in manganese levels, and the horizontal advection dominated by the 

wind-driven currents considerably varies the levels of soluble manganese near the dam wall.  
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A data-driven model based on correlations between manganese in the reservoir and the raw water of the 

WTP enabled the integration of the manganese transport simulations between the reservoir and the WTP. 

A decision support system (DSS) to improve the treatment of manganese was developed based on the 

data analysis of the manganese levels at the different water treatment stages. Situations where relatively 

high concentrations of Mn raw water entering the WTP were detrimentally compounded by processes 

in the sludge-thickener tank through the supernatant return were revealed. Through data analysis/model 

development between manganese in the raw water and in the outlet water, a prediction model of the 

highest expected manganese level (i.e. the worst-case scenario) in the treated water was established. 

The catchment and WTP model were integrated to enable the exploration of scenarios with different 

weather/environmental conditions, in order to predict expected manganese concentrations in the treated 

water and aid the formulation of potential mitigation strategies. 

 

The development of the 3D manganese cycle model and its integration with the DSS for the WTP 

addresses a significant research gap in the literature. The outcomes of the research provide a 

comprehensive modelling study of manganese in water supply systems (catchment to treated water) and 

have beneficial implications for water utilities. Furthermore, this modelling study advances current 

knowledge and understanding of the manganese cycle for an entire waterbody through accurate 3D 

simulations, which in turn can lead to better manganese treatment management.  
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 CHAPTER 1 Introduction 

1.1 Research background 

Concerns relating to manganese (Mn) in drinking water have attracted significant attention since the 

last century. High levels of manganese lead to undesirable issues with the taste, odour and colour of 

drinking water, and, consequently, water treatment plants (WTPs) receive complaints from customers 

about dirty water. In addition, recent research has identified that the level of manganese exposure is 

intimately associated with the neurological, cognitive and neuropsychological development of children 

(Bouchard et al., 2011; Frisbie et al., 2015). Therefore, the removal of manganese is an important 

process in drinking water treatment, contributing to providing customers with drinking water that meets 

both health and aesthetic requirements.  

 

Conventional WTPs aim to keep the concentration of manganese below the health-based standard (0.4 

mg/L from the World Health Organization, 0.5 mg/L in Australia). However, at levels exceeding only 

0.1 mg/L, manganese in water can cause aesthetic concerns, resulting in customer complaints. The most 

common consequences are discolouration of laundered clothes, a peculiar taste of the drinking water 

and dirty water in swimming pools due to the presence of dark manganese oxides (Kohl & Medlar, 

2006). Meeting the aesthetic standard of manganese (0.1 mg/L in Australia) in drinking water is an 

essential requirement of most modern water supply systems. Additionally, for drinking water that has 

to be transported over long distances from WTPs to users, the standards for manganese levels in treated 

water are stricter. In order to eliminate the associated dangers, the total manganese in drinking water 

must be maintained at a level (less than 0.02 mg/L) that does not cause a coating of manganese oxides 

on the internal surface of pipes (Islam et al., 2010). For instance, Melbourne Water’s Tarago WTP 

requires that 100% of the treated water must contain under 0.05 mg/L of total manganese and that at 

least 95% of the treated water must contain under 0.02 mg/L of total manganese.  

 

Manganese issues in drinking water are related to increasing manganese concentrations in the source 

water. The ineffectiveness of the treatment of manganese is in turn largely attributed to drastic changes 

in the manganese levels in the source water. In reservoirs, there is a significant difference in manganese 

concentrations in the water at different depths and locations, and different seasons. The inlet of the 

pumping station usually collects water from the shallow water layer and from near to the dam wall. The 

manganese in the shallow layer is typically minimal when the reservoir is in a stratification stage 

without suffering extreme weather conditions, and the WTP does not need to actively remove 

manganese during this stage. However, when the occurrence of turnover or extreme weather conditions 

break the stratification and the hypolimnetic manganese-rich water moves upwards to the epilimnion, 

WTPs face the challenge of preventing manganese issues.  
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In WTPs, the drinking water treatment consists of preliminary treatment, coagulation, flocculation, 

filtration, disinfection and the disposal of wastewater and sludge. The oxidation of soluble manganese 

is generally performed during the preliminary treatment stage through aeration and chemical dosing 

(potassium permanganate or chlorine). Based on the different oxidising reagents, the oxidation of 

soluble manganese requires a specific pH environment and strict control of reaction times. Then, the 

insoluble manganese is separated from the water through the combined action of coagulation, 

flocculation and filtration. This routine treatment can effectively remove manganese from the raw water 

in a way that meets the regulatory requirements, but it might not be enough to address the substantial 

increase in manganese levels due to turnovers or certain extreme weather conditions. In addition, 

potentially due to the recirculation of wastewater and supernatants from sludge thickening, the recycled 

water can be a considerable source of manganese that further challenges the WTPs’ treatment 

effectiveness. Therefore, the successful treatment of manganese requires that each procedure is efficient 

and non-interfering. 

 

If the WTP cannot respond promptly to increasing manganese levels, the WTP will be discredited for 

not delivering the expected product. Moreover, in some developing countries, a high level of manganese 

in drinking water may cause nerve damage, hallucinations and an adverse effect on the cognitive 

abilities of children. A significant association was found between lower intelligence quotient in children 

and manganese levels of over 0.8 mg/L in drinking water in Bangladesh. In Shanxi, a Chinese province, 

92 children exposed to 0.3 mg/L of manganese in drinking water suffered damage to their manual 

dexterity, short-term memory and visual identification (Bouchard et al., 2011; Frisbie et al., 2015; 

Gianutsos et al., 1997).  

 

Nevertheless, all the above-mentioned procedures become superfluous when reservoirs return to their 

normal stratification and the manganese concentration decreases to a low level. Therefore, an accurate 

model predicting manganese concentrations in the reservoir of interest could be the foundation for a 

more proactive manganese treatment management. Such model would require a reliable simulation of 

the hydrodynamic conditions in reservoirs; numerical modelling has been widely used in simulating the 

hydrodynamic characteristics of various waterbodies (Antonopoulos & Gianniou, 2003; Hostetler & 

Bartlein, 1990; Patterson & Imberger, 1989). Over the past two decades, three-dimensional (3D) 

hydrodynamic modelling has played an irreplaceable role in investigating the thermal structure in 

reservoirs (Lessin et al., 2014; Torriano et al., 2012); in addition, a few one-dimensional (1D) 

mathematical model or data-driven model studies have attempted to simulate the manganese cycle in 

aquatic environments in the last half-century (Bertone et al., 2015a; Egeberg et al., 1988; Johnson et al., 

1991; Wang & Van Cappellen, 1996; Zaw & Chiswell, 1999). However, few studies have attempted to 

couple a 3D hydrodynamic model with the manganese cycle. For water supply reservoirs with 

significant morphological heterogeneity, the effect of horizontal manganese transport is critical in the 
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manganese cycle, but neither a 1D mathematical model nor existing data-driven models can accurately 

reproduce the effect of horizontal manganese transport on the manganese distribution in the reservoir. 

To the author’s knowledge, a modelling study of the manganese cycle in three dimensions in reservoirs 

so far is lacking, and the current research fills this gap. 

 

This research uses the Tarago Reservoir and the Tarago Water Treatment Plant (TWTP) as study 

locations. Melbourne Water provided the critical data about meteorological conditions, bathymetry, 

boundary conditions and manganese distributions near the dam wall. A vertical profiling system (VPS) 

installed near the dam wall collected the vertical profiles of water temperature and dissolved oxygen at 

a 3-hour frequency and 1-metre intervals. The historical data makes the development and validation of 

a manganese simulation model feasible in practice. The TWTP supplied historical records of manganese 

concentrations and other relevant parameters in different stages of water treatment and the basic design 

of the water treatment processes. In addition, field measurements were performed in order to obtain 

frequent manganese measurements during critical turnover periods. Based on the above information, it 

was deemed feasible to explore the optimal design for the TWTP and to ensure that the treated water 

meets the criteria that 100% of treated water must contain under 0.05 mg/L of total manganese and that 

95% of the treated water contains under 0.02 mg/L of total manganese. 

 

1.2 Research objectives 

The monitoring of manganese variation in a drinking water reservoir is essential for the control of water 

quality. Given the harmfulness of excess manganese to health and aesthetics, the period and magnitude 

of increasing manganese levels in the reservoir must be detected in order to ensure the effective removal 

of manganese at a proper time. The detection of manganese in the Tarago Reservoir relies on a manual 

sampling test that is an expensive and time-consuming procedure. The frequency and location of the 

sampling test are limited due to the economic cost, and the field measurements cannot provide a full 

understanding of the manganese cycle. Therefore, for the Tarago Reservoir, the goal of this PhD 

research was to develop a 3D manganese cycle model coupled with a hydrodynamic model. The model 

developed makes scenario analysis feasible. The simulated results can provide managers with a 

comprehensive understanding of the spatial and temporal variations of manganese in the entire reservoir 

and of the influence of hydrodynamic processes on the manganese levels in the water intake transporting 

raw water to the TWTP. 

 

The delayed reaction and improper operation of a WTP cause unacceptable manganese levels in the 

treated water. The TWTP often produces treated water with higher Mn content than the standard and 

often also higher than in the raw water entering the WTP. This research work led to the development 

of a decision support system (DSS) for manganese removal based on the data analysis on manganese 
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levels in different treatment processes recorded in historical data and twice field measurements. The 

manganese in the raw water and the disposal of the centrate are regarded as the basis of the 

determination of the upper boundary of manganese in the treated water. The developed 3D manganese 

cycle in the reservoir can provide an accurate and continue simulation for manganese levels at the water 

intake and correlate it to the manganese levels in the raw water.  Thus, the DSS for the WTP can be 

integrated with the manganese cycle model. The benefit of the integrated model is that the simulated 

results can assist the managers in proactively determining the timing and procedures for manganese 

removal in order to achieve effective and timely treatments. In addition, the establishment of the 

integrated model makes the scenario analysis with varied meteorological data feasible, and this can 

directly investigate the effects of such meteorological conditions on manganese concentrations from 

reservoir to treated water. 

 

This study is devoted to two purposes: (1) the creation of a high-performance numerical model to predict 

the manganese concentration in the Tarago Reservoir and (2) the optimisation of the existing procedures 

and management of water treatment to eliminate the threat of manganese in the TWTP. This research 

project has the following specific objectives: 

1. To fully understand the manganese cycle in reservoirs and the water treatment processes in the 

TWTP. 

2. To develop and validate a numerical model simulating the hydrodynamic and manganese cycle 

of the Tarago Reservoir. 

3. To achieve an accurate simulation of manganese concentrations in the raw water intake of the 

TWTP. 

4. To investigate the manganese data and other relevant parameters in the TWTP and to analyse 

the reasons underlying manganese issues in the water treatment processes. 

5. To establish a decision support system to help minimise manganese concentrations in the 

treated water of the TWTP 

 

1.3 Research scope  

The 3D manganese cycle model was developed and applied to the Tarago Reservoir, a subtropical 

monomictic reservoir. Therefore, the application of the model was limited to a reservoir that mix once 

per year. In addition, daily climate data (wind, air temperature, precipitation and evaporation), water 

temperature and dissolved oxygen measurements in the reservoir with a 3-hour frequency and at 1-

metre interval, together with weekly manganese sample testing of the surface, middle and bottom layers, 

were essential for the modelling study. The depth of the reservoir gradually increases from the inlet 

river to the dam, and this significantly influenced the thermal structure and manganese cycle during the 

research period. The development of the hydrodynamic model relied on the discharge of the inflow and 
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outflow and the meteorological conditions of the reservoir, such as air temperature, wind speed, wind 

direction, relative humidity, clearness and precipitation. The accuracy of these measurements influences 

the performance of the model. The water temperature profiles collected by VPS and the manganese 

sampling tests were also essential for the calibration of the manganese cycle model. Due to the 

fortnightly frequency of the manganese sampling tests, the model cannot be validated in the simulation 

of the diurnal change of manganese.  

 

The predictions of manganese levels in the outlet water can be affected by the number of unmonitored 

variables and complexity with the day-to-day operations of the water treatment plant. Thus, this research 

adopted a simplified approach to predict the worst case scenario for manganese levels in the treated 

water rather than the specific value, due to large underlying uncertainty. Such prediction is helpful to 

deal with current manganese issues by planning treatment procedures for the potential highest risk 

possible in any given day, but it can often overestimate the expected concentrations of manganese in 

the treated water, potentially triggering more expensive and resource-intensive treatment procedures 

than required. Moreover, the performance of DSS depends on the accuracy and integrity of the measured 

manganese concentrations and the DSS is inapplicable for raw water with more than 0.2 mg/L 

manganese due to the limitation of existing historical records.  

 

1.4 Research design and method overview 

To achieve the objectives of the research, the first step was to collect data. The source of reservoir data 

was the VPS installed near the dam, and the manganese sampling tests were conducted in the location 

of the VPS. Climate data was collected from the Tarago Station established by the Australian Bureau 

of Meteorology (BOM). Most of the WTP data was obtained from the supervisory control and data 

acquisition (SCADA) system and weekly sampling tests in each water treatment process. Two field 

measurement campaigns conducted by the author provided high-frequency data to assist the research.  

 

To achieve Objective 1, the approach involved a literature review about the characteristics of the 

manganese cycle in monomictic reservoirs and drinking water treatment processes. The stratification 

and turnover of reservoirs were an important part of the literature review as they have great influence 

on the manganese cycle. Understanding manganese removal in the water treatment process was vital in 

the literature review. 

 

The development and validation of the 3D manganese model were key to achieving Objectives 2 and 3. 

The 3D hydrodynamic model of the Tarago Reservoir was developed using the MIKE 3 Flow model. 

Water levels and temperatures measured by the VPS were used to calibrate and validate the model. The 

development of the 3D cycle model was based on the 1D manganese cycle model designed by Johnson 
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et al. (1991). The manganese cycle model was coupled with the developed 3D hydrodynamic model, 

and the simulated results reproduced the manganese distribution in the reservoir. 

 

Objective 4 was achieved by the data analysis of historical records and field measurements in the water 

treatment processes involving manganese removal, such as preliminary treatment, filtration and 

supernatant return. The achievement of Objective 4 was fundamental to the development of the DSS in 

the TWTP (Objective 5). The integration of the 3D manganese cycle model and the DSS enabled the 

tracking of the manganese levels from the reservoir to the treated water and the analysis of the influence 

of climate conditions and operation. Manganese treatment can be optimised through scenario analysis 

based on the integrated model. 

 

1.5 Research novelty and significance 

The novelty and significance of this PhD research is observed in: 

• The analysis of the thermal structure extended from a single observation point to the entire 

research domain in the Tarago Reservoir, a stratified temperate monomictic drinking water 

reservoir, with the development of a 3D numerical model; 

• The development of a manganese cycle model coupled with a 3D hydrodynamic model for 

the simulation of the distribution of manganese in the Tarago Reservoir; 

• The integration of the manganese cycle model in the Tarago Reservoir and the DSS for the 

TWTP, allowing an integrated optimal management of manganese treatment in the water 

supply system.  

 

The published literature regarding manganese cycle modelling in reservoirs and lakes focusses on the 

simulated temporal variation of manganese. For most water supply reservoirs characterised by 

significant morphological differences, the role of the spatial distribution of manganese is particularly 

important for understanding the manganese cycle. Previous manganese model studies have hardly 

discussed the effect of horizontal current movement on the manganese cycle with the limitations of a 

1D model. Moreover, modelling studies of the manganese cycle in 3D so far have been lacking. The 

current research achieves the simulation of the 3D manganese cycle for the first time and fills a gap in 

the 3D modelling of the manganese cycle in lacustrine systems.  

 

The manganese cycle model can be used to simulate the seasonal changes of manganese in the reservoir. 

An accurate simulation of the manganese concentration in a reservoir is fundamental to increasing the 

effectiveness of the oxidation of soluble manganese and the separation of insoluble manganese from 

the raw water in the WTP. The manganese WTP model simulates the variation of manganese in the 

water treatment process. Integrating these two models allowed the researchers to fully understand the 
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mechanisms affecting variations in manganese concentrations both in the Tarago Reservoir and the 

TWTP, and to be alerted for potential manganese-related water-quality risks based on reservoir, weather 

and WTP operations conditions. The model also allowed the operators to simulate several scenarios 

aimed at minimising such risks. To the author’s knowledge, this is the first model of this kind and will 

provide economic and operational benefits for the water utility industry. 

 

1.6 Thesis outline 

Chapter 1 provides a brief introduction to the significance of the topic and to the background and 

objectives of this research. 

 

Chapter 2 is a review of the relevant literature. The first part is a summary of the characteristics of 

manganese and the adverse effects of manganese in drinking water on the health of the human body. 

Subsequently, an introduction to stratification and manganese cycles in lakes and reservoirs and 

research results regarding the description of manganese dynamics in lakes is presented. An explanation 

of water treatment processes and the theory and cases of manganese removal are the third and fourth 

sections, respectively. The final content of this chapter is the theoretical basis and model of manganese 

variations in lakes or reservoirs. 

 

Chapter 3 introduces the methodology adopted in this research, including knowledge acquisition, data 

collection and analysis, model development and validation and model application. 

 

Chapter 4 displays initial results from data analysis. The understanding of manganese distribution in 

the Tarago Reservoir and the Tarago Water Treatment Plant and the understanding of thermal structure 

in the Tarago Reservoir is the foundation of further modelling study in the research domains.  

 

Chapter 5 describes the sensitivity analysis of the wind friction coefficient during the development of 

the hydrodynamic model for the Tarago Reservoir. The appropriate wind friction coefficient for the 

Tarago Reservoir was determined through the comparison of simulated water temperatures calculated 

with different wind friction coefficients and measured water temperatures.  

 

Chapter 6 represents the development of the 3D hydrodynamic model for the Tarago Reservoir based 

on the DHI MIKE 3 model. Water temperatures measured by the VPS were used to calibrate and 

validate the model, and the model achieved good accuracy. The development and application of the 3D 

hydrodynamic model not only enhanced the understanding of the thermal structure of the Tarago 

Reservoir but also provided a feasible method for discovering the role of external factors in the thermal 

structure of waterbodies. 
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Chapter 7 describes the establishment of a combined 3D hydrodynamic model and manganese cycle 

model for the Tarago Reservoir. The manganese cycle model coupled with a 3D hydrodynamic model 

has the capability of simulating the hydrodynamic components and the distribution of manganese in a 

temperate monomictic reservoir. The research demonstrates the process of 3D model construction based 

on the 1D manganese cycle model developed by Johnson et al. (1991). The validation indicates that the 

model accurately reproduces the manganese distribution in the lacustrine zone of the reservoir. 

 

Chapter 8 illustrates the development of a decision support system for manganese treatment in the 

Tarago Water Treatment Plant and integrate the decision support system with the 3D manganese model 

developed in Chapter 7. The integrated model enables the tracking of manganese from the reservoir to 

the treated water. Moreover, the scenario analysis based on the integrated model can be used to 

investigate the influence of meteorological conditions of the reservoir and water treatment operation on 

the manganese levels in the treated water.  

 

Chapter 9 concludes this thesis by highlighting the main findings, the contributions and limitations of 

the current study and the directions for future work. 
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 CHAPTER 2 Literature review 

2.1 Characteristics and hazards of manganese 

2.1.1 Characteristics of manganese in nature 

Manganese is a transition metal element, with symbol Mn and atomic number 25. Approximately 0.1% 

of the earth’s crust is composed of manganese. There are more than 100 minerals containing manganese 

compounds, but the elemental form of manganese does not exist in the natural environment. The most 

common valence state of manganese in its oxidation are +2, +4 and +7 (Ehrlich et al., 2015). Manganese 

exists in water mainly as Mn2+ (stable) and Mn3+ (transient and unstable). The soluble divalent 

manganese ion is the commonest form in the anoxic environment of water, such as groundwater and 

the hypolimnion of eutrophic reservoirs. Filamentous morphology and spherical particles have been 

recognized as major forms for manganese oxides in water. The morphology is largely determined by its 

settling rate (Johnson et al., 1991). The most stable state of manganese oxide is MnO2, which is almost 

insoluble in water. Furthermore, as an effective adsorbent, MnO2 has the ability to absorb bivalent 

manganese from water. Potassium permanganate (KMnO4) is frequently used as a strong oxidizing 

agent in the removal of soluble manganese in WTPs. 

 

The oxidation and reduction of manganese are key parts of the geochemical cycle of manganese in 

aquatic sediments, submerged soils and groundwater (Ehrlich et al., 2015). The formation and stability 

of Mn[II] in reducing environments are due to the reduction of Mn[III] and Mn[IV] by natural organics 

and the very slow rate of oxidization of Mn[II] by dissolved oxygen (Davies & Morgan, 1989; Morgan, 

1967). The cycling of Mn[II], Mn[III] and Mn[IV] in natural waters is typically affected by the reaction 

between Mn[II] and oxygen. The catalytic effect of metal oxide surfaces is considerable in Mn[II] 

oxidation. With the help of microscopic and spectroscopic observation, Junta and Hochella Jr (1994) 

discovered that the most reactive sites for the initial adsorption–oxidation reactions of Mn[II] are found 

on the surface of metal oxides, in particular on the surface of MnO2. The reduction of manganese is 

related to the catalytic effect of natural organic matter (NOM) and other organic and inorganic 

compounds (Jun & Martin, 2003). Cerrato (2010) suggested that biomineralisation of manganese plays 

the most crucial role in the natural water environment, as manganese-oxidising microorganisms are 

ubiquitous. The oxidation of Mn[II] by manganese-oxidising bacteria is much faster than by abiotic 

oxidation in aquatic environments. Burdige et al. (1992) proved that the rate of microbial oxidation of 

Mn[II] is five orders of magnitude greater than the reflection rate between Mn[II] and oxygen in abiotic 

conditions. Although the mechanisms of the microbial oxidation of manganese are still a mystery, it is 

certain that, for most microorganisms, more than one manganese-oxidising mechanism is used. The 

mechanism can be enzymatic or non-enzymatic (Ehrlich et al., 2015). 
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2.1.2 Manganese hazards in drinking water 

As an essential mineral nutrient for normal bone structure and functions of the human brain, manganese 

also plays an important role in catalytic processes based on biological enzymes. Furthermore, 

manganese is a vital constituent of numerous organ systems, the immune system and blood sugar 

regulation. Vigeh et al. (2008) and Zota et al. (2009) demonstrated that foetal intrauterine growth 

retardation and low birth weight can be caused by low manganese concentrations in the blood of 

pregnant women. Although manganese is necessary for various life activities, a growing body of data 

implies that exposure to high levels of manganese could be neurotoxic (Bouchard et al., 2011). 

Manganese poisoning causes hallucinations, forgetfulness and nerve damage. In addition, Parkinson’s 

disease, lung embolism and bronchitis are caused by damage due to manganese in the respiratory tract 

and brain. Manganese is involved in the occurrence of manganism, which has features similar to those 

of Parkinson’s disease. Manganism patients not only suffer from anorexia, weakness and muscle pain 

but also experience emotionless facial expressions and sluggish arm and leg movements. Gianutsos et 

al. (1997) suggested that manganese may trigger an intoxication, which depends on the exposure level, 

route of exposure, chemical form, age, nutritional and health status, and inter-individual variation.  

 

The World Health Organisation (WHO) guidelines for manganese in drinking water indicate that a 

manganese concentration of over 0.4 mg/L is toxic and over 0.1 mg/L is dirty water (WHO, 2004). The 

Australian health-based guideline value for manganese is 0.5 mg/L, and Australian Drinking Water 

Guidelines recommend an aesthetic guideline of 0.1 mg/L. Furthermore, a recently increasing number 

of complaints from customers have been due to ‘dirty water’ events caused by low levels of manganese 

without health threats. Customers do not tolerate coloured water in day-to-day life. Manganese with a 

concentration higher than 0.1 mg/l may cause issues in the colour, odour and taste of the water. In 

addition to the adverse impact on water quality, the presence of manganese erodes the pipe system 

through the deposition of manganese oxides in pipes, especially when water requires long-distance 

transport or if the deposition accumulates in the distribution system. A test study by Griffin (1960) 

indicated that manganese at a concentration as low as 0.02 mg/L is able to cause a coating of manganese 

oxides on the internal surface of pipes. Moreover, the manganese content should not exceed 0.01–0.02 

mg/L if the water is used in certain industrial processes. 

 

Children with sensitive and immature nervous systems are susceptible to the adverse health effects of 

manganese. Frisbie et al. (2015) listed numerous pieces of evidence that high levels of manganese in 

drinking water induces health and neurodevelopment risks for children. In addition, it was proved that 

manganese is associated with the cognitive ability of children. In southern Quebec, Bouchard et al. 

(2011) undertook a study involving more than 300 children between the ages of 6 and 13 years. The 

result showed that a 10-fold increment of manganese in drinking water caused an average decrease of 

2.4 intelligence quotient points. However, these research findings were questioned by Chen and Copes 
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(2011), who stated that Bouchard’s result needs more evidence. Bouchard et al. (2011) also indicated 

the opposite effect of manganese levels of drinking water in school-age children because of gender 

differences and suggested that the investigation samples should be larger to improve the accuracy of 

results. In summary, the level of manganese in drinking water should be regulated within an acceptable 

range for the healthy development of children. 

 

An excessive manganese level in the water distribution system is also undesirable because of manganese 

deposition or the corrosion of products on the internal surface of pipes, even blocking the pipeline as 

soluble manganese is oxidised by oxidising disinfectants and metal-oxidising bacteria (Gerke et al., 

2016). Regions relying on a long-distance water distribution can experience black water discolouration 

when the manganese deposit is released into the water. The accumulation of manganese deposits causes 

decreasing water pressure in pressure tanks and reduces the heating efficiency of water heaters, which 

leads to energy loss and extra cost. In addition, it produces brown and troubling stains in laundered 

clothing, porcelain, dishes, utensils, glassware, sinks, fixtures and concrete, which cannot be removed 

by general detergents. Bleaches and alkaline builders (often sodium phosphate) can make the stains 

worse. The water discolouration is unacceptable to consumers and gives rise to the majority of customer 

complaints. Manganese oxides or manganese oxyhydroxides are effective absorbents applying to metal 

ions (chromium, copper, iron, lead and strontium). Manceau et al. (1992) indicated that manganese 

oxides are able to oxidise nontoxic Cr3+ to toxic Cr6+. Research conducted by Wong (1984) and Percival 

et al. (2000) indicated that some microorganisms (Clonothrix and Crenothrix) causing the black water 

phenomenon rely on manganese for growth and reproduction. Both taste and odour are important and 

direct indicators reflecting the pollution levels of water. High levels of manganese may cause a metallic 

taste; for example, over 0.1 mg/L of manganese was shown to cause an unacceptable taste in potable 

water (Griffin, 1960). Manganese itself is not the origin of strange odours in water, but residual 

chemicals, such as chlorine, may create an unpleasant odour after manganese removal. 

 

  

Figure 2.1. Manganese deposition and corrosion (Gerke et al., 2016); the discolouration of manganese 

in drinking water (IWE, 2015) 
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2.2. Manganese cycle 

Pedersen and Price (1982) revealed that abundant manganese exists in aquatic sediments as manganese 

dioxide (MnO2). The chemical valence range of manganese is between -3 and +7, which determines its 

complex chemistry. The Mn2+ form is considered to be the major form of soluble manganese in water, 

and most of the manganese oxides are in an insoluble form. Under the influence of pH, oxidation-

reduction potential (ORP) and organic matter, manganese dioxides are easily reduced to a divalent 

manganese ion in the bottom sediment of the reservoir. When soluble manganese ions are released into 

the water column during a mixing process, they tend to be oxidised into an insoluble form and settle to 

the bottom of the reservoir. Therefore, the simplified cycle of manganese can be regarded as the 

oxidation and reduction of manganese, mediated by abiotic or microbial processes. Strict manganese 

cycles are involved in the transformation between oxidised insoluble Mn[III/IV] oxides and soluble 

Mn[II/III] species, which include Mn[III] complexed to organic ligands (Mn[III]-L) and reduced Mn[II] 

(Oldham et al., 2017).  

 

Hem (1963) found that the form of manganese depends on the pH and redox potential conditions in the 

aqueous solution. As illustrated in Figure 2.2, the result of Hem’s research indicated that most divalent 

manganese is oxidised to manganese dioxide in a neutral solution when the redox potential is greater 

than 0.6, and divalent manganese tends to be oxidised in an alkaline environment. In addition, unsteady 

trivalent manganese in the insoluble form of manganic oxide is easily transformed into Mn2+ and Mn4+ 

by a disproportionated reaction. The formation of manganese hydroxide requires harsh conditions (pH 

exceeding 11), so insoluble manganese hydroxide existing in the aquatic environment is negligible. 

Based on the above, the manganese cycle in lakes and reservoirs focuses on the conversion between 

manganese dioxide and divalent manganese ions. 
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Figure 2.2. ORP–pH diagram for manganese in aqueous solution (Hem, 1963) 

Dissolved oxygen plays a significant role in the manganese cycle. The oxygen concentration in the 

overlying water dominates the sedimentary manganese cycling. At the same time, an anoxic condition 

in the bottom of lakes and reservoirs is key to the diffusion of soluble manganese into the water column.   

 

As a static variable, the concentration of dissolved oxygen is not disturbed by the manganese circulation 

but determines whether the divalent manganese diffuses from the sediment in the bottom of the reservoir 

(Johnson et al., 1991). The level of dissolved oxygen also has an indirect influence on the manganese 

cycle. For example, the denitrification of nitrate promotes the process in which insoluble manganese is 

transformed into soluble manganese when the bottom of the reservoir is in an anoxic environment (Ji, 

2017). 

 

Bertone et al. (2015b) undertook a review of the manganese cycle, analysed primary factors affecting 

the oxidation rate of Mn2+ and considered stratification and the manganese cycle together. Stratification 

plays an irreplaceable role in the transportation of oxygen and nutrients between the epilimnion and 

hypolimnion. Temperature is the main determinant of the density of water in the lake or reservoir, and, 

consequently, of the stratification of all geophysical fluids (Ji, 2017). Hence, stratification shows a 

strong correlation with seasonal changes due to the annual insolation cycle and heat exchange due to 

air temperature (Kirillin & Shatwell, 2016).  
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The stratification and mixing processes present differently in lakes and reservoirs with different 

minimum climate mean temperatures. Lake stratification generally forms with the increasing air 

temperature and solar radiation occurring from spring to summer, and the stratification is more stable 

if the surface water temperature is higher. When the air temperature decreases significantly, the colder 

and denser surface water settles and mixes with deep water under the influence of the gravity gradient. 

During this period, the water temperature of the whole lake is almost identical, and the concentration 

of dissolved oxygen increases dramatically. The process during which lake stratification is destroyed is 

known as turnover. With the help of wind force, turnover can be finished in a few days. The above-

mentioned scenario happens only in a warm monomictic lake in which climate water temperature is 

never lower than 4°C. In addition to this scenario, two turnovers occur in spring and autumn in 

polymictic lakes, which show adverse temperature gradients with a depth between winter and summer 

(Lewis Jr, 1983). Some stratification in a shallow small lake can be easily destroyed by wind force or 

water flow, whereas, in a large deep lake, the effect is minimal. 

 

During stratification, a lake or reservoir can be differentiated into an epilimnion, metalimnion and 

hypolimnion layers according to depth (Figure 2.3). The behaviour of manganese differs markedly 

between the epilimnion and hypolimnion in the lake system (Rodríguez-Martín et al., 2003). As it is the 

layer adjoining the sediment-water interface, the properties of the hypolimnion determine the amount 

of manganese diffused into the water column from the sediment—the major source of manganese in the 

aquatic environment.  

 

Due to the metalimnion’s function of isolating oxygen exchange and light, the hypolimnion is dark and 

anoxic. The lack of sufficient light and oxygen in the bottom water restricts the development of algae 

and photosynthesis. The hypolimnion presents acidic conditions because of the accumulation of carbon 

dioxide (Bertone et al., 2015b). An acidic and anoxic aquatic environment boosts the formation and 

release of soluble manganese (Mn2+) (Calmano et al., 1993). Tundisi and Matsumura-Tundisi (2011) 

examined the effects of bacteria on manganese conversion in the hypolimnion. Some bacteria consume 

MnO2 when they exhaust supplies of nitrogen oxides in denitrification activity. An acidic environment 

is generated at the same time. Hence, the concentration of soluble manganese is always high after a 

strong and durational stratification. The epilimnion, with higher pH, temperature and dissolved oxygen, 

is the top-most layer in a thermally stratified lake. In general, the soluble manganese tends to be oxidised 

in the epilimnion and then produces the insoluble form (e.g. MnO2). Under the influence of algae and 

photosynthesis, a higher-level pH condition is generated in the epilimnion, as acidic carbon dioxide is 

removed by photosynthesis (Dubinsky & Rotem, 1974). The alkaline aquatic environment caused by 

the algal bloom plays an important role in the increase in soluble manganese. After the formation of 

insoluble MnO2 in the epilimnion, the MnO2 will precipitate into the hypolimnion, which has colder 
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temperatures and lower levels of dissolved oxygen. Overall, the cycle of manganese is affected by pH, 

dissolved oxygen, temperature and redox potential. Algae and bacteria also make a critical difference 

in the manganese cycle in the lake system. 

 

 

Figure 2.3. Temperature stratification in a typical lake during summer (Lee & Harlin, 1965) 

Turnover, also known as destratification, has a great influence on the manganese cycle because it causes 

water temperatures to be similar throughout and the distribution of chemical and biological components 

in the lake system to be uniform. The effects of turnover on the manganese cycle are contradictory. On 

one hand, turnover breaks the barrier of oxygen exchange and brings more oxygen into the bottom of 

the water, and the mixing between the surface and bottom water neutralises the whole waterbody, which 

restricts the reduction of manganese. On the other hand, bottom water with a high level of soluble 

manganese may be transported to the surface by turnover and may sharply increase the manganese level 

in the upper layer of water. During destratification, the water quality considerably deteriorates, and 

aquatic biological activities are disturbed within a short time. Destratification plays the main role in 

driving soluble manganese into the shallow levels of the whole lake system. Following this, the bottom 

of the lake experiences a significant rise in dissolved oxygen and a neutral environment, which are 

beneficial for the oxidation of divalent manganese ions. The release of manganese from the sediment is 

restricted before the next durational stratification. In summary, destratification is a necessary procedure 

for supplementing oxygen in the bottom layer of a deep lake or reservoir. 

 

A simple manganese cycle is an exchange of soluble manganese in the upper water and insoluble 

manganese in the sediment at the bottom. Bertone et al. (2014a) used a subtropical monomictic lake 

(Advancetown Lake, Queensland, Australia). As an example. Figure 2.4 presents the vertical profile of 

manganese levels in Advancetown Lake, which showed the seasonal variation of manganese 

concentrations at different depths. From September to the end of April, Advancetown Lake 

demonstrated increasing degrees of stratification. At the same time, the concentration of soluble 

manganese in the bottom gradually increased to a peak because of the rise in pH value and the anoxic 
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condition. After March, when mixing and transport dominated the whole lake system, both the 

manganese concentration and water temperature presented a uniform state. There were approximately 

2 weeks during which the manganese in the entire lake increased to an unacceptable level due to the 

dilution of the bottom-accumulated manganese. This stage was not the only key to the diffusion of 

manganese into the upper water but also the critical chance to improve the bottom water quality and 

oxygen level (Dojlido & Best, 1993). The mixing state continued for approximately 2 months 

(September and October), during which soluble manganese in the upper water was oxidised and 

precipitated into the bottom of the lake under the influence of sufficient oxygen and a low-acid 

environment. Until the dissolved oxygen was exhausted by the respiration of algae and microorganisms, 

the manganese level at the bottom did not increase. After the formation of the next stratification, a 

manganese cycle started from scratch in the lake.  

 

 

Figure 2.4. Soluble manganese related to the evolving reservoir’s elevation (Advancetown Lake) 

(Bertone et al., 2014b) 

Zaw and Chiswell (1999) conducted a relevant investigation in the same area (Advancetown 

Lake/Hinze Dam). Their research focused on the iron and manganese dynamics in the lake. They 

recorded the concentration of manganese and soluble manganese, water temperature, dissolved oxygen, 

pH and turbidity at different depths. During stratification, three depths—6 m, 15 m and 2 m above the 

interface between the water and sediment—were defined with the labels of epilimnion, hypolimnion 

and bottom, respectively. Figure 2.5 indicates the distribution and variation of soluble and insoluble 

manganese and the change in key hydrological conditions from autumn 1986 to summer 1987. Figure 

2.5 (c) and (d) present the first of these records. The temperature profile in Figure 2.5 (d) indicates that 

Advancetown Lake was in the mixing condition, but the dissolved oxygen at the bottom was still 

significantly lower than at the surface, which shows that the destratification of the lake started in the 
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autumn of 1986. According to Figure 2.5 (c), both insoluble and soluble manganese at the bottom were 

at a high level under the influence of stratification. In addition, the insoluble manganese concentration 

increased markedly in the epilimnion of the lake due to the mixing process. In the winter of 1986, the 

dissolved oxygen levels at different depths became more similar. Notably, the concentration of 

dissolved oxygen in the hypolimnion was approximately double that in the upper water.  

 

A reasonable explanation is that the hypolimnion, with the absence of light and aerobic organisms, 

consumes less oxygen than the shallow area. The manganese level decreased at the same time (Figure 

2.5 [e]), likely due to the large input of oxygen through water mixing. The water temperature profile in 

Figure 2.5 (f) demonstrates a decreasing trend in water temperature, indicating that the lake started to 

form an initial stratification in the spring. At this stage, the manganese diffusing from the sediment was 

rare because of the abundant dissolved oxygen in the hypolimnion. However, with the rise in air 

temperature and consumption of oxygen, the hypolimnion became anoxic.  

 

Figure 2.5 (a) demonstrates that the above situation lasted over several months. The concentration of 

soluble manganese increased to almost 1 mg/L below the epilimnion, indicating that a high amount of 

manganese returned to the water column and distributed mainly among the layers below 6 m. The 

corresponding dissolved oxygen in Figure 2.5 (b) demonstrated an extreme decrement from -3 m to -6 

m and very low concentration below 6 m. The drawback of this data analysis is that the value of 

temperature was multiplied by 0.1 to fit the range of other data, and so the variation in the water 

temperature was not visible. To emphasise the change in water temperature, overlaying a secondary 

axis for temperature on the graphs would be beneficial. The data analysis completed by Zaw and 

Chiswell (1999) did not focus on the manganese cycle, but their results reflected the dominant position 

of dissolved oxygen affected by stratification in the diffusion and sediment of manganese. 



37 | P a g e  

 

 

Figure 2.5. Depth profile of soluble and insoluble iron and manganese, temperature, dissolved oxygen 

(DO), pH, true colour (TC) and turbidity (TU) at Hinze Dam on 5/2/1987 (a, b), 23/4/1986 (c, d), 

5/6/1986 (e, f) and 6/11/1986 (g, h) (Zaw & Chiswell, 1999) 

 

Davison and Woof (1984) conducted a study of the cycle of manganese in a seasonally anoxic lake 

(Rostherne Mere, UK) from March 1981 to March 1982, adopting the acid digestion procedure 

published by Heron and Tailing (1978) to measure manganese. From the variations in temperature and 
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oxygen levels, the authors concluded that stratification occurred between May and September and that 

a well-developed thermocline formed at 8–12 m. The turnover finished in October, and the lake lay in 

a mixing state until December. The dissolved oxygen level decreased sharply in June, indicating that 

the depletion of dissolved oxygen in this lake took only approximately one month. From June to 

September, the anoxic zone extended to 16 m in depth and reached the peak, 12 m, before the turnover.  

 

Figure 2.6 and Figure 2.7 display the variation in total and soluble manganese for time and depth. The 

manganese was measured in micromoles (µM) at a given depth. The figures demonstrate a seasonal 

variation of total manganese and soluble manganese. The distinct increase in both of these manganese 

concentrations near the bottom appeared in June when the hypolimnion entered into a strong anoxic 

condition. Although increasing amounts of manganese diffused out of the sediments, this did not affect 

the epilimnion, and this can be ascribed to the isolating function of the metalimnion. During November, 

a polarisation emerged in the isoclines in Figure 2.6 and Figure 2.7, reflecting a trend of uniform 

distribution of manganese due to the destruction of stratification. After November, both manganese 

oxides and soluble Mn2+ were distributed uniformly throughout the water column, and the water 

temperature distribution shows a complete mixing condition. The rates of the soluble manganese and 

total manganese in Figure 2.6 and Figure 2.7 indicate that most of the manganese was present as soluble 

Mn2+ in the hypolimnion before the turnover and in the whole waterbody after turnover. In the mixing 

process, the Mn2+ concentration did not decrease with the rise in oxygen at first. The soluble Mn2+ 

showed a significant decrease approximately 2 months later. In summary, the depletion of dissolved 

oxygen and the accumulation of Mn2+ occurred in a seasonally stratified lake for approximately 5 

months, and the soluble Mn2+ maintained at a relatively high level for the following 2 months. 

 

Figure 2.6. Depth–time distribution of total manganese in µM, Rostherne Mere, UK (Davison & 

Woof, 1984) 
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Figure 2.7. Depth–time distribution of soluble manganese in µM (Rostheren Mere) (Davison & Woof, 

1984) 

2.3 Hydrodynamic and transport modelling 

The modelling of surface water is sophisticated and evolving. An accurate hydrodynamic model 

provides tremendous supports to water quality management and decision-making. The application of 

hydrodynamic models in rivers, lakes, estuaries, and coastal waters played a remarkable role in 

understanding the physical, chemical, and biological processes in aquatic systems and realistically 

representing the movement of surface waters (Antonopoulos & Gianniou, 2003; Chao et al., 2010; 

Hostetler & Bartlein, 1990; Ji, 2017; Patterson & Imberger, 1989; Yu et al., 2014b; Zhang & Chan, 

2003). A hydrodynamic model can reproduce the accurate simulation about sediment, water velocities 

and circulation patterns, mixing and dispersion, water temperature, and density stratification. The 

primary input data of a hydrodynamic model is (1) bathymetry and shoreline used to describe the 

topography of waterbodies, (2) meteorological data (e.g. wind condition; air temperature; solar radiation; 

precipitation; cloudiness; humidity and atmospheric pressure), (3) inflows and outflows, and (4) data 

for specifying open boundary conditions. The data collection is an essential procedure before the 

development of a hydrodynamic model. The set of hydrodynamic parameters depends on the direct 

measurement, literature values and model calibration. To optimize the comparison of model results to 

measured data, the adjustments of model parameters are a recursive process (Ji, 2017).  

 

Hydrodynamic transport and mixing are fundamental to the simulation of pollutant transport in 

waterbodies. The concentration change of any pollutant in one-dimensional form can be calculated 

based on the principle of conservation of mass (Ji, 2017): 

 

 𝜕𝐶

𝜕𝑡
= −𝑢

𝜕𝐶

𝜕𝑥
+

𝜕

𝜕𝑥
(𝐷

𝜕𝐶

𝜕𝑥
) + 𝑆 + 𝑅 + 𝑄 

(2-1) 
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where 𝐶 is pollutant concentration, 𝑡 is time, 𝑥 is distance, 𝑢 is  advection velocity in x-direction, 𝐷 is 

mixing and dispersion coefficient, 𝑆  is sources and sinks due to settling and resuspension, 𝑅  is 

reactivity of chemical and biological processes, and 𝑄 is external loadings to the aquatic system from 

point and nonpoint sources. 

 

MIKE 3 Flow Model has been successfully applied in various hydrodynamic studies (Kheirabadi et al., 

2018; Ma et al., 2009; Sokolova et al., 2013; Vo & Gourbesville, 2016). The mathematical foundations 

of the model are mass conservation equation; 3D Reynolds-averaged Navier-Stokes equations including 

the effect of turbulence and variable density; and conservation equation for temperature and salinity. 
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where 𝜌 is the density of the fluid, 𝑐𝑠 is the speed of sound in seawater, Ω𝑖𝑗 is the Coriolis tensor, 𝑃 is 

the fluid pressure, 𝑔𝑖  is the gravitational vector, 𝑣𝑇  is the turbulent eddy viscosity, 𝛿𝑖𝑗  is the 

Kronecker’s delta, 𝑘  is the turbulent kinetic energy, T and S are salinity and temperature, is the 

dispersion coefficients, 𝑢𝑖 is the velocity in the 𝑥𝑖-direction, SS refers to the source-sink term. 

 

One-dimensional (1D) hydrodynamic models were developed by Blenckner et al. (2002), Danis et al. 

(2004); Tuan et al. (2009) and Bertone et al. (2015b) to simulate the thermal structure of lakes. The 

roles of atmospheric heat exchange, incoming solar radiation, and wind forcing were emphasised in the 

simulation of the thermal structure of waterbodies. The advantage of 1D models is that they allow long-

term simulations and perform well in simulating the seasonal and inter-annual variations of the 

temperature distribution in natural lakes. However, most of the 1D modelling studies have concentrated 

on vertical temporal variations of the thermal structure at one specific location of waterbodies; research 

focusing on the relationship between thermal behaviours and spatial variations is rare. In addition, the 

practicability of 1D models developing for some waterbodies with complex topography is doubtful.  
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3D hydrodynamics modelling gets considerable development in the last two decades, and it has 

exhibited great potential as a method for investigating the spatial variation of the thermal structure in 

reservoirs (Lessin et al., 2014; Li et al., 2018; Torriano et al., 2012). These models presented the 

characteristics of the thermal structures and dominant factors affecting thermal structures.  

 

León et al. (2007) simulated surface fluxes, thermal structure, and hydrodynamic components in Great 

Slave Lake, Canada and conducted a series of sensitivity analyses based on meteorological inputs 

through a 3D hydrodynamic model. The model accurately simulates the water surface temperature, 

vertical temperature isotherms and fluxes. The simulated spatial distribution of surface temperature 

visualises the circulation pattern. León et al. (2007) also conducted a sensitivity analysis to investigate 

the impact of key meteorological inputs on the simulation of surface temperature and heat fluxes. The 

authors concluded that air temperature and solar radiation are the most critical inputs and the role of 

evaporative heat flux is significant in simulating surface water temperature. However, the simulated 

result indicated an increased error in vertical temperature structure compared to observations, which 

suggested that the model was deficient in the simulation the vertical heat flux.  

 

Li et al. (2018) successfully simulated the hydrodynamics and thermal dynamics of Poyang Lake, China 

using a 3D hydrodynamic model. The change of the thermal structure of the Poyang Lake was simulated 

by the model and exhibited through the pattern of the Schmidt stability. The study provides a feasible 

way to display the 3D distribution of the thermal structure, which is to introduce a coefficient presenting 

the water column stability, thus, the spatial variation of the thermal structure can be revealed by the 3D 

simulated results of water temperature. The effects of some factors on the thermal structure were 

qualified through Pearson’s correlation coefficient. Li et al. (2018) concluded that the development of 

the thermal structures of the lake is dominated by the combination of local meteorological conditions 

with hydrological forcing.  

 

2.4 Modelling of manganese variation in lakes and reservoirs 

2.4.1 One-dimensional mathematical manganese cycle model 

Over the past half-century, researchers focused on the hydrodynamic model in order to investigate the 

variation of manganese in lakes and reservoirs. The significant manganese cycle was found to occur at 

the oxic-anoxic interface due to the changes in solubility related to the concentration of dissolved 

oxygen (Davison & Woof, 1984). The distribution of dissolved oxygen is crucial for the diffusion of 

Mn2+, and Johnson et al. (1991) summarised that the Mn2+ starts to diffuse out of the sediments when 

the concentration of dissolved oxygen is between 3 × 10-5 M and 15 × 10-5 M. In addition, the essence 

of the hydrodynamic model is a set of nonlinear differential equations. A numerical solution that 

requires continuous data collection of meteorology and boundary conditions has been regarded to be an 

impossible method for simulating the process of manganese transport. Therefore, a viewpoint 
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simplifying the hydrodynamic behaviour was proposed, which introduced a series of empirical 

parameters (the coefficients of eddy diffusion) to describe the complex pattern of turbulence. The 

MELIMEX experiments assumed that the lake mixed well horizontally and stratified vertically and 

calculated the absolute value of vertical eddy diffusion as a function of depth and time (Emerson et al., 

1979). 

 

Schmidt (1917) introduced the concept of transport by turbulence, as shown in Figure 2.8. The vertical 

exchange of water per unit time (Qex) across the plane A causes a net material transport proportional to 

the concentration gradient multiplied by the mean vertical displacement L (mixing length): 

 

 𝑓𝐴 = −𝑄𝑒𝑥𝐿
𝜕𝐶

𝜕𝑧
, (2-6) 

 

where Qex equals the absolute value of Qup and Qdown. 

 

 

Figure 2.8. The concept of transport by turbulence (Schmidt, 1917) 

The product of Qex and L represents the hydrodynamic properties of the system, and 
𝜕𝐶

𝜕𝑧
 describes the 

spatial distribution of the chemical or physical species. The coefficient of vertical eddy diffusion (Kz) 

was defined as: 

 

 𝐾𝑧 =
𝑄𝑒𝑥𝐿

𝐴
. (2-7) 

 

The generalised first Fick’s law of the flux per unit area and time (F) is 

 

 𝐹 = −𝐾𝑧
𝜕𝐶

𝜕𝑧
. (2-8) 
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Johnson et al. (1991) devised a mathematical model of the manganese cycle in a seasonally anoxic lake. 

Under a series of interactions of physical, chemical and microbiological characteristics, a highly 

dynamic and sensitive system of manganese profiling was structured. This project proved the feasibility 

of describing the cycle of manganese with a time-dependent model and emphasised the importance of 

the flux of Mn2+ from sediments, the formation of manganese oxides and subsequent settling of 

manganese oxides. Johnson et al. (1991) enumerated the key processes that take place in the manganese 

cycle, including manganese oxide reduction, Mn2+ oxidation, particulate manganese settling, MnCO3 

precipitation and Mn2+ sorption on colloidal particles. The influence of the latter three processes was 

judged to be negligible or unpredictable, according to the relevant studies of Müller and Sigg (1990), 

Weilenmann et al. (1989) and Emerson (1980). Hence, the reduction of manganese oxide in sediments 

and the oxidation of Mn2+ near surfaces are the basic elements of the mathematical model of the 

manganese cycle. A dynamic 1D vertical lake model (CHEMSEE) was adopted to simulate the transport 

of manganese in lakes. The model employed the finite volumes method and used discrete variables for 

the manganese concentration instead of continuous variables. The integration algorithm was based on 

a first-order explicit Euler method with a variable step size. In the calculation of the coefficients of 

vertical eddy diffusion, this model utilised the temperature method published by Imboden et al. (1979). 

 

The earliest temperature methods of calculating coefficients of vertical eddy diffusion were based on 

the ideal conditions that vertical eddy diffusion transports heat from the warm surface water into the 

colder hypolimnion (Hutchinson, 1966). Consequently, these methods apply only to the waterbody in 

the state of stratification, and the coefficients are not appropriate when turnover and mixing process 

occurs. As Figure 2.9 illustrates, the heat exchange between the bottom and depth z was caused by 

turbulent transport of heat across Az, the cross-sectional area at depth z. The coefficients of vertical eddy 

diffusion (Kz) as a function of temperature T, depth z and time t, taking into account the variation of the 

horizontal cross-sectional area Az with depth, is given by: 

 

 
𝐾𝑧(𝑧, 𝑡) = −

∫ 𝐴
𝑧′

𝜕𝑇

𝜕𝑡
𝑑𝑧′𝑧𝐵

𝑧

𝐴𝑧
𝜕𝑇

𝜕𝑧

. 
(2-9) 
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Figure 2.9. The vertical eddy diffusion from temperature profiles for depth depending on cross-

sectional area Az (Hutchinson, 1966) 

The construction of the manganese prediction model focused on two dynamic variables (the reduced 

form as Mn[II] and oxidised form as Mn[III, IV] oxides) and one static variable (the dissolved oxygen 

level). The major source of Mn[II] is the flux from the sediment, and the oxidation reaction of Mn[II] 

contributes to the sedimentation of manganese. The 1D vertical model describing the manganese cycle 

was used to simulate the vertical profile of Mn[II] and particulate manganese oxides, as published by 

Johnson et al. (1991): 
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∗𝑐1 − 𝑘𝑐𝑜
∗𝑐2 

(2-11) 

 

𝑞∗ = {

𝑄

𝑉1
       𝑖𝑛 𝑡𝑜𝑝 𝑏𝑜𝑥

0      𝑖𝑛 𝑜𝑡ℎ𝑒𝑟 𝑏𝑜𝑥

 

(2-12) 

 
𝐹∗ = {

𝐹      [𝑂2] ≤ [𝑂2]𝑓 

0     [𝑂2] > [𝑂2]𝑓
 

(2-13) 

 
𝑘𝑜𝑥

∗ = {
𝑘𝑜𝑥     [𝑂2] ≤ [𝑂2]𝑜𝑥

0        [𝑂2] > [𝑂2]𝑜𝑥
 

(2-14) 

 

where 𝑐1 is the concentration of dissolved Mn2+, μM; 𝑐2 is the concentration of particulate manganese 

oxide, μm; 𝐾𝑧 is the vertical eddy diffusion coefficient, cm2/s; 𝐴 is the cross-sectional area of the lake, 

m2; 𝑧 is the depth of the lake, m;  𝑞∗ is the hydraulic rate, d-1; 𝑄 is the water flow through the lake, 

m3/day; 𝑉1 is the volume of box 1 (top box, discrete formulation), m3; [𝑂2] is the concentration of 

dissolved oxygen, M; [𝑂2]𝑓 is the threshold oxygen concentration for sediment flux, M; 𝑘𝑜𝑥
∗
 is the 

oxidation rate of Mn2+ to manganese oxide, d-1; [𝑂2]𝑜𝑥 is the threshold oxygen concentration for the 
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oxidation of Mn2+, M; 𝑘𝑐𝑜 is the coagulation rate of particulate manganese oxide, d-1; 𝐹∗ is sediment 

flux of Mn2+, mmolm-2d-1. 

 

The model is feasible to represent the manganese cycle, and the constants (eddy diffusion coefficient 

and threshold oxygen concentration for sediment flux) have a reference value for the simulation of the 

manganese cycle in other study samples. However, the drawback of the temperature method (Imboden 

et al., 1979) is the simplification that the heat transport in lakes relies solely on the vertical diffusion, 

ignoring the effect of advective heat transport and geothermal heat flow. The influence of horizontal 

mixing on the transportation of components through surface or sediment boundaries was considered 

negligible in the manganese model. In addition, the calculation of the vertical eddy diffusion coefficient 

depended on the data collected in the mid-lake station, suggesting that the simulated results for the shore 

of the lake may not be reliable. 

 

2.4.2 Data-driven manganese prediction model 

Bertone et al. (2014a) developed a manganese prediction model in the epilimnion of the Advancetown 

Lake (Queensland, Australia). The forecast model showed high performance in predicting the 

manganese concentration one week ahead, relying on the real-time VPS data. The development of the 

data-driven model was based on the correlation analysis between the soluble manganese concentration 

in the epilimnion of the reservoir and the difference in water temperature between the surface and the 

bottom layer. The model did not achieve the simulation of the vertical or horizontal transport of 

manganese, but the correlations represented the influence of the thermal structure of reservoirs on the 

transport of manganese. The application of a nonlinear regression model for the prediction of 

manganese relied on a long-term historical database collected by a VPS. The model demonstrated good 

performance in simulating the probability of soluble manganese exceeding critical thresholds, which 

had a significant practical application for the prevention of excess manganese in the treated water.  

 

2.4.3 Summary of modelling studies 

The literature including modelling studies that related to the simulation of manganese was summarised 

in this section. There have been limited studies applied to model in the manganese cycle of reservoirs, 

but all of these emphasised the importance of hydrodynamic processes in the simulation of manganese. 

Table 2.1 indicates the detail, approaches, advantages and limitations of the modelling studies reviewed 

from the literature.  
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Table 2.1. Summary of reviewed manganese modelling studies 

Approach Advantages Limitations Reference 

1D vertical 

mathematical 

model 

• Simple model that can 

describe Mn cycling in a time-

varying system. 

• Provides a greater 

understanding of the Mn cycle 

in lacustrine systems. 

• Emphasises the role of Mn2+ 

flux from sediments, the 

oxidation of Mn2+ and 

subsequent settling of Mn oxide. 

• Applies only to the same 

lake topography. 

• Uses constant value to 

describe the conversion 

between soluble and 

insoluble Mn. 

• Only considers the effect 

of DO on the Mn2+ flux and 

ignores the role of ORP and 

pH. 

• Cannot simulate the 

horizontal transport of Mn in 

the lake. 

Johnson et al. (1991) 

Data-driven 

model 

• Achieves the prediction of 

soluble Mn level in the 

epilimnion up to 7 days ahead. 

• The performance of the 

prediction model can improve 

over time when more data 

become available. 

• The performance of the 

model relies on long-term 

and high-quality data 

collection. 

• Cannot simulate the 

transport of Mn in the 

reservoir. 

Bertone et al. (2014b) 

Mn, manganese; DO, dissolved oxygen; ORP, redox potential 

 

The mathematical model developed by Johnson et al. (1991) highlights the gaps in knowledge of the 

modelling study of the manganese cycle in lacustrine systems. However, some limitations were evident 

in the modelling study. In addition to the limitations mentioned in Table 2.1, the authors indicate that 

turbulent mixing rates under the assumption of ignoring advective heat transport and geothermal heat 

flow can often be unrealistic. The limitations of the 1D model are more than the calculation of turbulent 

mixing rates. The effects of horizontal current movement on the Mn cycle hardly were discussed with 

the limitation of the 1D model. For water supply reservoirs characterised by significant morphological 

differences, the role of the horizontal transport of pollutant is particularly important. The accurate and 

comprehensive simulation of manganese cycle in reservoirs required a 3D manganese cycle model, 

however, the 3D modelling study about manganese transport in aquatic systems so far is vacant. Since 

the 3D hydrodynamic model is now a mature modelling tool to simulate the transport of some pollutants, 

the direction of this research is to couple a 3D hydrodynamic model and a manganese cycle model. 
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2.5 Drinking Water Treatment Process 

2.5.1 Review of water treatment process 

Arguably, the ever-increasing demand for water is a crucial concern in the first half of the twentieth 

century. Water supply was seen as a necessary and basic right with the steady increase in population 

and the requirement of living standards. Any source of water can provide public potable water. In 

practice, the choice of water source is limited by ecological and environmental constraints and aesthetic 

requirement- the public cannot accept the direct re-use of wastewater. For any particular water source, 

a whole and specific system of WTP is customised based on the character of local water quality, climate, 

biodiversity and the shape and dimension of the source (lake, river, reservoir and groundwater). Binnie 

et al. (2002) mentioned that modern water treatment and further development were driven by the vision 

to meet the new water-quality standards in 1980 EU Drinking Water Directive. The modern treatment 

process includes:  

 

• Improved coagulation control; 

• Dissolved air flotation; 

• Advanced clarifiers (lamella separators and advanced sludge-blanket systems); 

• Ozonation; 

• Granular activated carbon adsorption; 

• Membrane-based processed; 

• Air stripping of the volatile organic chemical; 

• Advanced disinfection (ultraviolet, ozonation and chlorine dioxide). 

 

What the above emerging treatment process have in common is focusing on the removal of organic 

chemicals present in water and the alleviation of the adverse effect on colour, taste, disinfection by-

product.  
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Figure 2.10. Flowsheet for an upland catchment reservoir (Parsons & Jefferson, 2006) 

 

2.5.2 Preliminary Treatment 

The general definition of preliminary treatment is the process prior to the water entering into the main 

treatment process. Raw water storage, screen, aeration, straining, preliminary settling and pre-ozonation 

are the common preliminary treatment processes. In addition, chlorinating water used to be conducted 

preliminarily to reduce issues of attached growth within the main treatment, but this can produce 

trihalomethanes considered carcinogen and neurotoxin. Emerging pre-ozonation improve the efficiency 

of the disinfection and oxidation of organic chemical and the property of succeeding clarification 

(Binnie et al., 2002). 

• The coarse screen is the first barrier to water treatment to block the large-size floating material, and 

it plays an important role in protecting the pump and inlet. In general, the coarse screen consists of 

a 25mm diameter steel bar with 100mm space.  

• Raw water storage is a cushion against the devastating repercussions causing by accident such as 

bushfire, fuel leaking and toxic chemical leaking. It significantly decreases the risk of pollution 

from upstream. Another importance of storage is that storing water is effective for the sediment of 

suspending solid and the reduction of pathogenic organisms. The residence time is a key factor 

affecting the improvement of water quality, which is defined as the average time required to empty 

the reservoir water through outflow (Ji, 2017).  Crowe (1974) and Saxton (1970) both investigated 

the influence of raw water storage on water quality.  

• Algal control is a necessary procedure in the preliminary treatment. Before the construction of a 

dam or reservoir, the input of nitrogen and phosphorus have to be assessed to estimate the possibility 

of algal bloom issue. Even some new reservoirs are not exposed to the menace of algae bloom that 

will be a serious problem with the accumulation of nutrient over a while. Some special blue-green 

algae growing in Australian have given rise to huge harms to life. Hence, the regulation of detecting 
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and controlling algae is extremely rigid in Australian water quality guidelines (2004). When the 

concentration of algae over 2000 cells/ml, the water supper was required to examine the toxicity of 

raw water twice per week. 

 

In the confrontation with an algae bloom, the measures adopted by human became more and more 

effective and environment-friendly. Copper sulphate was commonly used to restrain the excessive 

algae because it is algaecidal in the past. However, copper sulphate with efficient concentration to 

solve the algae problem is also fatal for the living of multifarious fishes, which was abandoned by 

the modern water treatment institution (Monie, 1956). Muchmore (1978) introduced several 

alternative methods of algae control and frequently mentioned algicides. Imposing restrictions on 

the input of critical nutrients to the reservoirs is the immediate and environmental. The agricultural 

effluent with abundant nutrients is the chief culprits of the algae bloom. It cannot only rely on the 

treatment of municipal and industrial water to solve the algae issue but also depends on the 

improvement of agriculture and the control of soil erosion (Sawyer, 1968). 

 

• Biological control was considered as a potential method with less environmental afford than 

chemical control. Opuszyński (1972) indicated a possibility of algae control relying on the sliver 

carp that feeds on phytoplankton. However, the result of the experiment is opposite of the 

expectation, which the sliver crap promoted the algae growth in practice. A reasonable assumption 

for the result is that the young and energetic algae gain more room and resource to grow because 

large and old-age algal cells are more attractive to the silver crap. In addition to the difficulty caused 

by the unpredictable habit of biology, biological invasion is a vexed question for the relevant 

researcher. To sum up, although the biological control has an almost perfect vision, it is not 

supporting by the maturing of technologies and not the mainstream of algae treatment in the aquatic 

environment. 

 

In addition, adjusting the intake location and destratification (Symons, 1967) are effective to reduce 

the adverse effect of algae or to restrict the growth of algae. An inexpensive and innovative method 

is adopting shockwave technique to control the algae issue immediately. Due to the potential danger 

of ultrasonic radiation, the investigators, Menday and Buck (1972) emphasized that this method 

should be used to cope with burst algae bloom rather than the regular algae problems.  

 

• The influence of the location of water-intake on the quality of water pumped out is vital in the 

stratified lakes or reservoirs (Bellinger, 1970). For various purposes, the intake was installed in 

different depth of reservoirs. Such as industrial circulating cooling water, the intake is set in the 

hypolimnion to guarantee the low-temperature water. In a reservoir with typical the behaviour of 

stratification, the water quality in a constant depth presents a significant difference with seasonal 
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change. To make sure the inflow water is always the best quality; the water intake should have the 

ability to adjust its location. As Figure 2.11 shown, a multi-level intake structure is a practical and 

innovative design to collect water at a flexible depth in the stratified reservoirs.  

 

 

Figure 2.11. Multi-level intake structure (Twort et al., 1994) 

• Fine screening is the second barrier following the coarse screening, which focuses on the less 

volume of filamentous algae, aquatic plants and minor debris. The aperture size of the fine screen 

is approximately 10 mm. While the screen prevents debris from entering the next stage of water 

treatment, the accumulation of clog reduces the flow speed and the efficiency of screening. The 

cleaning of clog always a challenge in the design of the fine screen. Identically, the design and 

construction of fine screen rely on the variation of water level, the solid loading in the water, the 

speed of flow and the intensity of flood.   

• Aeration, as a cheap and effective process, is commonly used to treat the water with taste and odours 

issue due to hydrogen sulphide, the absence of dissolved oxygen, corrosive tendency and high 

concentration of iron and manganese. In recent decades, aeration is a necessary method aiming for 

the primary treatment of groundwater and water drawn from the reservoir without fully mixing. The 

purpose of most aerators is to increase the area of contact between atmosphere and water, which 

means larger floor space and more arduous civil project at the same time.  

 

2.6 Manganese removal in drinking water systems 

2.6.1 Physical and chemical approaches for manganese removal  

Routine treatment processes, such as primary disinfection, chemical oxidation, coagulation, 

sedimentation, filtration and secondary disinfection, are sufficient to deal with the removal of 

manganese during much of the year. Drinking-water treatment plants pay attention to manganese 
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removal only when the manganese level of the water source indicates dramatic elevation due to the 

mixing process of waterbodies or extreme weather conditions. In addition, the removal of manganese 

is more complex if there are high levels of NOM in the water source. Carlson et al. (1997) explained 

that the reason for this is the generation of complexes due to the reactions between soluble manganese 

and NOM. The removal of manganese from drinking water includes two steps: the oxidation of soluble 

manganese (Mn2+) and the removal of insoluble manganese (MnO2).  

 

The oxidation of manganese ions at the lower valence state can be achieved by aeration and additional 

oxidising reagents. In addition to using conventional chemical oxidation, biological filtration and 

membrane filtration are emerging technologies that have proved their worth for manganese removal in 

drinking water treatment (Choo et al., 2005; Katsoyiannis & Zouboulis, 2004; Suzuki et al., 1998). 

Choo et al. (2005) stated that one of the main problems of using ultrafiltration with chlorination for 

manganese removal is the membrane fouling by manganese oxide particles deposited during 

backwashing. 

 

The routine physical water treatment processes, such as coagulation, sedimentation and filtration, 

remove insoluble manganese dioxides from treated water. The Water Framework Directive 

(2000/60/EC) developed a classification (A1: 0.05 mg/L; A2: 0.1 mg/L; A3: 1 mg/L) for the manganese 

concentration in potable water and designed a strict criterion for water treatment. A WTP must design 

detailed manganese removal procedures based on the criterion of classification. For example, intensive 

physical and chemical treatment, extended treatment and disinfection are specific to Category A3.  

 

Aeration is typically used in the oxidation of manganese in the preliminary treatment. The experiment 

of Degremont (1991) indicated that the oxidation rate of manganese ions by air is far below the 

standards required of a WTP at a pH value below 9. In addition, to achieve effective manganese 

oxidation, aeration requires a long detention time and a large space in order to increase the area of 

contact between air and water. Moreover, aeration is not effective in oxidising organically bound 

manganese. However, manganese removal cannot be achieved with aeration alone, and aeration is also 

necessary to treat taste and odour issues and to reduce the cost of additional reagents. 

 

Both chlorine and chlorine dioxide are strong oxidants, and the latter is more reactive. Chlorine forms 

a hypochlorous acid when it is dissolved in water, and its effectiveness is limited by the pH value of the 

solution. The oxidising reaction time of chlorine requires more than 24 hours in acidic conditions. The 

disadvantage of chlorine and chlorine dioxide in manganese removal is that the reaction rate of these 

two reagents with NOM is 2000 times faster than that with divalent manganese ions. Trihalomethane, 

known as a disinfection by-product, is produced in the reaction of chlorine and chlorine dioxide with 

NOM (Giannissis et al., 1985). 
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Potassium permanganate (KMnO4) is the first choice for modern WTPs facing manganese issues 

because it is more effective than chlorine in oxidising Mn2+. In addition, Singer et al. (1980) proved that 

the reaction of potassium permanganate with NOM not only produces trihalomethane but also reduces 

it. The amount of potassium permanganate required to oxidise 1 mg of manganese ions can be calculated 

according to the stoichiometric equation and is 1.92 mg. 

 

 3𝑀𝑛2+ + 2𝐾𝑀𝑛𝑂4 + 2𝐻2𝑂 → 5𝑀𝑛𝑂2 + 4𝐻+ + 2𝐾+ (2-15) 

 

The optimal pH for the removal of manganese that has not reacted with NOM is 7.2–7.3. Raveendran 

et al. (2002) demonstrated that manganese levels of 0.15–0.38 mg/L in water show the best results with 

a permanganate dose of 0.4–0.5 mg/L at pH 7.5. Degremont (1991) revealed that the coating of MnO2 

regenerated on the surface of zeolite mineral filter media demonstrated the adsorption of Mn2+ and the 

catalytic effect on the oxidation of Mn2+. 

 

Raveendran et al. (2002) described the manganese removal process of the South Gippsland Region 

Water Authority (Victoria, Australia) by means of potassium permanganate dosing. The design and 

results of jar testing were the main content of this paper. The authors identified the pH, detention time 

and oxidant as the controlling parameters and designed the rapid and slow mixing processes, settling 

tank and 0.45-μm filter to simulate the actual water treatment. The results of jar testing indicated that a 

pH above 8.0 is an important factor for improving the removal of manganese and that pre-treatment of 

pH up to 7.5–8.0 and a detention time of 10–15 minutes resulted in adequate manganese removal. In 

addition, the actual manganese level in raw water fluctuates frequently and is too complex to determine 

the dosing of potassium permanganate based on the real-time manganese concentration. Hence, 

overdosing is a commonly used method to treat variational manganese levels, and the experiment of 

Raveendran et al. (2002) indicated that mild overdosing of KMnO4 (up to 0.1 mg/L) caused no adverse 

consequences. However, this experiment could not determine the dosing of KMnO4 exactly, as WTPs 

generally use granular media filtration rather than the 0.45-μm filter paper adopted in the jar testing. 

The manganese dioxide solid remaining in the granular media absorbs soluble manganese ions and 

catalyses the process of oxidation (Benefield & Morgan, 1990). 

 

Adopting chemical oxidants is not the only way to oxidise soluble manganese ions in aqueous systems. 

One innovative method to sequester soluble manganese ions is electrochemical oxidation. The research 

of Cesar and Sipos (1985) indicated that 80% of divalent manganese ions were converted to manganese 

dioxide in 20 minutes at a 6.3 V potential difference. However, the effectiveness and high cost of 

electrochemical oxidation in the removal of manganese are not satisfactory. Polyphosphate is highly 

effective (91–100%) in removing soluble manganese from a solution containing 1 mg/L of Mn2+ at 
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neutral pH. The reaction with calcium produces calcium phosphate precipitation, which increases the 

turbidity of water (Robinson, 1990). Alternatively, at pH 5.5–6.5, soil-derived humic acid in powdered 

form was proved to combine and constrain manganese ions using a radiotracer technique (Nakayama 

et al. (2001). 

 

Bio-oxidation is regarded as a manganese removal treatment that decreases both the number of chemical 

agents used and the operating costs. The construction of a bio-oxidation system is a revolutionary 

improvement for water treatment systems. Korth et al. (2001) introduced a trickling filter mode that not 

only reduced the concentration of manganese and iron to below 0.01 mg/L but also removed 24% of 

NOM by biodegradation. However, similar biological treatment requires specific and steady conditions 

in the raw water, especially with regards to the pH, dissolved oxygen and redox potential. The stringent 

requirements and non-universality of this type of biotechnology have restricted the development and 

application of bio-oxidation methods (Sommerfeld, 1999). 

 

2.6.2 Cases of manganese removal in water treatment plants 

In the actual WTP, each treatment process needs to work together and cooperate closely to ensure that 

manganese removal is effective. A few studies conducted an analysis of the effects of the addition of 

strong oxidants for the oxidation of soluble manganese. Gregory and Carlson (2003) fully investigated 

the effectiveness of KMnO4, chlorine dioxide, and ozone for the oxidation of low initial Mn2+ 

concentrations (< 10 μg/L), and they found that reaction kinetics between chlorine dioxide and Mn2+ 

were significantly faster than those observed for KMnO4 and Mn2+ reaction under the specific raw water 

quality (pH 7.0, TOC = 3.4 mg/L, and temperature = 9°C). Knocke et al. (1991) quantified the kinetics 

of Mn[II] oxidation by KMnO4 and their studies revealed that the inefficient capture of colloidal 

manganese dioxide is a potential reason of poor manganese removal. In addition, manganese dioxide 

coated media was proven to promote effective soluble Mn removal in common pH values and chlorine 

levels and the post-filtration Mn adsorptive contactor was regarded an alternative method to ensure 

effective Mn control without affecting other important water quality parameters (Knocke et al., 2010). 

 

Trotter (2013) described the overall solutions applied to cope with a sudden increase in manganese 

levels in the Mount Stromlo Water Treatment Plant (MSWTP); such study is particularly valuable for 

this PhD research project, because there are remarkable similarities between the structures of the 

MSWTP and the TWTP. Soaring manganese concentrations were recorded and were attributed to 

sudden and accidental bushfires in 2003, and the wet weather facilitated the erosion of the catchment. 

Under such circumstances, the existing WTP was not sufficiently equipped to treat the increased 

turbidity and metals. The manganese and iron issues were particularly acute in the drinking water treated 

by the SWTP during that time.  
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The improvement of the MSWTP, constructed in 2004, comprised a wash-water handling system and 

an alternative filtration system. The MSWTP wash-water handling system consisted of waste backwash 

water, sludge thickener (ST) and dewatering centrifuge tanks. The 0.35-mg/L LT27AG polymer was 

dosed in the thickener tank when the wash water was pumped into the tank. The solids precipitated and 

formed a sludge blanket that drained into the centrifuge tank. The supernatant from the thickener was 

returned to the inlet of the WTP, and the centrate from the centrifuge was also returned to the waste 

backwash water tank. If high turbidity and metal levels were detected in the supernatant or centrate, 

they were transferred to recovery tanks and released to a drying bed. In addition to these extreme 

situations, the wash-water handling system ensured that all wash water was recycled. The alternative 

filtration system included direct filtration and dissolved air flotation and filtration (DAFF). 

 

An extreme situation occurred in March 2012 when the turbidity of raw water increased to 50 NTU due 

to high levels of iron and manganese in the source water. Although coagulation, flocculation and DAFF 

were effective in the removal of such metals, the high-frequency backwash and deteriorative wastewater 

caused a heavy burden on the wash-water handling system. The turbidity of the supernatant surged 

above 80 NTU and returned a massive amount of iron (0.78 mg/L) and manganese (0.181 mg/L of total 

manganese and 0.049 mg/L of soluble manganese) to the inlet of the WTP. In general, the wash-water 

handling system was effective in removing manganese when the turbidity of raw water remained at a 

normal level. However, as there was a deterioration of the water and the ST tank struggled to remove 

metals from the waste backwash water, the supernatant water from the wash-water handling system 

worsened the water at the inlet of the WTP.  

 

2.6.3 Modelling studies in water treatment plants 

The purposes of modelling water treatment processes are to better understand the processes and to 

improve the treated water quality while achieving a cost reduction and more stable performance. To 

date, few studies have attempted to develop a model to simulate the variation of manganese during the 

process of drinking water treatment. However, modelling studies of general contaminants and water 

quality parameters can provide valuable experience for the modelling study of the manganese in the 

TWTP.  

  

Numerous attempts at modelling water treatment processes have been performed with various 

modelling approaches to deals with water quality issues. The most common approaches include process-

based models, data-driven models and integrated models. Ferguson et al. (2007) describe the 

development of a process-based mathematical model to quantify pathogen and faecal indicator loads 

within a Sydney drinking water catchment. An artificial neural network was used to establish a 

forecasting model for the raw-water colouring (Zhang & Stanley, 1997). A Mathematical model 

developed by Van Leeuwen et al. (2005) enabled the prediction of inorganic coagulant doses that 
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maximise the removal of organics, which has been applied to treat waters from two Australian drinking 

water sources. A data-driven model developed by Abba et al. (2020) determines the performance of the 

WTP in the treatment of pH, turbidity, total dissolved solids and hardness. The integration of different 

models (water quality model, hydraulic model, process control model and field object model) has been 

developed and applied to Dutch drinking water treatment plants (Worm et al., 2010). Cote et al. (1995) 

accurately simulated the key parameters in the activated sludge process through a hybrid model 

coupling of a mechanistic model with neural network models. The mechanistic model predicts dissolved 

oxygen, the final effluent concentration of suspended solids, volatile suspended solids, total and soluble 

chemical oxygen demand, and ammonium-N in the activated sludge process. A three-layer feedforward 

neural network was used by Cote et al. (1995) to capture the non-linear relationships between the 

variables. Multivariate linear regression models were adopted to predict chemical doses in the water 

treatment with confidence limits by developing regression relationships between the dosages and the 

physical parameters using in the model (Ellis et al., 1991). A second-degree polynomial model based 

on the nonlinearity between the optimal coagulant dose and parameters including turbidity, resistivity, 

temperature and mineral suspension was developed by Bazer-Bachi et al. (1990). A hybrid prediction 

model integrating chemical, mathematical, and data-driven models was developed by Bertone et al. 

(2016a) to estimate the chemicals dosage and pumping energy costs for alternative source selection 

scenarios for a dual source WTP in Queensland, Australia. The model achieved good accuracy and 

could be run over historical data to conduct a scenario analysis aiming at optimising the intake selection. 

 

Numerous modelling researches of water treatment processes provides insights about the choice of 

model based on the characteristics of research subjects. The regression analysis among the water quality 

parameters, chemical dose and contaminants is a general approach used in these modelling researches.  

A common factor presenting in the above-mentioned researches is that the performances of these 

models rely heavily on high-quality data collection. However, the data of most contaminants were 

monitored by routine sampling test, which is expensive and time-consuming. Water treatment plants 

can usually not provide real-time monitoring for manganese concentration in each water treatment 

process. As such, no previous study has attempted a prediction of Mn at different stages of the WTP. If 

an accurate 3D simulation of manganese in catchments can be achieved, the simulation of manganese 

at the water intake can then be related to the manganese in the raw water reaching the WTP. In the 

TWTP, historical manganese data and water quality data at different processes of the WTP are available, 

allowing data-driven models to be developed to predict the manganese level at the different treatment 

stages and eventually in the treated water. Thus, a full understanding of the manganese variations, from 

manganese cycle in the catchment to manganese treatment in the WTP, can be developed. The 

integrated system also can be used to conduct case analysis, prevent manganese-related water-quality 

risks and support decision-making.  
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2.7 Summary 

This chapter provides a review of the literature pertinent to the topics surrounding the characteristics 

and hazards of manganese, the connection between thermal structure and manganese cycle in aquatic 

environments, the modelling study for hydrodynamic and manganese cycle, the manganese-related 

water treatment in WTPs and the study about the removal of manganese and general contaminants in 

drinking water. This literature review provides the sufficient knowledge of the development of the 

hydrodynamic model and the manganese cycle model and puts forward the limitations and research 

gaps in the existing modelling studies. The methodology adopted to undertake this research is displayed 

in Chapter 3. 
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 CHAPTER 3 Methodology 

3.1 Research framework 

The objectives of this research are to understand and simulate the hydrodynamics and the manganese 

cycle in the Tarago Reservoir and to optimise manganese removal in the TWTP. The achievement of 

the objectives demanded a critical literature review, comprehensive historical data analysis, high-

performance numerical modelling to simulate the manganese concentrations in the Tarago Reservoir, 

and a decision support system (DSS) for water treatment to eliminate the threat of manganese. Figure 

3.1 displays the basic steps and arrangements for this research.  

 

Figure 3.1. Research methods overview 
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The research intended to generate at least three academic articles, covering a three-dimensional (3D) 

hydrodynamic model of the Tarago Reservoir, a 3D manganese cycle of the Tarago Reservoir and a 

DSS model of manganese in the concertation Tarago Water Treatment Plant (TWTP). Integrating the 

3D manganese cycle model and the DSS model allows the water treatment plant (WTP) operators to 

fully understand the mechanisms affecting variations in manganese concentrations in both the Tarago 

Reservoir and the TWTP. The integrated model also allows the operators to run a number of scenarios 

aimed at minimising potential manganese-related water-quality risks based on reservoir, weather and 

WTP operational conditions.  

3.2 Phase 1 Knowledge acquisition 

The literature review was conducted to obtain relevant knowledge and to determine the current research 

gaps, research objectives and design of the research method. In light of the objectives of this research 

study presented in Section 1.2, the literature review aimed to examine and extract knowledge in the 

following areas: 

• the characteristics and hazards of manganese in the water supply system 

• the mechanism of the manganese cycle 

• the thermal structure of aquatic environments and its roles in the manganese cycle 

• the fundamentals of water treatment processes involving manganese removal 

• the existing modelling research for hydrodynamics, the manganese cycle and general containment 

treatments.  

The identification of the manganese issues in the drinking water supply system and existing studies 

working on the solution of these are fundamental to determining the deficiencies and limitations in these 

fields, which result in the development of research targets and the implications for potential research 

methods. Chapter 2 describes the exploration of the existing literature and summarises the advantages 

and limitations of the relevant modelling studies. Chapters 5–8 provide concise literature reviews 

associated with the refereed publications.  

 

Following a comprehensive review of the existing literature, the development of the manganese cycle 

was found to be significantly affected by stratification and turnover, which requires an understanding 

of the thermal structure of waterbodies. Numerous existing hydrodynamic models have accurately 

simulated the vertical profiles of water temperatures of reservoirs and lakes; therefore, the development 

of a 3D hydrodynamic model was the primary task of the current research. The MIKE 3 Flow Model, a 

non-hydrostatic numerical-modelling system, has been successfully applied in various hydrodynamic 

studies for estuaries, oceans and lakes and was considered to be a suitable model for the simulation of 

the hydrodynamic process of the Tarago Reservoir. The literature about the manganese cycle model 

indicated that the existing modelling research was not adequate and that a 3D modelling study of the 
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manganese cycle is still lacking. Given that the Tarago Reservoir presents a significant longitudinal 

difference in its topology, the development of a 3D manganese cycle model is the optimal choice for 

investigating the mechanisms of the manganese cycle and simulating the variation of both soluble and 

particulate manganese. Moreover, the exploration of the current modelling studies about water 

treatment processes revealed that few studies have attempted to develop a model to simulate the 

variation of manganese during the process of drinking water treatment. However, the modelling studies 

relating to general contaminants and water-quality parameters suggested that regression analysis among 

manganese concentrations in the different treatment processes is a key method. 

 

With the establishment of the current status of relevant knowledge, the achievement of the research 

objectives relied on data collection and processing, model development and validation, and the full 

application of the developed model.  

 

3.3 Phase 2 Data collection and processing 

The objective of Phase 2 was to undertake the collection and processing of data related to 

hydrodynamics, the manganese cycle and manganese treatment. The objects of the data collection 

included the Tarago Reservoir and the TWTP. The total and soluble manganese concentrations, 

dissolved oxygen concentrations, meteorological data, inflow and outflow conditions and water 

temperature in the reservoir are vital for the understanding of the thermal structure and the manganese 

cycle. The water-quality parameters and manganese concentrations in each water treatment process are 

fundamental to the analysis of the manganese transport in the WTP. The records of manganese 

concentration relied on manual sampling tests. The vertical profiles of water temperature and dissolved 

oxygen were captured through a VPS installed in the observation point near the Tarago Dam. The 

Supervisory Control and Data Acquisition (SCADA) system in the TWTP recorded water-quality 

parameters in the raw water, filtrated water, outlet water and supernatant return. The Tarago station 

affiliated with the Australian Bureau of Meteorology (BOM) recorded the meteorological data in the 

Tarago Reservoir.  

 

The data processing consisted of three parts: (1) the examination of the reliability and integrity of data; 

(2) a visual inspection of the time series of data; and (3) the unification of the range and frequency of 

data. There was often missing or abnormal data in the VPS and SCADA records, and further data 

analysis and model development needed to avoid periods with flawed data. Therefore, a nearest-

neighbour linear interpolation was adopted to fill a single vacancy for the missing or abnormal data. 

The data analysis relied on the visualisation of the collected data. Time-series plots and vertical profiles 

were used to display the temporal and spatial variation of variables. A scatter plot was used to analyse 

the correlation between different variables. An important purpose of the data processing was to prepare 
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the data input for the development of the model; therefore, the range and frequency of input data needed 

to be unified. Detailed information about the data collection and initial processing is presented in 

Chapter 4.  

3.4 Phase 3 Model development and validation  

In this stage, the research methodology involved the incremental development and verification of a 

hydrodynamic model, a 3D manganese model and a decision support model for manganese treatment. 

The purposes of the development of these models were to integrate the 3D manganese cycle model and 

manganese treatments in WTPs, to simulate the manganese transport from the reservoir to the treated 

water and to solve the potential manganese-related water-quality risks. 

3.4.1 Hydrodynamic model 

The hydrodynamic model is completed in Chapters 5 and 6. The MIKE 3 Flow model, a non-hydrostatic 

numerical-modelling system, was used to simulate the temporal and spatial behaviours of the thermal 

structure in the Tarago Reservoir through the simulation of flow dynamics and heat exchange. Mass 

conservation, momentum conservation, conservation of salinity and temperature, and an equation of 

state relating local density to salinity, temperature and pressure were the fundamental elements of the 

3D hydrodynamic model. The mathematical foundations of the model were the mass conservation 

equation, 3D Reynolds-averaged Navier–Stokes equations and a conservation equation for temperature 

and salinity (introduced in Section 2.3). The development of a numerical model for a water system 

includes two phases: (1) the development of a generic model and (2) the development of a site-specific 

model. The MIKE 3 Flow is a generic model. The development of a site-specific model relies on the 

input of site-specific information, including topography, model parameters and boundary conditions, 

and the calibration and verification of the model (Figure 3.2).  

 

 

Figure 3.2. Schematic diagram of the development of a site-specific model (Ji, 2017) 

Bathymetry of the reservoir, meteorological conditions (local air temperature, wind speed and direction, 

precipitation, cloudiness coefficient and relative humidity) and boundary conditions (discharge and 

water temperature) were imported to set the model. Due to the absence of the data, the water temperature 

of the inflow was estimated through a linear regression model between water temperature and air 

temperature. The boundary conditions included the water discharge and water temperature at the north 
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inflow and south outflow. The shoreline of the reservoir was defined as an impermeable and zero normal 

velocity boundary, and the boundary water temperature was assumed to be constant in the vertical 

direction. The turbulence module adopted a mixed k-ԑ/Smagorinsky model that included various 

empirical constants and diffusion parameters. The heat-exchange coefficients were calibrated using the 

measured water temperature.  

3.4.2 Manganese cycle model 

In Chapter 7, the development of the 3D manganese cycle model in the Tarago Reservoir integrates the 

manganese cycle mathematical model published by Johnson et al. (1991) and the 3D hydrodynamic 

model built by Zhang et al. (2020a). The details of the one-dimensional (1D) mathematical model 

developed by Johnson et al. (1991) are displayed in Section 2.4.1, and the governing equations are Eqs. 

2-10 to 2-14. The manganese cycle model is essentially a water-quality model involving hydrodynamic 

transport, external inputs and chemical and biological reactions within the system. The study by Johnson 

et al. (1991) provided significant support for the external inputs and chemical and biological reactions, 

and the hydrodynamic model developed by Zhang et al. (2020a) accurately reproduced the essential 

information about hydrodynamic transport, including advection, dispersion, vertical mixing and 

temperature. Therefore, coupling these two models contributed to the development of a 3D manganese 

cycle model. The chemical conversion process and advection–diffusion processes between soluble 

manganese and particulate manganese were combined with the 3D continuity equation. The 

fundamental equations of the model are displayed in Eqs. 7-2 to 7-6 in Section 7.3.1. 

 

The conceptualisation of the model continued to use the assumption of Johnson et al. (1991) that the 

reduction and diffusion processes of manganese oxides attaching to the bottom sediments were the only 

sources of manganese in the reservoir system. The rate of soluble manganese flux from sediments was 

calculated based on the level of soluble manganese measured in the bottom layer. The settling process 

of particulate manganese was introduced into the model, and the constant settling velocity adopted the 

value estimated by Neretin et al. (2003). In addition, given the decisive role of dissolved oxygen, an 

embedded model aiming to simulate an accurate vertical distribution of dissolved oxygen was 

developed and validated.  

 

3.4.3 Decision support system 

A DSS is a computer-aided system to support one or more phases of decision making. The development 

of a DSS contributes to the determination and structuring of the strategy when the understanding about 

the process of issues is uncertain and undiscoverable, while improving the transparency of decision 

formulation and solution (McIntosh et al., 2011).  
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The development of the DSS for manganese treatment in the TWTP is described in Chapter 8. The 

investigations of the time series of manganese in raw water, supernatant return, filtered water and outlet 

water and the regression analysis between these variables established the foundation of the DSS. The 

threshold value of the total manganese in the raw water causing potential manganese issues in the outlet 

water was determined, and suggested the period requiring attention during the manganese treatment. 

Meanwhile, the role of the supernatant return in the manganese treatment was considered in the DSS 

because the inappropriate treatment in sludge thickening and dewatering caused significant soluble 

manganese to remain in the outlet water. The core of the DSS is the regression analysis of the total 

manganese concentration between the raw water and outlet water, which estimated the upper boundary 

of the total manganese in the outlet water.  

 

3.4.4 Model validation  

Model validation contributes to establishing greater confidence in the performance of a model in 

predicting future conditions of the system. The validation of the 3D hydrodynamic model was focused 

on the water level and water temperature. The water levels and water temperature measured by the VPS 

installed in the observation point near the dam (Figure 6.1) were compared with simulated results. The 

3D manganese cycle model was validated based on the comparison between simulated results and 

measured dissolved oxygen, soluble manganese and particulate manganese in the surface, middle and 

bottom layers at the observation point. The dissolved oxygen data were collected by the VPS, and the 

manganese concentration was measured by fortnightly or weekly sampling tests.  

 

In addition to the visual comparison of time series and vertical profiles between the measured and 

simulated data, validation was undertaken through error analysis and regression analysis. The mean 

absolute error (MAE), root mean square error (RMSE), Pearson’s product–moment correlation 

coefficient (R) or R2 and index of agreement were used to detect the performance of the model. The 

values of both R2 and the index of agreement vary from 0 to 1, with higher values indicating a better 

performance of the model. It is worth noting that the index of agreement giving the proper weight to 

the error and difference is more valuable than the R2 when extreme values rarely occur in the simulated 

results.  

 

3.5 Phase 4 Model application  

3.5.1 Sensitivity analysis 

The sensitivity analysis for the wind friction coefficient in the hydrodynamic model of the Tarago 

Reservoir is described in Chapter 5. Sensitivity analysis was used for the investigation of the variation 

of model results with adjusted model parameters and to identify the most influential parameters in 

determining the accuracy of model results. In addition, sensitivity analysis is a powerful tool in 
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understanding the relationship between uncertainty in model parameters and simulated results. The 

sensitivity analysis assisted the determination of the most appropriate wind friction coefficient in the 

simulation of water temperature in the Tarago Reservoir, while exploring the role of wind in the mixing 

processes and in deep-water temperature.  

3.5.2 Thermal structure investigation 

Investigating the spatial variation in the thermal structure of the reservoir requires a parameter to 

quantify the thermal structure in each water column. Schmidt (1928) defined the Schmidt stability index 

to describe the resistance to mechanical mixing caused by the potential energy of the water column 

during stratification, which reflected the stability of the thermal structure. Idso (1973) formalised the 

Schmidt stability index in Eq. 3-1. However, this equation calculates the average Schmidt stability index 

for the entire waterbody and usually in a 1D modelling study. In Chapter 6, the Schmidt stability index 

was modified to quantify the stability of a single water column (Eq. 6-5).  

 

 𝑆𝑇 =
𝑔

𝐴𝑠
∫ (𝑧 − 𝑧𝑣)(𝜌𝑧 − �̅�)𝐴𝑧𝜕𝑧

𝑧𝐷

0
, (3-1) 

 

where 𝑔 is the gravity acceleration [m/s2], 𝐴𝑠 is the surface area of the lake [m2], 𝐴𝑧 is the area of the 

lake at depth 𝑧 [m2], 𝑧𝐷 is the maximum depth of the lake [m], and 𝑧𝑣 is the depth to the centre of 

volume of the lake, [m], written as in Eq. 3-2: 

 

 
𝑧𝑣 =

∫ 𝑧𝐴𝑧𝜕𝑧
𝑧𝐷

0

∫ 𝐴𝑧𝜕𝑧
𝑧𝐷

0

. 
(3-2) 

 

With the support of the modified Schmidt stability index, the spatial distribution and variation of the 

thermal structure of the reservoir were visualised and displayed as spatial patterns of the monthly 

averaged Schmidt stability index. The Schmidt stability index patterns for September, December, 

March and June were used to represent the thermal structures of the reservoir in spring, summer, autumn 

and winter, respectively. Moreover, the relative difference in Schmidt stability index (calculated using 

Eq. 6-6) was introduced to illustrate the proportion of the influence of wind conditions and 

precipitations on the stratification.  

3.5.3 Visualisation of the 3D manganese cycle  

A slice plot is used to display a quantity on one or more cross-sectional areas within a 3D domain, 

usually to visualise the change in a variable throughout the domain. The manganese cycle model 

(Chapter 7) simulated the 3D results of both soluble and particulate manganese. The visualisation of 

the simulated results was achieved via the slice plot for the horizontal cross-section at the surface layer 

and at depths of 5.5 m, 11 m and 16.5 m.  
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3.5.4 Scenario analysis  

Scenario analysis is a disciplined method for predicting possible futures in which decisions played out 

and is a useful tool for asking “what if” questions to explore the consequences of uncertain scenarios. 

It was designed for two purposes: risk management and sparking new solutions (Duinker & Greig, 2007; 

Lang, 2001; Schoemaker, 1995). Scenario analysis based on the integrated model was used to inspect 

the manganese variation in the reservoir, raw water and outlet water due to the adjusted input data. The 

designed scenario included precipitation of precipitation and wind conditions and concentrated on the 

investigation of the roles of these meteorological conditions in manganese transport, resulting in the 

linking of the metrological conditions and the manganese variation in the outlet water. 
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 CHAPTER 4 Data collection and analysis 

4.1 Study domain 

The objects of this research were the Tarago Reservoir and the TWTP. The reservoir was built in 1969 

and was removed from the Melbourne water supply system due to poor water quality in 1990. After the 

establishment of the TWTP in 2009, Melbourne Water restored the connection between the Tarago 

Reservoir and the Melbourne water supply network. In addition to the occasional algal bloom, the 

seasonal peaks of manganese in the water source create problems for the water treatment. 

4.1.1 Tarago Reservoir  

The Tarago Reservoir (38°1′S 145°56′E; Figure 4.1 [a]), located on the Tarago River near Neerim South, 

is approximately 85 km east of Melbourne, Victoria, Australia, and stores 37,580 megalitres of 

freshwater. The dam was built in 1969 and enlarged in 1971. It supplied drinking water to Westernport 

and the Mornington Peninsula (Figure 4.1 [b]) via the Tarago-Westernport Pipeline. The straight-line 

distance from the reservoir to its water supply region is more than 80 km, and therefore there is a stricter 

requirement on the manganese and iron levels in the treated water than for shorter distances, to avoid 

the corrosion of the pipeline and subsequent water pollution due to peeling corrosion products. The 

surface area of the reservoir is approximately 360 ha, and its catchment area is 11,400 ha. The maximum 

depth of the reservoir is approximately 30 m at the dam wall, which was constructed using rockfill with 

a clay core.  

 

 

Figure 4.1. (a) Geographical map of the Tarago Reservoir and its water supply district; (b) the surface 

appearance of the Tarago Reservoir, A: Neerim south station; B: Tarago Reservoir station (Data 

source: Geoscience Australia). 
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The Tarago Reservoir experienced a number of algal blooms in early 1990, and the reservoir was 

removed from the Melbourne water supply system due to poor water quality and the availability of more 

reliable water sources. However, the Melbourne area suffered durational low inflows over the following 

decade, famously known as the Millennium Drought. Water storage levels dropped to 38.9% in 

December 2006 and 25.5% in June 2009. In addition to the issuing of water restrictions (the Target 155 

programme: 155 litres per person per day for residents in metropolitan Melbourne) by the government, 

Melbourne Water built the TWTP and restored the connection between the Tarago Reservoir and the 

Melbourne water supply network in June 2009. The reconnection of the Tarago Reservoir supplied an 

extra 15 billion litres of water in the first year. Then, the restrictions on water use in Melbourne were 

eased from 2010. 

4.1.2 The Tarago Water Treatment Plant 

The TWTP was constructed in Drouin West, 9 km south-west of the reservoir on the route of the existing 

Tarago–Westernport Pipeline. The key technologies adopted by the Tarago treatment plant are DAFF 

and ultraviolet disinfection. Figure 4.2 illustrates the overall process and the sequence of treatment 

processes after the construction of the WTP. An overall plan of the WTP is displayed in Figure 4.3.  

 

 

Figure 4.2. The schematic diagram of the Tarago water treatment plant 
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Figure 4.3. The platform of the Tarago water treatment plant (Melbourne Water) 

 

Figure 4.4 illustrates the procedures involving the transportation of manganese. Both the raw water and 

the supernatant are sources of manganese in drinking water. The soluble manganese is oxidised by 

potassium permanganate under weakly alkaline conditions. Then, insoluble manganese and other small 

particles agglomerate into larger and denser flocs after coagulation and flocculation. After the DAFF 

system, the aggregation floats on the surface and forms a sludge layer, which is removed from the top, 

and the clarified water flows into the filter from the bottom of the separation zone. Filtrated water is 

also used to backwash the filter, producing the wastewater. The wastewater and float flow by gravity to 

the wash-water tank. Submerged mixers in the tank keep the float and wash water mixed. The mixed 

float and wash water are then pumped from the wash-water tank to the gravity thickener tank. The 

processes of treating the wash water and float and the wastewater involve two recycling systems: 

supernatant return and centrate return. Supernatant from the thickener flows via gravity to the 

supernatant holding tank and is returned to the plant inlet. Following the operating manual, the 

supernatant is returned at a rate of less than 12% of the plant inflow. In practice, the flow rate of the 

supernatant is only approximately 4% of the plant inflow. Centrate from the centrifuges is returned via 

centrate pumps to the wash-water tank. Manganese is output in the filtrated water and sludge. 
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Figure 4.4. The trace of manganese in the TWTP 

 

The TWTP has the capacity to produce up to 70 million litres of drinking water per day and up to 21,000 

million litres of drinking water per year with a sufficient supply of raw water. The plant also achieves 

a minimum steady daily output flow rate of 20 ML/day and a ramp rate of at least 40 ML/day/hour. The 

treated water must meet the water quality requirements of the Bulk Water Service Agreements, which 

dictate that 100% of treated water must contain under 0.05 mg/L of total manganese and 95% of treated 

water contains under 0.02 mg/L of total manganese. The TWTP provides the indicative average dose 

rate of potassium permanganate, 0.1 mg/L. In practice, the dose rates are dependent on the manganese 

levels in the Tarago Reservoir raw water. The manganese level in the raw water was detected by twice-

weekly sample testing before 19/07/2017. The actual dose rate of potassium permanganate was 

determined by a jar test when the manganese level in the raw water increased dramatically. The manual 

detection of the manganese concentration was not efficient. Therefore, an Aztec 600 colourimetric 

range was installed in the TWTP and provides managers with the concentrations of total and soluble 

manganese in the raw water and filtrated water every 5 minutes. The introduction of the manganese 

analyser has been conducive to the improvement of manganese removal and the final water quality 

monitoring.  

 

4.2 Data collection  

The sources of data were Melbourne Water, TWTP and the Australian BOM. Table 4.1 details the 

source, frequency and period of data for the reservoir. The data for the TWTP is listed in  

Table 4.2. The WTP data was classified by the water treatment processes. 
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Table 4.1. Sources and features of the Tarago Reservoir data 

Data name Source Frequency  Period 

Total manganese 

(0 m, 10 m and 20 m depth) 

 

 

 

 

 

 

Melbourne Water 

 

Weekly 10/2007–04/2017 

Soluble manganese  

(0 m, 10 m and 20 m depth) 

Weekly 10/2007–04/2017 

Water temperature Weekly 09/2011–07/2017 

Daily 10/2004–05/2016 

Dissolved oxygen  Weekly 09/2011–07/2017 

Rainfall  Daily 01/2010–09/2017 

Evaporation Daily 01/2010–09/2017 

Bathymetry of Tarago Reservoir   

Wind speed and direction Daily 01/2010–09/2017 

Inflow  Daily 01/2014–09/2017 

Outflow Daily 01/2014–09/2017 

Air temperature  Australian BOM 

 

Hourly 01/2014–10/2017 

Precipitation Daily 01/2005–08/2017 

 

Table 4.2. Sources and features of the TWTP data 

Process Data name Source Frequency Period 

Raw water Flow rate 

TWTP SCADA 

system 

Hourly  1/2012–2017 

pH Daily  1/2012–2017 

Turbidity  5-minutely  1/2015–6/2018 

Total Mn 5-minutely 7/2017–4/2018 

Soluble Mn 
Weekly sample test 

Weekly 4/2009–7/2017 

Total Mn Weekly 4/2009–7/2017 

Coagulated water pH 
TWTP SCADA 

system 

Daily  1/2012–2017 

Filtrated water Flow rate Hourly  1/2012–2017 

Total Mn 5-minutely 7/2017–4/2018 

Soluble Mn 
Weekly sample test 

Weekly 4/2009–7/2017 

Total Mn Weekly 4/2009–7/2017 

Outlet water Flow rate TWTP SCADA 

system 

Hourly  1/2012–2017 

pH Daily  1/2012–2017 

Total Mn 
Weekly sample test 

Weekly 7/2009–7/2017 

Soluble Mn Weekly 7/2009–7/2017 
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Supernatant Flow rate 
Tarago WTP 

SCADA system 

Hourly  1/2012–2017 

pH Daily  1/2012–2017 

Turbidity  5-minutely 1/2015–6/2018 

Total Mn 
Weekly sample test 

Weekly 3/2016–7/2017 

Soluble Mn Weekly 3/2016–7/2017 

Washwater tank Water level 
TWTP SCADA 

system 

Hourly 1/2015–6/2018 

Turbidity  5-minutely  1/2015–6/2018 

Sludge thickener tank Sludge thickness 5-minutely 1/2015–6/2018 

*Australian Bureau of Meteorology (BOM) 

*Supervisory Control and Data Acquisition (SCADA) 

 

4.3 Understanding the manganese variations in the Tarago Reservoir 

Melbourne Water recorded almost 10 years of manganese levels in different layers (surface, 10 m depth 

and bottom) of the Tarago Reservoir through water sampling tests. Figure 4.5 presents the variation in 

concentration of total manganese in the surface and the bottom layers of the Tarago Reservoir. It is 

discernible that the manganese concentrations of surface water and bottom water rose dramatically from 

December and reached a peak around March, sharply decreasing to a low level before May. Over the 

rest of the year, the manganese concentrations were at a steady and minimal level, causing little 

occurrence of manganese in the treated drinking water. The regular change in manganese concentrations 

is related to seasonal change, as discussed below. In addition, in both the surface and the bottom layers 

of the Tarago Reservoir, the peaks of manganese from 11/2013 to 04/2017 were significantly greater 

than in previous years. The factors promoting the increase in manganese were investigated in the 

following steps. 

 

 

Figure 4.5. Manganese concentrations in the surface and the bottom layers of the Tarago Reservoir, 

2009–2017 

The influence of manganese levels can be revealed by checking the manganese concentration in treated 

water. Figure 4.6 presents the total manganese concentrations in the drinking water treated by the TWTP 
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from 2010 to 2017. The manganese levels in treated water in 2013 and 2014 cannot be determined due 

to missing data. The standards for the total manganese concentration in the TWTP require that 100% 

of treated water must contain under 0.05 mg/L (yellow line) and 95% of the treated water must contain 

under 0.02 mg/L (red line). The manganese levels in the treated water in 2010, 2011, 2015, 2016 and 

2017 are not of a magnitude to meet these requirements for the WTP. The manganese concentration in 

the surface water reached a relatively high level in the same periods, as shown in Figure 4.5. The year 

2012 is the only year that satisfied the standards of the TWTP because the manganese is minimal in the 

source water. Therefore, the treatment of manganese by the TWTP was not efficient when the 

manganese in the reservoir increased significantly. 

 

Figure 4.6. Manganese concentrations in the treated water of the TWTP, 2009–2017 

Table 4.3 summarises the information about manganese concentrations in the Tarago Reservoir and the 

ratio of the number of results over the threshold to the total results during the periods with available 

sampling data. From the table, it can be concluded that the high level of manganese at the surface 

affected the quality of the treated water, but there is no obvious correlation between the average 

manganese concentration in the bottom and surface waters during the sampling periods. 

Table 4.3. Overall average manganese concentrations and the percentages of non-qualifying treated 

water 

Tarago Reservoir Average Mn concentration (mg/L) Mn level in treated water Sample size 

Date Bottom Surface >0.02 mg/L >0.05 

mg/L 

 

11/2009–06/2010 0.1123 0.0586 71.70% 13.21% 52 

10/2010–03/2011 0.1017 0.0362 35.71% 00.00% 28 

11/2011–03/2012 0.0704 0.0262 00.00% 00.00% 21 

10/2014–03/2015 0.2877 0.0806 56.67% 00.00% 30 

10/2015–04/2016 0.3951 0.0671 52.00% 14.00% 51 

11/2016–04/2017 0.338 0.0603 30.00% 00.00% 20 
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In summary, the rapid increase in manganese in the reservoir usually occurred after December or 

November and lasted approximately 8 weeks, and the rising levels of manganese in the surface water 

of the Tarago Reservoir led to exceeding the manganese standards for treated waters. Investigating the 

reason for increasing manganese in the surface layer of the Tarago Reservoir is the primary task of this 

research. 

4.4 Understanding the thermal structure in the Tarago Reservoir 

It is widely acknowledged that the cycle of manganese in reservoirs relates to stratification and mixing 

processes (Bertone et al., 2015b; Kirillin & Shatwell, 2016). The major form of soluble manganese in 

water is considered to be Mn[II], and most manganese oxides are in an insoluble form. Abundant 

manganese exists in aquatic sediments as manganese dioxide (MnO2), and the sediments are the main 

source of manganese. Under the influence of pH, ORP and organic matter, manganese dioxide is easily 

reduced to a divalent manganese ion (soluble manganese) in the bottom sediment of a reservoir 

(Calmano et al., 1993). The concentration of dissolved oxygen determines whether the divalent 

manganese is diffused from the sediment in the bottom of the reservoir (Johnson et al., 1991). When 

soluble manganese ions are released into the water column during a mixing process, they tend to be 

oxidised into an insoluble form and settle to the bottom of the reservoir (Bertone et al., 2015b).  

 

The Tarago Reservoir is located in a subtropical region, and the water temperature does not reach 4°C, 

so it is a monomictic lake. The 4-year water time series of vertical temperature distribution shown in 

Figure 4.7 indicates that the stratification and destratification of the Tarago Reservoir alternated 

according to the seasonal changes. The vertical temperature became uniform after February or March, 

which means that the reservoir begins a full mixing process.  

 

 

Figure 4.7. The time series of the vertical temperature distribution in the Tarago Reservoir from 2013 

to 2017 

Table 4.3 shows that the highest average manganese concentrations were detected at the bottom of the 

Tarago Reservoir from 10/2015 to 04/2016. To observe the variation of water temperature with time in 

the same period, the time series of the vertical temperature distribution in the Tarago Reservoir from 

01/07/2015 to 01/09/2016 is displayed in Figure 4.8. The strong stratification in the reservoir started in 
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September and continued to the following April. The stratification gradually strengthened with the 

increase in water temperature from September 2015, but, unexpectedly, the weakness in stratification 

occurred before the decrease in water temperature. Figure 4.8 indicates that the water temperature of 

bottom layer reached approximately 20°C, and the surface water temperature was 23°C by early March, 

which means that the stratification did not strengthen when the whole water column was heated to a 

relatively high temperature. The daily average air temperature and the dominant wind direction of the 

reservoir are shown in Figure 4.9. The average air temperature experienced a rising trend from July 

2015 to December 2015 and remained at a steady level after Mar 2016, when a sudden drop occurred. 

It would be expected that the stratification started to weaken when the air temperature stopped 

increasing and stabilised at the maximum value in January and February. 

 

 

Figure 4.8. The time series of the vertical temperature distribution in the Tarago Reservoir from 

07/2015 to 09/2016 

 

 

Figure 4.9. Air temperature and dominant wind direction, 07/2015–09/2016 

Figure 4.8 demonstrates that the water temperature reached a peak and started to decrease on 1 March 

2016 but cannot indicate when the weakness in stratification occurred. When the stratification of the 

reservoir started to weaken, the manganese level in the surface layer showed an increasing trend. Hence, 

the starting point of the weakness of stratification is crucial for this research. The depth profiles for 
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water temperature (Figure 4.10) indicate when the stratification started to weaken. On 12/11/2015, the 

difference in water temperature between the surface layer and the bottom layer was greater than 4°C. 

With the increasing heat flux absorbed by the reservoir, the water temperature rose overall, and the 

temperature differences further widened on 19/01/2016. The temperature difference reduced to 2.4°C, 

indicating that the stratification had started to weaken on 21/03/2016. After 16/05/2016, the 

stratification of the Tarago Reservoir was destroyed, and the reservoir retained a mixing condition with 

the decrease in water temperature. 

 

 

Figure 4.10. The vertical profiles for the water temperature from 09/09/2015 to 4/08/2016 

As mentioned above, the reduction of stratification helps to explain the regular increase in surface 

manganese levels that affected the quality of the treated water. To determine the specific moment when 

the reduction of stratification occurred and finished, an indicator that can describe the intensity of 

stratification needs to be introduced. Bertone et al. (2015b) defined a factor, the stratification index (SI), 

that reflects the difference in water column temperature and can be considered an indicator of the 

intensity of stratification: 
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 𝑆𝐼(𝑡) =
𝑇𝑠𝑢𝑟𝑓𝑎𝑐𝑒 (𝑡)−𝑇𝑏𝑜𝑡𝑡𝑜𝑚(𝑡)

𝐷𝑟𝑒𝑠𝑒𝑟𝑣𝑜𝑖𝑟(𝑡)
, (4-1) 

   

where 𝑇𝑠𝑢𝑟𝑓𝑎𝑐𝑒 (𝑡) is the water temperature at the reservoir surface at time t, °C; 𝑇𝑏𝑜𝑡𝑡𝑜𝑚(𝑡) is the water 

temperature at the bottom of the reservoir at time t, °C; and 𝐷𝑟𝑒𝑠𝑒𝑟𝑣𝑜𝑖𝑟(𝑡) is the total depth of the 

reservoir at time t, m.  

 

Melbourne Water offered daily data about water temperature with depth and regular records of 

manganese concentrations from sampling tests from July 2007 to July 2011, which are displayed in 

Figure 4.11. The clustered column is the time series of stratification intensity, and the scatter diagram 

shows the surface manganese records. The surface manganese was at a low level between July 2007 

and July 2008, with a correspondingly relatively small and severely fluctuating SI. On the contrary, the 

SI remained at a high level for approximately 4 months from July 2009 to July 2010, when the reservoir 

surface exposed very high levels of manganese.  

 

During stratification, a lake or reservoir can be distinguished into an epilimnion, metalimnion and 

hypolimnion according to depth. At the layer adjoining the sediment-water interface, the properties of 

the hypolimnion determine the amount of manganese diffusing into the water column from the sediment. 

Due to the function of isolating oxygen exchange and light performed by the metalimnion, the 

hypolimnion is dark and anoxic. Without enough light and oxygen, the bottom water restricts the 

development of algae and photosynthesis. The hypolimnion imposes acidic conditions because of the 

accumulation of carbon dioxide (Bertone et al., 2015). The conditions in the hypolimnion are usually 

dark, anoxic and acidic after a strong and durational stratification, boosting the formation and diffusion 

of soluble manganese (Bertone et al., 2015; Calmano et al., 1993). Therefore, it can be deduced that the 

intensity and stability of stratification has a positive correlation with the bottom manganese level. When 

destratification (turnover) occurs, the bottom water with a high level of soluble manganese is 

transported to the surface and sharply increases the manganese level in the upper layer of water. The 

manganese reaches the highest level in a year. In brief, when the intensity of stratification is low and 

sharply fluctuates, the manganese at the surface of the Tarago Reservoir remains at a low level.  
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Figure 4.11. The stratification intensity (SI) and the surface manganese concentration from 2007 to 

2011 

4.5 Understanding the manganese variations in the Tarago Water Treatment Plant 

Section 4.3 discusses the issue of high manganese levels in the treated water, which indicates that the 

existing processes of the TWTP are not efficient enough to remove manganese from raw water when 

the manganese levels in the surface layer of the Tarago Reservoir reach the annual peak. The reasons 

for the low efficiency of manganese removal were investigated using the records of manganese 

concentrations in the different treatment processes.  

 

The total manganese concentrations in raw water, filtrated water and supernatant return from August 

2016 to January 2018 are displayed in Figure 4.12. A secondary vertical axis is used for the manganese 

levels in the supernatant return because they were much higher than those in the raw water and filtrated 

water. There is a high similarity between the manganese levels in these three processes, which show a 

dramatic increase from December 2016 to April 2017. The manganese concentrations were at a 

relatively low level for the rest of the time.  

 

 

Figure 4.12. Total manganese concentrations in raw water, filtrated water (Fil) and supernatant return 

(SPR) 
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Figure 4.13 displays soluble manganese concentrations in the three processes. High levels of soluble 

manganese were detected in the filtrated water and supernatant return from August 2016 to January 

2017. However, the soluble manganese in raw water was stabilised in concentrations that were less than 

0.01 mg/L, except for an outlier recorded on 12/04/2017. It is abnormal for soluble manganese in the 

filtrated water to be considerably greater than that in raw water. To explain this unexpected scenario, 

the variation of soluble manganese in the water treatment needs to be considered in conjunction with 

the flow rates. 

 

 

Figure 4.13. Soluble manganese concentrations in raw water, filtrated water (Fil) and supernatant 

return (SPR) 

To identify the effectiveness of the manganese removal, two parameters (qin and qout, respectively) were 

introduced to calculate the mass of manganese for inflow and outflow for one day:  

 

 𝑞𝑖𝑛 = 𝑐𝑅𝑓𝑅 + 𝑐𝑆𝑃𝑅𝑓𝑆𝑃𝑅 (4-2) 

 𝑞𝑜𝑢𝑡 = 𝑐𝐹𝑓𝐹, (4-3) 

 

where 𝑞𝑖𝑛 is the total mass of manganese entering the WTP per day, mg/day; 𝑞𝑜𝑢𝑡 is the overall mass 

of manganese remaining in the treated water, mg/day; 𝑐𝑅 is the manganese concentration in the raw 

water, collected through weekly sample tests, mg/L; 𝑓𝑅 is the average flow rate of the raw water on the 

day when the sample test was conducted, m3/day. The product of 𝑐𝑅 and 𝑓𝑅 is approximately equal to 

the total manganese from raw water in one day, which is defined as manganese flux. Similarly, 𝑐𝑆𝑃𝑅 is 

the manganese concentration in the supernatant; 𝑓𝑆𝑃𝑅 is the average flow rate of the supernatant return; 

𝑐𝐹 is the manganese concentration in the filtrated water; 𝑓𝐹 is the average flow rate of the filtrated water. 

 

Based on the calculation of 𝑞𝑖𝑛 and 𝑞𝑜𝑢𝑡, the effectiveness of manganese removal (E) is presented by 
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 E = 1 −
𝑄𝑜𝑢𝑡

𝑄𝑖𝑛
. (4-4) 

 

The source of manganese entering the inlet is raw water and supernatant return. The discharge of 

supernatant is much less than that of raw water, but there is many times more soluble manganese in the 

supernatant than in the raw water. The manganese flux defined above is used to compare the quantity 

of manganese flowing into the WTP system via raw water and supernatant return. Figure 4.14 and 

Figure 4.15 illustrate the percentages of manganese flux and soluble manganese flux, respectively, from 

the supernatant return in terms of the total manganese flux flowing into the WTP from 30/08/2016 to 

30/06/2017. The manganese flux from the supernatant return was lower than 20% of the total 

manganese flux most of the time, but the percentage of soluble manganese flux from the supernatant 

return was considerable, especially between January and March. The mean percentage of supernatant 

return soluble manganese flux is 38.35% among all samples. The time from 1/1/2017 to 1/3/2017 was 

defined as the high-risk manganese period, with an average percentage of 54.06% coming from the 

supernatant return. Therefore, the supernatant return is a significant source of soluble manganese in the 

TWTP. 

 

 

Figure 4.14. The percentage of manganese flux from the supernatant in the total manganese entering 

the WTP 

 

 

Figure 4.15. The percentage of soluble manganese flux from the supernatant in total soluble 

manganese entering the WTP 
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Figure 4.16 displays the effectiveness of manganese removal in the TWTP from October 2017 to March 

2018. The effectiveness of removing manganese remained higher than 77% before 27/12/2017. 

However, the effectiveness then fell to approximately 50% during the high-risk manganese period and 

was under 40% on 14/03/2018. The analysis of seasonal changes in manganese levels in the Tarago 

Reservoir indicates that manganese levels in raw water reach a peak between January and March. The 

low effectiveness of manganese removal during this period implies that the WTP has no appropriate 

response to the increasing manganese and that the existing processes for manganese removal in TWTP 

cannot guarantee the quality of treated water with respect to manganese.  

 

 

Figure 4.16. The effectiveness of manganese removal in the TWTP 

Based on the samples from 04/1/2017 to 1/3/2017, the total mass of soluble manganese in the raw water 

and supernatant return, respectively, was 1377.641 g and 2173.600 g, and the total soluble manganese 

in treated water was 7482.420 g. The exiting soluble manganese was greater than the entering soluble 

manganese in the TWTP during these 3 months. The treatments did not reduce the soluble manganese; 

on the contrary, they promoted the increase in soluble manganese. During the research time, 

approximately 3.9 kg of insoluble manganese was reduced to soluble manganese. Based on the above 

analysis, there are three initial conclusions. 

1. The supernatant return system is a significant source of soluble manganese, providing more 

than 50% of soluble manganese for the TWTP during the period with high-risk manganese. 

2. The low effectiveness of manganese removal in the TWTP indicates that the existing processes 

for manganese removal in the TWTP cannot guarantee the quality of treated water.  

3. The existing TWTP processes are ineffective in practice in the removal of soluble manganese 

and even contribute to the increase in soluble manganese. 
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4.6 Field measurement in the Tarago Water Treatment Plant 

4.6.1 Introduction 

In view of the severe problems of the Mn removal in TWTP, an initial high-frequency campaign was 

performed between 09/04/2018 and 13/04/2018.  The analysis of the seasonal change of Mn indicated 

that the Mn levels should be relatively high during this period and remain in a steadily decreasing trend 

during the proposed testing period. The weeklong measurement’s goal was to collect the high-frequency 

data of water quality and Mn concentration in different phases of water treatment. The frequency of 

manual data collection data was twice daily, and the supervisory control and data acquisition system 

(SCADA) installed in the TWTP also provided continuous records about the flow rate and turbidity in 

each process. 

 

4.6.2 Approach  

The water samples from raw water, filtrated water, the wash water tank, the supernatant return tank and 

different depths in the sludge thickening tank were collected twice per day. The containers of water 

sample are specialized 500ml bottles as Figure 4.17 shows. All above water samples were taken from 

the tap installed on the water pipes. The taps of Wash Water Tank and Supernatant Return were installed 

on outlet pipe near the bottom of those tanks. Technically, the measurement of those water samples 

represents the relevant parameters of bottom water. In addition, to reflect the daily changes of data, the 

first group of water samples was taken between 8:00 am and 8:30 am and the second group was 

collected between 2:00 pm and 2:30 pm.  

 

 

Figure 4.17. The water samples in the field measurement 
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EXO2 Sonde, a multi-parameter instrument with replaceable sensors, was utilized in the measurement 

of the water quality data of the water samples. The applied sensors provided accurate and sensitive data 

about conductivity/temperature, dissolved oxygen, pH/ORP and turbidity. The determines of Mn 

concentration relied on the Merck spectrum method based on which Mn[II] ions react with an oxide to 

form a red-brown complex that is determined by photometry (Spectroquant, 2017). The expanded 

measurement uncertainty are separately 0.004 mg/L, 0.005 mg/L and 0.03 mg/L for 0.05 mg/L, 0.2 

mg/L and 1.00 mg/L of Mn concentration reading (Figure 4.18). Besides those, the records of pH, 

turbidity, flow rate, the water level in the supernatant return tank, and the sludge level in the wash water 

tank were important for the following data analysis from TWTP SCADA system. 

 

 

Figure 4.18. The expanded measurement uncertainty of manganese standard solution for Photometry 

 

4.6.3 Data analysis and discussion 

The daily variation of total and soluble Mn in raw water is one of the major concerns of the measuring 

results. Figure 4.19 shows all records of soluble and total Mn in raw water between 09/04/2018 and 

13/04/2018. The total Mn concentrations were relatively high and stabilized around 0.06 mg/L. Both 

total Mn, soluble Mn showed an increasing trend from morning to afternoon, and the ratio of the 

increase of the soluble Mn to soluble Mn is significantly greater than the total Mn.   
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Figure 4.19. Time series of measured soluble and total Mn in raw water 

The daily change significantly affected the variation of soluble Mn in the raw water of the TWTP.  The 

air temperature was considerably different between morning and afternoon, which was considered as 

the factor relating to the varying soluble Mn. During those five days, the variation of soluble manganese 

concentration from morning (8:00-8:30) to afternoon (14:00-14:30) showed consistency with the 

change of air temperature. The ratio of soluble Mn to total Mn is a more precise indicator reflecting the 

relationship between soluble Mn and air temperature. The comparisons of the ratio of soluble Mn to 

total Mn and local air temperature are shown in Figure 4.20 indicates that the change of soluble Mn to 

total Mn ratio is completely subject to air temperature. The records of air temperature on April 12 

reached 28.8 °C at 9:00 am and decreased to 21.8 °C at 2:00 pm, which is abnormal. Nonetheless, the 

ratio of soluble Mn to total Mn still showed the same trend with the change of the air temperature. It 

can be concluded that the ratio of soluble Mn to total Mn is positively correlated with air temperature.  

 

Figure 4.20. Air temperature and the ratio of soluble Mn to total Mn in the raw water 9/04/2018-

13/04/2018 

Chapter 4.5 revealed that supernatant return is a significant source of soluble Mn when the TWTP is in 

a phase with high-risk Mn. The purpose of the SPR system is to achieve no liquid output from the WTP 

through the retreatment of the wastewater from sludge thickening and backwash. The supernatant is 

produced in the sludge thickener tank, while originates from the backwash water and floating scum 
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forming in Dissolved Air Flotation and Filtration (DAFF). Sludge thickener is a mechanically 

continuous process equipment that operates on a sedimentation principle. As Figure 4.21 shows, the 

solids settle to the bottom of the thickener tank and the supernatant overflows the tank.  

 

 

Figure 4.21. The schematic diagram of the general sludge thickener tank (Hancock, 2015) 

Figure 4.22 shows the variation of the thickness of sludge and Mn levels in SPR from 1/10/2017 to 

1/6/2018. The sludge thicknesses varied from 0 m to 0.51 m and the frequency of the removal of the 

bottom sludge was irregular roughly between two and four days. The process of clearing the bottom 

sludge consumed several hours and was not always fully effective. The highlight of the data is from 

15/03/2018 to 08/04/2018 when the sludge thickness stayed at relatively high levels even after the 

removal. The historical record shows that the manganese concentration reached the highest value of 

0.28 mg/L and 0.16 mg/L in 21/03/2018 and 4/04/2018. Therefore, the ineffective removal of sludge 

promoted the increase of Mn in the supernatant. 

 

 

Figure 4.22. The thickness of sludge in the bottom of the ST tank and total Mn level in SPR, Oct 17-

May 18 
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Sensitivity analysis of the wind friction coefficient for water temperature 

modelling in a water supply reservoir 

 

Abstract:  

Water temperature not only dominates thermal stratification and mixing but also controls various 

biochemical and physiological processes in the aquatic environment. Reliable simulation of water 

temperature in lakes or reservoirs provides vital information for the management of water resources. A 

3D modelling approach was adopted in this research project to simulate the variations of water 

temperature as a function of time and space. To achieve the accurate prediction of water temperature, a 

precise estimation of the effect of wind is essential. The wind friction coefficient is a vital parameter 

adopted in all hydrodynamic models to reflect the effects of wind speed and air pressure on the water 

surface. The specific aim of this study was to determine a suitable value for the wind friction coefficient 

for predicting the water temperature through sensitivity analysis and to explore the role of wind in the 

mixing processes and deep-water temperature in the Tarago Reservoir, Victoria, Australia. 

 

5.1 Introduction 

The wind friction coefficient, also known as the drag coefficient, is a vital parameter adopted in all 

hydrodynamic models to reflect the effects of wind speed and air pressure on the water surface (DHI, 

2017; Zhang & Chan, 2003). The commonly adopted value for the wind friction coefficient, 0.0026, is 

appropriate for moderate and strong winds in the open sea (DHI, 2017). Sokolova et al. (2013) 

conducted a hydrodynamic model to simulate water temperature for Lake Rådasjön in Sweden and 

adopted 0.001225 as the wind friction coefficient. Through sensitivity analysis of the wind friction 

coefficient, the current study was able to determine the most appropriate coefficient for the simulation 

of water temperature in the Tarago Reservoir, a water supply reservoir in Melbourne, Australia. 

Furthermore, the vertical water temperature profiles and the movement of water flows simulated by the 

model reveal the influence of the wind friction coefficient on the water temperature in the Tarago 

Reservoir. 

 

5.2 Model setup 

The DHI MIKE 3 Flow model was applied to simulate the water flows and temperature in the Tarago 

Reservoir. The three-dimensional MIKE 3 is a non-hydrostatic numerical modelling system that has 

been widely used in oceans, coastal waters, estuaries and lakes. The basic component of the MIKE 3 

Flow model is a hydrodynamic module simulating unsteady 3D flows based on density variations, 
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bathymetry and external forces such as meteorology, tidal elevations, currents and other hydrographic 

conditions (DHI, 2017).  

 

The study area (Figure 5.1) was simplified into a grid that reflected the geographical and topographical 

information of the study location. Melbourne Water provided the bathymetry of the Tarago Reservoir 

in ASCII format. The parameters of the grid imported into this model as two-dimensional bathymetry 

are displayed in Table 5.1. The relative altitude of the surrounding land was defined as 10 m to eliminate 

the influence of flood. The depth given by a grid point represents both the grid and the surrounding area, 

which neglects the topographical change of the bottom of the Tarago Reservoir to some extent. A grid 

spacing of 40 m satisfied the description of the reservoir bed without compromising the computational 

efficiency. To obtain the micromesh vertical temperature profile, 0.5-metre spacing was adopted in the 

vertical direction.  

 

 

Figure 5.1.  (a) Geographical map of the Tarago Reservoir and its water supply district; (b) the surface 

appearance of the Tarago Reservoir, A: Neerim south station; B: Tarago Reservoir station (Data 

source: Geoscience Australia). 

Table 5.1. The setting parameters of the grid 

Map projection UTM-55  

Geographical origin  Longitude Latitude 

Coordinated 145.908726 -38.020580 

x-axis Grid number - 68 Grid space - 40 m 
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y-axis Grid number - 120 Grid space - 40 m 

z-axis Grid number - 46 Grid space - 0.5 m 

 

The simulation period of this model was from 01/08/2014 to 15/03/2015 with 120-second intervals. The 

reservoir experienced stratification and mixing processes in this period. To fit the water temperature 

vertical profile in the Tarago Reservoir, the starting point of the modelling was selected to be during a 

strong mixing period with uniform water temperature. Hence, the initial water temperature was set at 

10.75°C on 01/08/2014 and was effective in eliminating the vertical variance in water temperature. In 

addition, the model needed more than 4 weeks to finish the modelling “warm-up”, because this model 

adopted a cold start (the velocity field was initialized to zero at the beginning). Two open boundaries 

were specified in the model: the velocity and water temperature of inflow from the Tarago River and 

the velocity of outflow from the dam.  

 

Sokolova et al. (2013)built a hydrodynamic model to simulate water flows in Lake Rådasjön, Sweden, 

through the DHI MIKE 3 Flow model. The parameters in their turbulence module were calibrated based 

on the measured vertical water temperature profile, and the hydrodynamic model simulated the vertical 

water temperature sufficiently well. Lake Rådasjön has similar maximum depth (24 m) and surface area 

(200 ha) to the Tarago Reservoir. Hence, the turbulence module relied on mixed k-e/Smagorinsky 

formulation, and the Smagorinsky coefficient and the limits of eddy viscosity were refined according 

to their model. The initial wind friction coefficient was set to the default value (i.e., 0.0026), and a 

constant value of bed roughness, 0.05, was adopted in the resistance module. The basic parameters used 

to set up the hydrodynamic model are shown in Table 5.2. 

 

Table 5.2. Parameter setting of the hydrodynamic model 

Module Parameters type Value note 

Turbulence Horizontal Smagorinsky coefficient 0.28 Sokolva et al. (2013) 

 Eddy viscosity of limit x-axis: 1.8E-06 to 1.0E+08 

    

    

Sokolva et al. (2013) 

Dispersion Dispersion factors Horizontal: 0.1 

   

Default 

 Dispersion limits x-axis: 0 to 1.33333 

    

    

Sokolva et al. (2013) 

Heat exchange Constant in Dalton’s law 0.5 Default 

Wind coefficient in Dalton’s law 0.9 Default 

Sun constant, a in Ångstrøm’s law 0.229 Default 

 Sun constant, b in Ångstrøm’s law 0.572 Default 

 Beta in Beer’s law 0.3 Default 

 Light extinction coefficient 0.5 Calibrated 

 

5.3 Discussion and results 

To achieve an accurate simulation of water temperature, the model requires a precise wind friction 

coefficient. The wind driving force in the MIKE 3 hydrodynamic model was calculated by the following 

equation:  



89 | P a g e  

 

 

 𝐹𝑤𝑖𝑛𝑑 = 𝐶𝑤
𝜌𝑎𝑖𝑟

𝜌𝑤𝑎𝑡𝑒𝑟
𝑊2,                 (5-1) 

 

 

where Cw is the non-dimensional wind friction coefficient, 𝜌 is the density and W is the wind speed in 

m/s at 10 m above the water surface. 

 

The driving force due to wind largely determines the velocity of the surface flow, and the flow velocity 

is key to simulating the transport of heat through advection and dispersion. The advection-dispersion 

equation for water temperature is 

 

 𝜕𝑇

𝜕𝑡
+

𝜕

𝜕𝑥𝑗
(𝑇𝑢𝑗) =

𝜕

𝜕𝑥𝑗
(𝐷𝑇

𝜕𝑇

𝜕𝑥𝑗
) + 𝑆𝑆 

(5-2) 

 

where T is temperature, DT  is the dispersion coefficient and SS refers to the respective source-sink 

terms, xj and uj, which correspond to the coordinate (x, y, z) and hydrodynamic transport (u, v, w), 

respectively, in the three dimensions. 

 

According to the instructions of the MIKE 3 Flow model, the initial value of the wind friction coefficient, 

0.0026, is suitable for strong and moderate wind on the open sea (DHI, 2017). A lower wind friction 

coefficient should be helpful for improving the prediction of water temperature in the inland reservoir.   

adopted 0.001255 as the coefficient in the model of Lake Rådasjön. Hence, the range of testing wind 

friction coefficients for this study was set to be between 0.001225 and 0.0026.  

 

Figure 5.2 displays the comparison of measured water temperature and simulated water temperature 

with different wind friction coefficients (0.001255, 0.0017, 0.0024 and 0.0026). The measured data 

were collected from the observation point near the dam, the coordinates of which were (58, 13) on the 

VPS location (Figure 5.1 [b]). In the simulated results of the model with wind friction coefficients of 

0.0017 and 0.001255, the simulated bottom water temperature was far lower than the measured 

temperature. In particular, when the wind friction coefficient was 0.001225, the simulated bottom water 

temperature showed an extremely small increase during the research period, and the stratification of the 

simulated waterbody did not finish on time. The simulation performance was improved by increasing 

the wind friction coefficient, and the best results were achieved when the coefficient was set to 0.0024. 

The hydrodynamic model of Lake Rådasjön simulated satisfying vertical water temperature profiles 

with a wind friction coefficient of 0.001225. However, such a coefficient is not appropriate for the 

prediction of water temperature in the Tarago Reservoir. 
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Figure 5.2. The measured water temperature and simulated water temperature with different wind 

friction coefficients (0.0026, 0.0024, 0.0017 and 0.001225) 

To investigate the reason for the inadaptability of the wind friction coefficient (0.001225), two simulated 

vertical water temperature profiles at y-coordinate 10 with different wind friction coefficients were 

calculated and are displayed in Figure 5.2. The high-temperature water near the eastern shore (the right 

edge of the profile in Figure 5.3 [a]) sunk and brought significant heat into the deeper layer. However, 

the high-temperature flow went only into the 4-m depth in Figure 5.3 (b) when using a lower wind 

friction coefficient. Checking the wind rose plot for this area (Figure 5.4), the duration and speed (m/s) 

of wind blowing from the west was considerably greater than from the other directions, which caused 

the surface flows to be accelerated by the shear force provided by the wind and continually moved to 

the eastern side of the Tarago Reservoir.  
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Figure 5.3. Vertical temperature profiles (y-coordinate: 10) simulated by the models with wind 

friction coefficients of (a) 0.0024 and (b) 0.001225  

 

Figure 5.4. Wind rose plot between 01/08/2014 and 15/03/2015 

To explore the hydrodynamic conditions simulated by the model, the scope of this research was 

narrowed to the region near the dam wall, a narrow water area shown in Figure 5.1 (c). Figure 5.5 

displays the simulated horizontal component velocity of flow (u) at different depths when the reservoir 

was clearly stratified. As shown in Figure 5.5 (a), the velocity of the surface flow continued to increase 

in the easterly direction under the effect of wind, and then the flow was blocked at the land boundary. 

The horizontal component velocity of flow at 7 m depth in Figure 5.5 (b) indicated a consistently 

opposite direction from the surface flow. Combining the flow condition in these two layers, it can be 

concluded that there is a circulation phenomenon that is key to transferring the heat to the deeper layer 

of the reservoir. 
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Figure 5.6 illustrates the comparison of simulated u-velocities calculated with wind friction coefficients 

of 0.001225 and 0.0024 at different depths. It is clear that the simulated u-velocity of the model with 

the wind friction coefficient of 0.001225 was much lower at each different depth than when a wind 

friction coefficient of 0.0024 was used, indicating that a wind friction coefficient of 0.001225 does not 

result in enough velocity for the surface flow to transfer heat to the deep layer; this also explains why 

the simulated water temperature was much lower than the temperature for the measured data.  

 

In summary, the sensitivity analysis of the wind friction coefficient shows that the coefficient plays a 

significant role when simulating the heat transfer through the process of warm surface flow moving into 

the deep layers near the shore. In the open waterbody, the calibration of the wind friction coefficient 

hardly took into account the influence of the shore. However, the flow simulation in this model indicated 

that the circulation that occurred in the epilimnion dramatically increased the bottom water temperature 

and weakened the stratification due to the combined influence of wind conditions and the narrow width 

of the research area. 

 

 

Figure 5.5. The horizontal component velocities of simulated flow (wind coefficient friction = 0.0024) 

in the surface layer (a) and 7 m deep layer (b) 
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Figure 5.6. The u-velocities of flow calculated using wind friction coefficients of 0.0024 and 

0.001225 in depths of 1 m, 7 m, 14 m and 20 m 

5.4 Conclusions 

A hydrodynamic model was developed for the Tarago Reservoir, Victoria, Australia, through a DHI 

MIKE 3 model, and sensitivity analysis of the wind fiction coefficient was presented in this paper. 

Through the comparison of simulated water temperatures calculated using different wind friction 

coefficients and measured water temperatures, the appropriate wind friction coefficient for the Tarago 

Reservoir was determined to be 0.0024, which is higher than coefficients used in a number of earlier 

research studies for similar waterbodies. The combined action of wind conditions and the topographic 

structure of waterbodies need to be taken into account when determining the wind friction coefficient 

for model calibration and the prediction of water temperature.  

 

The analysis of vertical water temperature profiles and horizontal flow in different layers revealed a 

process where the warm surface flow was accelerated by a strong wind blowing from the west and 

subsequently sank into deeper layers when reaching the shore; thus, the surface flow can transfer heat 

into the deeper layers through this wind-driven process, influencing the thermal stratification. The 

simulated results in the selected narrow area of the Tarago Reservoir also indicated that the wind 

coefficient is a critical factor affecting the velocities of surface flow, and this, in turn, affects the 

maximum depth that the warm surface flow can reach.  
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Numerical study of the thermal structure of a stratified temperate monomictic 

drinking water reservoir 

Abstract: 

Study region: Tarago Reservoir, Victoria, Australia 

Study focus: This study investigates the influence of rainfall, river inflow and wind on the temperature 

stratification of the Tarago Reservoir by incorporating atmospheric and bathymetric conditions using a 

three-dimensional hydrodynamic model. 

New hydrological insights for this region: 

In this study, a three-dimensional (3D) hydrodynamic model was developed and applied to the Tarago 

Reservoir. The model allowed 3D visualization of the thermal structure, and the seasonal and 

longitudinal differences in stratification could be quantified using the Schmidt stability index. The 

simulation results revealed longitudinal differences in thermal structure among the riverine, transition, 

and lacustrine zones. The bathymetry affects the lake stratification and stability; furthermore, the strong 

vertical current caused by the sharp bathymetry gradient significantly weakens the stability in deep 

zones. In addition, this study assessed the impacts of rainfall and wind on lake stability using sensitivity 

analysis. The results indicated that rainfall decreases the water temperature of the lake but hardly affects 

the summer stratification. Moreover, the wind not only influences the intensity and duration of 

stratification but also contributes to the heat storage of waterbodies. The patterns of water current 

velocities and temperature also showed that the circulation generated by overflow and underflow 

plumes have a crucial effect on the thermal structure of the transition and lacustrine zones. 

Keywords: Hydrodynamic modelling, stratification, Schmidt stability, Tarago Reservoir 

 

6.1. Introduction 

The reservoirs in Australia have a combined water capacity of more than 91,000 GL and are collection 

and storage systems for domestic, irrigation, and industrial use as well as for flood control. More than 

20 temperate reservoirs store approximately 2000 GL of water in Victoria and South Australia. These 

reservoirs develop a cycle of thermal stratification and mixing every year. In addition to external factors 

such as heat exchange and wind force, the changes in the thermal structure of these reservoirs are 

directly subject to internal influences such as lake morphometry (Han et al., 2000; Helfer et al., 2009). 
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Numerous researchers have investigated the thermal structure of lakes and reservoirs and suggested that 

physical, chemical, and biological processes in aquatic environments affect the stratification and mixing 

process (Helfer et al., 2011; Kirillin & Shatwell, 2016; Lawson & Anderson, 2007; Yu et al., 2014a). 

When stratification develops in a temperate monomictic reservoir (i.e., reservoirs that mix once a year), 

the vertical thermal dynamics of the reservoir present remarkable changes (Noori et al., 2019). Boehrer 

and Schultze (2008) and Imboden and Wüest (1995) revealed that the processes affecting heat transfer 

through the surface layer of reservoirs include short wave radiation from the sun, longwave radiation 

of the atmosphere and surface waters, sensible heat exchange, and heat flux caused by evaporation and 

precipitation. These processes exert a rather limited influence upon the deep layers, especially in 

hypereutrophic lakes where algae grow abundantly; furthermore, heat transport from the surface to 

deeper layers relies mainly on turbulence and wind-induced currents (Sundaram & Rehm, 1971). The 

different thermal dynamics between the surface layer and deep layers cause a considerable change in 

water temperature, and the differences in water density caused by these temperature differences produce 

positive buoyancy gradients. The stability of such gradients is affected by the combined action of wind-

induced stirring and convection from surface cooling when turnover occurs (Kirillin, 2010). 

 

As engineered structures, reservoirs possess morphological features that differ from those of natural 

lakes. In general, reservoirs are long and narrow; have a main inflow with many tributaries and an 

outflow at or near the dam wall, and can be divided into three distinct zones: riverine, transition, and 

lacustrine, reflecting the obvious longitudinal differences in morphological, hydrodynamic, and water-

quality properties (Ji, 2017). Water temperature differences between the inflow and reservoir water 

cause opposite movements of the inflow current. Referred to as ‘thermocline erosion’, this condition 

significantly influences the temperature distribution of the transition and lacustrine zones (Hebbert et 

al., 1979). Therefore, a comprehensive analysis of thermal structure requires a three-dimensional (3D) 

water-temperature distribution in reservoirs. Field measurements of water temperature can usually only 

be acquired at several observation points; however, these measurements are not sufficient to visualise 

and understand spatial and temporal variations in the thermal structure of entire reservoirs because of 

the frequent changes in the heat exchange and flow regime as well as the longitudinal difference in 

reservoirs’ morphological features. 

 

Over the past two decades, the application of numerical modelling in the study of lakes and reservoirs 

has experienced remarkable progress and played an extensive and unique role in revealing the inherent 

movements within waterbodies (Chao et al., 2010; Yu et al., 2014b; Zhang & Chan, 2003). Numerical 

modelling has widely been considered an appropriate tool for simulating the hydrodynamic 

characteristics of various waterbodies (Antonopoulos & Gianniou, 2003; Hostetler & Bartlein, 1990; 

Patterson & Imberger, 1989). Previous studies have adopted vertical one-dimensional (1D) 

hydrodynamic models to simulate the cycle of thermal stratification and mixing in lakes, and have 
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highlighted that atmospheric heat exchange, incoming solar radiation, and wind forcing play vital roles 

in the thermal structure of waterbodies (Bertone et al., 2015b; Mackay et al., 2009; Tuan et al., 2009). 

Given the limitations of 1D models, most of these studies have focused on vertical temporal variations 

of the thermal structure at one specific location of a reservoir; research focusing on the relationship 

between thermal behaviours and spatial variations is rare. For nearly 20 years, 3D numerical modelling 

has exhibited great potential as a method for investigating the spatial variation of the thermal structure 

in reservoirs (Lessin et al., 2014; Torriano et al., 2012). León et al. (2007) simulated surface fluxes, 

thermal structure, and hydrodynamic components in Great Slave Lake, Canada and conducted a series 

of sensitivity analyses based on meteorological inputs through a 3D hydrodynamic model. Li et al. 

(2018) successfully simulated the hydrodynamics and thermal dynamics of Poyang Lake, China through 

3D numerical models and revealed significant spatial variability of the thermal stability. A combined 

3D hydrodynamic model and watershed model was published by Dargahi and Setegn (2011). The model 

presented the characteristics of the summer stratification profile and dominant factors affecting thermal 

structures. The aforementioned research studies have provided strong evidence that 3D numerical 

models are effective and reliable tools for analysing the thermal structure of natural waters. However, 

to the authors’ knowledge, research focusing specifically on the influence of morphological differences 

on the thermal structure and hydrodynamic characteristics caused by the significant differences among 

riverine, transition, and lacustrine zones is limited. 

 

The Tarago Reservoir in Victoria, Australia, presents significant longitudinal differences in morphology 

and experiences a distinct seasonal variation in water temperature. As the main water supply for 

Westernport and the Mornington Peninsula in Victoria, Australia, the water quality of the Tarago 

Reservoir is critical to the health of local residents. However, the reservoir has experienced some water 

quality issues since its establishment in 1969, and Tarago Water Treatment Plant (TWTP) was 

constructed to deal with the deteriorating water quality of the reservoir in 2009 (Young, 2009). Without 

a comprehensive understanding of the variation in the reservoir’s thermal structure, it is difficult to 

predict the pollutant transport in it. Consequently, high-efficiency and low-cost water treatment cannot 

be guaranteed at all times. The challenges associated with treating seasonally deteriorated raw water 

may lead to complaints from consumers. Therefore, investigating the temporal and spatial variation in 

the thermal structure is vital for water resources management. 

 

The goals of this study were to investigate the thermal structure of the Tarago Reservoir; the influence 

of rainfall and wind on the thermal structures in the riverine, transition, and lacustrine zones; and the 

role of overflow and underflow during stratification. The present study developed and validated a 3D 

numerical model for the reservoir. The simulation results provided visualised hydrodynamic and 

thermodynamic processes of the reservoir. Based on the spatial pattern of the Schmidt stability index 

(SSI), the temporal and spatial differentiation of the thermal structure variation were revealed. 
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Furthermore, the roles of rainfall and wind were examined through comparisons of simulated results 

from the model with different scenarios. The pattern of water temperature and current velocities 

revealed the roles of overflow and underflow during stratification. 

 

6.2 Study Site and Materials 

6.2.1 Research domain 

The Tarago Reservoir (38°1′S 145°56′E, Figure 6.1.a) is approximately 85 km east of Melbourne in 

Victoria, Australia, and has a maximum capacity of 37,580 ML of freshwater. It was built in 1969 to 

supply drinking water to the Mornington Peninsula and Westernport (Figure 6.1.a), which in 2016 had 

a population of 165,000 (Australian Bureau of Statistics, 2016). The surface area of the reservoir is 

approximately 360 ha and its catchment area is 11,400 ha. The maximum depth of the reservoir is 

approximately 23 m near the dam wall. Upstream of the reservoir is the Tarago River and on average 

60 ML of water is transported into the Tarago Reservoir per day. The average annual evaporation and 

precipitation from 2012 and 2017 were 1,751 mm and 857 mm, respectively. The average air 

temperature for the reservoir is 13.73°C, and the lowest daily air temperature from 2012 to 2017 is 

2.75°C. With a mean volume of 22,548 ML and a mean annual inflow of 0.36 m3/s, the hydraulic 

retention time of the reservoir is 1.97 years. The morphological features of the Tarago Reservoir are in 

line with the three abovementioned zones, namely the riverine, transition, and lacustrine zones. The 

shape of the reservoir is narrow and long and its water depth gradually increases from the main inflow 

to outflow, reaching its maximum near the dam. 

 

The Tarago Reservoir experienced significant algal blooms in the early 1990s, and its outflows were 

removed from the urban water supply system because of poor water quality. The Melbourne area 

suffered persistent low rainfall, famously referred to as the ‘Millennium Drought’, where the water 

storage in the area dropped to 38.9% of the total capacity in December 2006 and 25.5% in June 2009. 

In 2009, the TWTP was built to purify the outflows from the reservoir, which allowed it to be 

reconnected to the water supply system. However, seasonal factors have led to some periods with high 

manganese, which has created challenges for plant operations. 
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Figure 6.1 (a) Geographical map of Tarago Reservoir (38°1′S 145°56′E) and its water-supply district; 

(b) Surface appearance of the Tarago Reservoir (A: Neerim south station; B: Tarago Reservoir 

station). (Data source: Geoscience Australia) 

6.2.2 Monitoring data 

Melbourne Water provided the bathymetry of the Tarago Reservoir. The discharge of the inflow and 

outflow and the meteorological conditions of the Reservoir, such as air temperature, wind speed, wind 

direction, relative humidity, clearness, and precipitation (Table 6.1), were observed at Neerim South 

Station and Tarago Reservoir Station (Figure 6.1.b), which are managed by the Australian Bureau of 

Meteorology (BoM). In addition, Melbourne Water provided rough records about the temperature of 

the water samples that were collected in the Tarago River, the inflow of the reservoir. In 2017, the 

Vertical Profiling System (VPS) structure was installed by Melbourne Water in the region near the dam 

wall (Figure 6.1.b)), and since then it has been collecting a series of parameters including water 

temperature and water level at a three-hour frequency and a one-meter vertical. The high-frequency 

vertical water temperature records were of crucial significance for the calibration and validation of the 

hydrodynamic model. All data collected in this study are available for the period from June 2017 to 

June 2018. 
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Table 6.1. Meteorological data and boundary conditions from June 2017 to June 2018 

Category Parameters Date source Frequency 

Meteorological 

conditions 

Air temperature (°C) Neerim South Station  Hourly 

Wind speed (m/s) Neerim South Station  Hourly 

Wind direction (°) Neerim South Station  Hourly 

Precipitation(mm) Neerim South Station  Daily 

Evaporation (mm) Neerim South Station  Daily 

 Relative humidity Australian BoM Monthly 

 Clearness Australian BoM Monthly 

Boundary 

conditions 

Inflow water 

temperature (°C) 

Melbourne Water sampling Monthly 

Inflow water 

discharge (m3/s) 

Neerim South Station  Daily 

Outflow water 

temperature (°C) 

Tarago Reservoir Station 3-hourly 

Outflow water 

discharge (m3/s) 

Tarago Reservoir Station Daily 

 

6.3 Methodology 

6.3.1 3D hydrodynamic model 

This study adopted the DHI MIKE 3 Flow Model to simulate the temporal and spatial behaviours of 

thermal structure through the simulation of flow dynamics and heat exchange in the Tarago Reservoir 

(DHI, 2017). The MIKE 3 Flow Model, a non-hydrostatic numerical-modelling system, has been 

successfully employed in various hydrodynamic studies in oceans, coasts, estuaries, and lakes 

(Kheirabadi et al., 2018; Ma et al., 2009; Sokolova et al., 2013; Vo & Gourbesville, 2016). The 

fundamental component of this flow model is its hydrodynamic module, which simulates unsteady 3D 

flows based on density variations, bathymetry, and external forces such as meteorology, currents, and 

other hydrographic conditions. The mathematical foundations of the model are as follows: the mass 

conservation equation; 3D Reynolds-averaged Navier–Stokes equations including the effect of 

turbulence and variable density; and a conservation equation for temperature and salinity. 

 

For the modelling study, an accurate description of a heat exchange was required. Heat exchange is 

calculated based on the sensible heat flux, latent heat flux (evaporative heat loss), net shortwave 

radiation, and net longwave radiation. The four physical processes were calculated using an embedded 

heat exchange module, and most parameters have been specified in MIKE3 (DHI, 2017). The intensity 

of solar radiation was described as a function that depends on the distance to the sun, declination angle 
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and latitude, extraterrestrial radiation, and the cloudiness and amount of water vapour in the atmosphere 

(Henderson-Sellers, 1986; Imberger & Hamblin, 1982; Tucker, 1982; Weisman & Brutsaert, 1973). 

The evaporative heat loss determined by Dalton’s law is given by Eq. 6-1. As the equation shows, the 

constants 𝑎1  and 𝑏1 , called Constant and Wind coefficient in Dalton’s law, respectively, must be 

specified. The evaporation rate can be calculated from the latent heat flux using the equation: 

 

 𝑞𝑣 =  𝐿𝐶𝑒(𝑎1 + 𝑏1𝑊2𝑚)(𝑄𝑤𝑎𝑡𝑒𝑟 − 𝑄𝑎𝑖𝑟) (6-1) 

 ∆𝜂𝑒 = −
𝑞𝑣

𝐿𝜌𝑤𝑎𝑡𝑒𝑟
 (6-2) 

 

where L is the latent heat of vaporisation, 2.5 ·106 J/kg; 𝐶𝑒 is the moisture coefficient, 1.32 · 10-3; 𝑊2𝑚 

is the wind speed 2 m above the sea surface; 𝑄𝑤𝑎𝑡𝑒𝑟 is the water vapour density close to the surface; 

𝑄𝑎𝑖𝑟 is the water vapour density in the atmosphere; and ∆𝜂𝑒 is the evaporation rate. 

 

6.3.1.1 Bathymetry and grid 

Melbourne Water provided details of the bathymetry of the study site (see Figure 6.2). This domain of 

the Tarago Reservoir was converted to a grid map with parameters (see Table 6.2). The relative altitude 

of the surrounding land in the grid map was defined as 10 m. The depth given by a grid point represents 

both the grid and the surrounding area, which weakens the topographical change of the bottom of the 

reservoir. The spacing of 0.5 m was adopted in the vertical direction to ensure a high resolution of 

simulated vertical temperature profiles. Figure 6.2 also shows the two open boundaries of the reservoir 

inflow in the north and the outflow in the south. 
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Figure 6.2. Bathymetry of the Tarago Reservoir 

Table 6.2. Setting parameters of the grid map 

Map projection UTM-55 

Geographical origin coordinated Longitude Latitude 

 145.908726 -38.020580 

X-axis Grid number: 68 Grid Space: 40 m 

Y-axis Grid number: 120 Grid Space: 40 m 

Z-axis Grid number: 46 Grid Space: 0.5 m 

 

6.3.1.2 Boundary conditions 

The boundary conditions included the water discharge and water temperature at the Neerim South 

Station and the Tarago Reservoir Station. The shoreline of Tarago Reservoir was defined as an 

impermeable and zero normal velocity boundary. Furthermore, the inflow water temperature was 

assumed to be constant in the vertical direction. However, as Table 6.1 demonstrates, the frequency 

(monthly) of the inflow water temperature is insufficient to represent the temperature variation. Thus, 
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this study used the correlation between air temperature and water temperature from August 2005 to 

September 2009 (Figure 6.3) to estimate the daily inflow water temperature. Moreover, this study 

adopted the linear regression model for one dependent variable (air temperature) to estimate the water 

temperature (Webb & Nobilis, 1997). The simple model is given by Eq. 6-3: 

 

 𝑇𝑤(𝑡) = 𝐴 + 𝐵𝑇𝑎(𝑡) + 휀(𝑡) (6-3) 

 

where 𝑇𝑤(𝑡) is the water temperature for a given day; 𝑇𝑎(𝑡) is the air temperature for the same day as 

water temperature; A and B are regression parameters; and 휀(𝑡) is an error term. 

 

The parameters A and B were determined through the curve fitting between local air temperature (Ta) 

and inflow water temperature (Tw). The R-squared of 0.8163 indicated that the estimation of the inflow 

water temperature on air temperature is feasible, and parameters A and B were 0.77 and 4.26, 

respectively. Figure 6.5 presents the discharge and water temperature of the inflow and outflow of the 

Tarago Reservoir during the study period. The historical discharge records indicated that neither inflow 

nor outflow discharges exhibited a seasonal change. 

 

Figure 6.3. Measured water and air temperatures from 2005 to 2009. 

 

Figure 6.4. Linear regression model for inflow water temperature. 
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Figure 6.5. Discharge and water temperature of the inflow and outflow from September 2017 to June 

2018. 

6.3.1.3 Model setup 

The model defined the density variation as the function of salinity and water-temperature variation and 

considered detailed meteorological conditions. Local air temperature, wind speed and direction, and 

precipitation were collected hourly at the Tarago Reservoir Station. The clearness coefficient is bright 

sunshine hours divided by the length of the day, where 100% specifies a clear sky and 0% specifies 

cloudy weather. The relative humidity is the amount of moisture in the air as a percentage of the amount 

of moisture the air can contain. Average monthly clearness was 66% from December 2016 to May 2017 

and 45% for the rest of the research period. The average monthly relative humidity was 75% for the 

entire research period. The initial water temperature was set at 10.75°C at the starting time of 00:00, 31 

August 2017 when the reservoir was in a well-mixed condition, which was effective for minimizing the 

vertical error in water temperature. The simulation period of this model was from 31 August 2017 to 1 

June 2018 to ensure that the simulation would experience entire stratification and mixing processes. 

Given the numerical stability restriction of this model, the simulated interval was specified as 20 

seconds. Notably, the model required four weeks to finish the modelling ‘warm-up’ because a ‘cold 

start’ was adopted, which initialised the velocity field to zero at the beginning of the simulated period. 

 

The heat-exchange coefficients (see Table 6.3) were calibrated using the measured water temperature. 

The turbulence module is a mixed k-ԑ/Smagorinsky model that includes various empirical constants 
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and diffusion parameters, which were obtained from prior reported experimental results (Horiuti, 1987). 

The Smagorinsky coefficient and eddy viscosity limits were specified in the turbulence model (Table 

6.3). In addition, a linear relationship was assumed between the dispersion of temperature and the eddy 

viscosity, which was defined by the dispersion factor and dispersion limits (Table 6.3). In addition, the 

wind friction factor is calculated in accordance with Smith and Banke (1975). 

Table 6.3. Parameters used in model setup 

Model component Model parameters Value Note 

Heat-exchange 

coefficients 

Constant in Dalton’s law, 𝑎1 1.2 Calibrated 

Wind coefficient in Dalton’s law, 𝑏1 0.5 Calibrated 

Sun constant, a in Ångstrøm’s law 0.229 Default 

Sun constant, b in Ångstrøm’s law 0.572 Default 

Beta in Beer’s law 0.3 Calibrated 

Light extinction coefficient 1.5 Calibrated 

Standard meridian for time zone 147  

Turbulence module 

coefficient 

Smagorinsky horizontal coefficient 0.28 Sokolova et al. (2013) 

Eddy viscosity limits in horizontal 1 Calibrated 

Eddy viscosity limits in vertical 0.001 Calibrated 

Dispersion 

coefficients 

Horizontal dispersion factor 1.0 Calibrated 

Vertical dispersion factor 0.2 Calibrated 

Dispersion limit in horizontal 0.02 Calibrated 

Dispersion limit in vertical 0.1 Calibrated 

Wind condition Wind friction coefficient linear variation  

Wind speed 0-12 m/s  

Wind friction coefficient 0.0016-0.0026 Calibrated 

Resistance Bed roughness 0.005 Default 

 

The data collected by the VPS provide three-hourly measurements for water temperatures from the 

surface (depth = 1 m) to a depth of 14 m with 1-m vertical spacing. The validation of the model was 

undertaken through a comparison between the measured and simulated water temperatures using the 

time series and vertical profiles. The mean absolute error (MAE) and root mean square error (RMSE) 

were used to detect the performance of the model. In addition, Pearson’s product-moment correlation 

coefficient (R) or R2, the coefficient of determination, is usually used to describe the correlation between 

simulated and observed data (Legates & McCabe Jr, 1999); the square of R ranges from 0 to 1, with 

values close to 1 indicating a better correlation. In addition, this study introduced the index of agreement 

developed by Willmott (Willmott, 1981) to provide comparisons of the simulated data (P) with the 

observed data (O). The advantage of the index of agreement is its ability to give the proper weight to 

the error and difference; however, the distinct disadvantage of this index is that it exaggerates the 

influence of the extreme values (Legates & McCabe Jr, 1999). Given that there were hardly any extreme 
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values in the simulated results, the index of agreement was more valuable than the square of R. The 

index of agreement is given by 

 

 
𝑑 = 1 −

∑ (𝑂𝑖 − 𝑃𝑖)2𝑁
𝑖=1

∑ (|𝑃𝑖 − 𝑂′̅̅ ̅| + |𝑂𝑖 − 𝑂′̅̅ ̅|)2𝑁
𝑖=1

 
(6-4) 

   

where P is the simulated data; O is the observed data; 𝑂′̅̅ ̅ is the weighted mean direction or vector of 

the elements contained in the observed data; N is the sum of elements contained in the observed data; 

and i is the number of the element. 

 

6.3.2 Stratification-stability analysis 

This research adopted the SSI to quantify the degree of mixing and stratification to enable a more 

detailed understanding of spatial and temporal variations in thermal structure (Read et al., 2011). 

Schmidt stability was defined by Schmidt (1928) to reflect the resistance to mechanical mixing caused 

by the potential energy of the water column during stratification. The SSI has been widely used to 

indicate the stability of the water column and describe the intensity of thermal stratification in 

waterbodies (Bertone et al., 2015b; Kirillin & Shatwell, 2016; Lawson & Anderson, 2007; Li et al., 

2018). The SSI was given by 

 

 
𝑆𝑇(𝑥, 𝑦) = 𝑔 ∫ (𝑧 −

𝑧𝐷

2
) (𝜌𝑧(𝑥, 𝑦, 𝑧) − 𝜌(𝑥, 𝑦̅̅ ̅̅ ̅̅ ̅̅ )𝜕𝑧

𝑧𝐷

0

 
(6-5) 

   

where 𝑔 is the gravity acceleration [m/s2]; 𝜌𝑧 is the density at depth z and �̅� is the mean density of the 

water column; 𝑧𝐷 is the maximum depth of the lake [m]; and 𝑧𝑣 is the depth to the centre of the water 

column, [m]. 

 

6.4 Results and Discussion 

6.4.1 Validation of simulated water level and temperature 

The outputs of the MIKE 3 Flow Model provided simulated water temperatures at a 0.5-m vertical 

interval every hour. The measured water level and water temperature from the VPS (see Figure 6.1) 

were used to validate the model. Two time series of simulated and observed water levels at the sample 

station indicated that the simulated results agreed with the variation and trend of the observed data 

(Figure 6.6). Figure 6.7 presents the time series of the observed and simulated water temperatures at the 

surface and middle layers. Table 6.4 presents the MAE, RMSE, coefficient of determination (R2), and 

the index of agreement in the comparisons between the observed and simulated water temperatures at 

the surface (depth = 1 m) and middle (depth = 8 m) layers. The mean absolute errors and RMSE for all 
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layers were low and less than 1.0 °C. The high coefficient of determination (R2) and index of agreement 

indicated the simulated temperatures agreed well with observations. 

 

 

Figure 6.6. Measured (dotted line) and modelled (solid line) water levels at the sample station. 

To validate the model’s capability to simulate the vertical distribution of water temperature, the vertical 

profiles of the simulated and measured water temperatures were compared at 12 moments, which 

included the diurnal and seasonal changes in water temperature. Figure 6.8 demonstrates that the 

simulated results closely matched the measured results, representing a high level of consistency between 

the simulated and measured data. The simulated results accurately reproduced not only the vertical 

distribution of water temperature but also the daily and seasonal variation of temperature gradients from 

strong stratification to the mixing condition. 

 

The simulated water temperature after mid-March was slightly lower than the observed value. Similarly, 

the model underestimated the water level when the reservoir was in a mixing condition. In Table 6.4, 

the RMSE, R2 and Index of agreement indicate that the model reproduced the overall trend of the surface 

water temperature well, but Figure 6.7 shows deficiencies in simulating the surface water temperature 

on short time scales. The constant coefficients used in the heat exchange module, such as the Constant 

and Wind coefficients in Dalton’s law, Beta in Beer’s law, and the light extinction coefficient, 

guaranteed efficient and reliable operation but reduced the accuracy of numerical simulations at short 

time scales. In addition, the monthly records of clearness and humidity were not sufficient. These 

drawbacks affected the performance of the model; however, in general, the validation results indicated 

high model accuracy. 
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Figure 6.7. Observed and simulated water temperatures at the surface and middle layers of the 

observation point from 11/12/2017 to 1/4/2018. 

Table 6.4. Index of the comparisons between the measured and simulated values 

 Depth 1 m Depth 4m Depth 8 m Depth 15 m 

MAE (°C) 0.558 0.446 0.447 0.444 

RMSE (°C) 0.689 0.595 0.535 0.614 

R2 0.963 0.920 0.970 0.949 

Index of agreement 0.986 0.943 0.987 0.966 
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Figure 6.8. Validation for vertical water-temperature profiles for seasonal periods representing 

stratification and mixing condition at the observation point 

6.4.2 Simulated thermal structure 

Although the water temperature measured by the VPS could not provide an overall understanding of 

the thermal structure of the Tarago Reservoir, it contributed to the calibration and validation of the 3D 

model. This study investigated the thermal structure of the reservoir through the simulation results of 

the water temperature of the entire reservoir. To reveal the spatial difference of thermal structure during 

the simulated period, three locations in the reservoir were chosen to represent the riverine, transition, 

and lacustrine zones (see Figure 6.9). The maximum depths of the three locations were 8 m, 12 m, and 
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22 m, respectively. The simulated vertical temperature distributions of these locations from September 

2017 to June 2018 are displayed in Figure 6.9, which shows a complete cycle of stratification and 

turnover occurring in the reservoir. Furthermore, the figure demonstrates that depth is a crucial factor 

causing the difference in the thermal structure. The boundary between the stratification and mixing 

condition in the riverine zone is blurry because the water temperatures on the bottom increased rapidly. 

The stratification lasted a relatively short time and was broken in early January 2018. In Figure 6.9.b, 

it is obvious that the deep layers of the transition zone continued warming from December 2017 to early 

February 2018, and the period when water temperatures were in a continuously increasing trend was 

longer and extended to early March 2018 in the lacustrine zone. Consequently, the duration of 

stratification increased with rising depth. In addition, the date of turnover caused by the drop in air 

temperature was identified in early April 2018. However, the water temperature of the entire water 

column became almost uniform between March and April, which suggested a significant reduction in 

the gradient of water density. Hence, the deterioration of water quality caused by the mixing process 

might have occurred before turnover. The time series of vertical water temperature distribution clearly 

reflected the temporal variation of the thermal structure in several locations in the reservoir, but it was 

impractical to analyse the spatial difference of thermal structure through the time series. Therefore, the 

SSI was introduced for this purpose. 

 

Figure 6.9. Simulated vertical temperature distributions in (a) the riverine zone (maximum depth = 8 

m); (b) the transition zone (maximum depth = 12 m); and (c) the lacustrine zone (maximum depth = 

22 m) of the Tarago Reservoir from September 2017 to June 2018. 
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6.4.3 Stratification stability 

Based on the calculation of the SSI in Eq. 6-5, exploration of the seasonal differences in thermal 

structure in the riverine, transition, and lacustrine zones became feasible. The spatial pattern of the 

monthly SSI in the Tarago Reservoir was calculated from the density, in turn, computed from the 

validated MIKE 3 Flow Model. The SSI patterns of the different seasons—September 2017 for spring, 

December 2017 for summer, March 2018 for autumn, and June 2018 for winter—are presented in Figure 

6.10. 

 

Several previous studies undertaken on reservoirs and lakes of substantially different sizes have 

indicated that an SSI value of 200 J/m2 is a sensible threshold for ensuring thermal stratification (Li et 

al., 2018; Magee & Wu, 2017; Read et al., 2011). In Figure 6.10.b, which presents the summer of 2018, 

the Schmidt stability in most regions with a depth more than 12 m exceeded 200 J/m2, and the index of 

the shallow area near shore and inlet varied from only 50 J/m2 to 150 J/m2. The SSI of regions A and C 

exceeded 350 J/m2, which represented the regions with the strongest stratification during summer. As 

Figure 6.10.a and Figure 6.10.d demonstrate, the SSI of the entire reservoir hardly exceeded 100 J/m2, 

and the index of any area other than region C (Figure 6.10.b) was rarely more than 50 J/m2. The SSI 

became very low during spring and winter even in the lacustrine zones, which indicated that the thermal 

structure of the Tarago Reservoir in spring and winter tends to be weak and susceptible to mixing. 
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Figure 6.10. Spatial pattern of monthly average Schmidt stability index values in the Tarago Reservoir 

in (a) September 2017; (b) December 2017; (c) March 2018; and (d) June 2018. 

Comparing Figure 6.10 and the bathymetry (Figure 6.2), the SSI gradually increased with the increasing 

water depth from the inlet to the outlet, reaching its peak at the deepest area near the dam (region C). 

Therefore, it is obvious that a gradually increasing depth along the flow direction is correlated to an 

increase in Schmidt stability. However, the SSI in region B (Figure 6.10.b), where an abrupt and narrow 

curve between region A and C is present, remained at a relatively low level compared with nearby 

values. A significant decrease in Schmidt stability indicated that the ‘sharp turn’ influenced the thermal 

structure of zone B. Here, the current dynamic is a key to interpreting the mechanism of the ‘sharp turn’ 

for the stratification. Four spots with similar depths (Figure 6.11.a) were chosen as targets to examine 

the change in current velocity and the vertical velocity component from spot A to D. The simulated 

results from the validated model provided the current velocities and velocity components in the vertical 

direction. This study calculated the mean of the absolute value of current velocity and the vertical 
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velocity (w-velocity) component in December 2017. Figure 6.11.b and Figure 6.11.c display the vertical 

profiles of these mean absolute velocities. The magnitude of current velocities of the four spots was 

similar, but the magnitude of the vertical velocity component in spot A was significantly greater than 

those in the other three, especially in the layers below a depth of 5 m. This difference demonstrates that 

the vertical movement of current is much more significant at the ‘sharp turn’ than it is in spots B, C, 

and D, and led to the reduction of the stability of thermal stratification during December 2017. 

 

 

Figure 6.11. (a) The coordinates of spots A, B, C, D, R1, R2, and R3; (b) the vertical profile of mean 

absolute current velocity of spots A, B, C, and D in December 2017; and (c) the vertical profile of the 

mean absolute vertical velocity component of spots A, B, C, and D in December 2017. 

To summarise, the stratification stability of the entire reservoir presents a significant seasonal change, 

and the depth of water mainly affects stratification stability during the same season. The longitudinal 

difference in stratification stability is particularly apparent during summer. In addition, the stratification 

stability in some deep zones can be significantly weakened by the ‘sharp turn’ because an active vertical 

current movement occurs there. 

 

6.4.4 Effects of rainfall and wind 

The total rainfall for the Tarago Reservoir was approximately 780 mm in 2018. The daily precipitation 

in the Tarago Reservoir indicated that heavy precipitation occurred at different times/seasons during 

the study period. To generate a simulation without the influence of rainfall, the rainfall condition was 

removed from the original 3D hydrodynamic model. Through comparing the new simulated results with 

the original ones, the role of rainfall on the thermal structure was revealed. 
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Figure 6.12 shows the vertical profiles of water temperature from two simulations in the three locations 

representing riverine, transition, and lacustrine zones (see Figure 6.9) during heavy rainfall at 3:00 pm 

on 3rd, 4th and 5th December. The simulated water temperatures from the surface to 5 m in depth 

simulated by the model eliminating rainfall (no-rainfall model) were noticeably higher than those 

simulated by the original model. The gaps between two vertical profiles were greater in the epilimnion 

than in the hypolimnion and approached zero at the bottom of the reservoir. Therefore, the role of 

rainfall is more significant in the riverine zone than in the transition and lacustrine zones, mainly due 

to a lower depth leading to a thermal change throughout the profile, unlike in the deeper lacustrine zone. 

The input of heavy rainfall reduced the water temperature, especially in the epilimnion, and in view of 

the comparisons shown in Figure 6.12, the rainfall had minimal impact on the stratification during days 

with the heaviest rainfall. 

 

To check the difference in stratification for the two models during the entire research period, the SSI 

was used to quantify the structure of stratification. The relative difference in SSI (DSSI), which is used 

to illustrate the proportion of the influence of rainfall on the stratification, was described as follows: 

 

 
𝐷𝑆𝑆𝐼 =

𝑆𝑆𝐼𝑂 − 𝑆𝑆𝐼𝑁𝑅

𝑆𝑆𝐼𝑂
 

(6-6) 

 

where 𝑆𝑆𝐼𝑂 is the SSI from original model results; 𝑆𝑆𝐼𝑁𝑅 is the SSI from no-rainfall model results. 

 

Three time series of the DSSI are presented in Figure 6.13, while the SSI from the original model was 

used to show the phase of stratification. The figure shows that the proportions of varying SSI due to 

rainfall were never more than 5% during summer stratification even in the riverine zone. When SSI 

dropped to a very low level in the mixing process, a slight change of SSI caused a significant DSSI and 

the relative difference became meaningless. Xuan et al. (2015) observed that heavy rainfall with more 

than 160 mm/day caused the bottom water temperature to increase by approximately 4.0°C and 

accelerated the mixing process. However, with the heaviest rainfall being less than 50 mm/day in the 

Tarago Reservoir, rainfall exhibited a minimal influence on the bottom water temperature. In view of 

the fact that the rainfall has never exceeded 50 mm/day in the Tarago Reservoir over the past decade, it 

can be concluded that the rainfall occurring there caused the water temperature to drop in the epilimnion 

but hardly influenced the thermal stratification. Future work is required to develop a rainfall-runoff 

model to ensure the inflow can also be adjusted according to the change in rainfall for different scenarios, 

thereby enabling the current results to be confirmed. 
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Figure 6.12. Simulated vertical profiles of water temperature from the original model and no-rainfall 

model in the riverine, transition, and lacustrine zones. 

 

Figure 6.13. Time series of the DSSI and SSIo in the riverine, transition, and lacustrine zones. 
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The wind force is a vital factor determining circulation and vertical mixing of the reservoir. A no-wind 

model provides a way to examine the thermal structure of the reservoir without wind, and thus assess 

how sensitive the model is (and the reservoir) to wind. Figure 6.14 displays comparisons between the 

vertical profiles of water temperature simulated by original and no-wind models. Without the influence 

of wind, the water temperature of deep layers did not change; instead, sharper temperature gradients 

occurred in the epilimnion. The simulated results indicated that the heat flux could not reach the deep 

layers without wind forcing, and furthermore, the vertical mixing produced by wind is the principal 

driving force contributing to the downward transport of heat. 

 

Figure 6.14. Simulated vertical profiles of water temperature from the original model and no-wind 

model in the riverine, transition, and lacustrine zones. 

To further study the role of wind, two further hypothetical scenarios were analysed based on the field 

wind conditions: a strong wind scenario, which used 1.5 times the field wind speed, and a weak wind 

scenario, which used 0.5 times the field wind speed. Original wind directions were not altered. Figure 

6.15 displays the vertical profiles of water temperature simulated for the three scenarios. In the original 

event, the main phase of the formation and reinforcement of summer stratification was from 3/11/2017 

to 3/01/2018, and the stratification was broken after 3/03/2018. Sharper temperature gradients occurring 

during the weak wind event indicated a more stable summer stratification and delayed destratification; 

by contrast, strong wind of 1.5 times the field wind speed caused stronger vertical mixing, which 

prevented the formation of a considerable stratification. 
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The wind conditions determined the rate of the downward transport of heat, and the rate was the key 

factor in the formation and destruction of the stratification. The difference in vertical temperature 

profiles among the riverine, transition, and lacustrine zones revealed that the thermal structure of the 

reservoir depends on both the maximum depth of the water column and wind conditions. The strong 

wind scenario suggested a very high rate of heat transport into deep layers. The shallow zones remained 

in mixing conditions during the mid-seasons, and only lacustrine zones a depth of approximately 20 m 

presented a mild stratification. The differences in thermal structure among the three zones were more 

distinct in the weak wind scenario, which also resulted in stronger stratification. For instance, the 

riverine zone with a depth of 7 m was in a mixing condition after 3/03/2018, but the transition and 

lacustrine zones were still in a steady stratification. 

 

Figure 6.15. Simulated vertical profiles of water temperature from the original, weak wind, and strong 

wind events in the riverine, transition, and lacustrine zones. 

For these three scenarios, the waterbody eventually reached full mixing conditions and presented similar 

vertical profiles of water temperature. Compared with the vital role of wind conditions during 

stratification, the influence of wind after turnover can be neglected. In addition, the differences in 

temperature vertical profile indicated that wind conditions determine the capacity of the reservoir to 

store heat. Although strong wind causes evaporation resulting in heat loss, a very large amount of heat 

is transported and stored in the deep layers of the reservoir with the help of strong wind. In conclusion, 

wind condition plays a fundamental role in changing the thermal structure of the Tarago Reservoir. 

Furthermore, the degree and duration of stratification are related to the intensity of the wind conditions. 

The capacity of the reservoir to store heat also depends on the wind conditions. In view of the dominant 
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role of wind in disturbing the summer stratification, strong wind conditions restrain the deterioration of 

hypolimnion water quality introduced by stable stratification but advance and strengthen the turnover. 

In addition, the annual total evaporation from the reservoir is strongly affected by the wind speed (1494 

mm with 0.5 times field wind speed, 2082 mm with field wind speed, and 2670 mm with 1.5 times field 

wind speed). Increased evaporation causes the reservoir volume to decrease more rapidly, which in turn 

affects the thermal stability of the water column. Therefore, the effect of wind on the thermal structure 

of the reservoir is vital for water management. 

 

6.4.5 Roles of cold and warm inflow plumes in stratification 

Inflow plumes play a vital role in the heat input of reservoirs, and the temperature of inflow plumes 

determines their movement to a great extent when inserted into reservoirs. Given the different densities 

caused by temperature variation, the dynamic of an inflow plume presents a significant differentiation 

when a heat or cold inflow plume enters the reservoir. Theoretically, warm currents with lower density 

affect the surface flow dynamics, but cold currents tend to move downwards because of their higher 

densities (Han et al., 2000). 

 

In the Tarago Reservoir, the hydraulic retention time is 1.97 years with a mean annual inflow of 0.36 

m3/s, and a flood event did not occur during the study period. The influences of the inflow boundary 

condition on the current dynamic and temperature of riverine zones were checked. Figure 6.16 compares 

water temperatures between inflow boundary conditions and the three locations in the riverine zone (R1, 

R2, and R3 in Figure 6.11). The water temperature at the three locations did not exhibit a similar trend 

or magnitude to that of the inflow water temperature, which revealed that the inflow conditions had a 

negligible effect on the riverine zone. Therefore, subsequent analyses should not concentrate on the 

inflow boundary condition itself. 
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Figure 6.16. Time series of water temperature of inflow and R1, R2, and R3 in the riverine zone from 

November 2017 to February 2018. 

To further discuss the role of inflow on the thermal structure of the lacustrine zone, the 3D 

hydrodynamic model with a constant inflow water temperature (11.69 °C), the average value during the 

research period) was deployed. Figure 6.17 presents a comparison of the original and new time series 

of water temperature at the point representing the lacustrine zone (see Figure 6.9). The differences 

between the two simulated results were never more than 0.8°C, which proved that the variation of inflow 

water temperature has a minimal effect on the thermal structure of the lacustrine zone. In view of the 

fact that the riverine zone occupies a quarter of the longitudinal length of the reservoir, the 

thermodynamic activities in the riverine zone are crucial to the thermal structure of the entire reservoir. 

Therefore, the definition of inflow in the analysis of intrusion flows was not limited to the boundary 

conditions but extended to the shallow area located in the riverine zones. The type of inflow depends 

on the water-temperature pattern of the riverine zones rather than on the inflow water temperature. Thus, 
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the intrusion flows were divided into overflow and underflow according to the comparison of water 

temperatures between the riverine zones and transition zone. 

 

Figure 6.17. Time series of simulated water temperature from the original model and constant inflow 

water temperature model in the lacustrine zones. 

Acquiring a comprehensive understanding of the roles of overflow and underflow plumes in the thermal 

structure in the Tarago Reservoir required a 3D simulation of the flow dynamics. To represent the 

aforementioned roles, the simulated flow conditions were represented using velocity vectors. The 

contour of the horizontal water-temperature distribution and velocity vector at various depths are 

presented in Figure 6.18 and Figure 6.19. To minimise the wind effect, the selected dates were 

18th December 2017 and 7th January 2018, which were both during the stratification period and had 

daily average wind speeds of 0.644 m/s and 0.723 m/s, respectively, in nonuniform directions.  

 

Figure 6.18 (a) presents a typical overflow plume, in which a high water-temperature inflow dominates 

the direction of surface currents and drives the upper currents uniformly to flow downstream. Moreover, 

the deeper-layer currents at depths of 4 m (b) and 8 m (c) presented an opposite flow direction to the 

surface currents. The current at 4 m was chaotic, but that at 8 m was highly consistent. In summary, a 

warm overflow plume generally replaced the water in the shallow layer and drove the original 

epilimnion water into the deeper layer during the stratification period in the Tarago Reservoir. Moreover, 

a circulation formed under the influence of the warm overflow plume, and a noticeable eddy occurred 

in the interlayer of the circulation. By contrast, as seen in Figure 6.19, the cold underflow plume inserted 

into the deep layer and created a reverse circulation, promoting warm water to float to the epilimnion 

and leading the high-temperature surface water in the downstream to backflow into the upstream. To 

demonstrate the entire structure of the circulation, Figure 6.20 displays the simulated current and 

temperature distributions at cross-sections X1–X2.  

 

The broader definition of inflow suggests that the differences in heat exchange between riverine zones 

and the deeper zone play a considerable role in the flow dynamics. The response of water temperature 
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in the riverine zone is faster than that in the deeper zones when reservoirs gain or lose the same amount 

of heat. The higher water temperature in the riverine regions (Figure 6.18.a) presented a heat input to 

the waterbody, and that in the lacustrine zone (Figure 6.19.a) indicated a heat loss to the waterbody. 

Figure 6.21 displays the variations in local air temperature during the study period. The overflow 

occurred when the daily air temperature maintained steady growth, and the underflow occurred when 

air temperatures took a significant and sudden drop. 

 

In conclusion, the different reactions to the heat input or output among riverine, transition, and 

lacustrine zones created the overflow or underflow without wind, and either the overflow or underflow 

created vertical circulations in the reservoir. The overflow enhanced the stability of stratification 

because the warmer water floated and relatively cold water moved to a deeper layer. However, the 

circulations created by underflow provided much heat to the middle and deep layers through the 

underflow and created partial mixing in the transition and lacustrine zones of the reservoir. Although 

previous studies have proven that wind is the main force driving circulations (Falconer et al., 1991; 

Gibbs et al., 2016; He et al., 2011), our findings indicated that overflow or underflow caused by the 

different responses between riverine and lacustrine zones to heat exchange also contributed to the 

circulation and had opposite effects on the thermal structure of the reservoir; however, wind maintained 

a dominant role with regards to circulation potential. 

 

 

 

Figure 6.18. Simulated warm overflow (m/s) and temperature (°C) distributions on 18th December 

2017 at (a) surface; (b) 4 m below surface; (c) 8 m below surface 
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Figure 6.19. Simulated cold underflow (m/s) and temperature (°C) distributions on 7th January 2018 at 

(a) surface; (b) 4 m below surface; (c) 8 m below surface 

 

Figure 6.20. Warm overflow event on 18th December 2017 (a) and cold underflow event on 7th 

January 2018 (b) at cross section X1-X2 (c). 
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Figure 6.21. Time series of air temperature near the overflow (18/12/2017) and underflow 

(07/01/2018) events 

6.5 Conclusions 

A 3D hydrodynamic model of the Tarago Reservoir was developed using the MIKE 3 Flow Model. 

Water level and temperature measured by the VPS were used to calibrate and validate the model, and 

the model achieved good accuracy. 

 

With the simulations of the 3D numerical model, the analysis of the thermal structure of the reservoir 

extended from a single observation point to the entire reservoir. The vertical water temperature patterns 

of riverine, transition and lacustrine zones showed the longitudinal difference in thermal structure. The 

introduction of the SSI helped to quantify the thermal structure of the entire research domain, revealing 

the effects of water depth, seasonal change, and special morphometric changes on stratification stability. 

The contribution of rainfall to the lake stratification was minimal; instead, the vital roles of wind 

condition in the formation and destruction of thermal stratification and also heat storage were revealed 

through adjusting wind conditions. The overflow and underflow related to the air temperature created 

inverse circulations that significantly influenced the stratification.  

 

The development and application of our 3D hydrodynamic model not only enhanced the understanding 

of the thermal structure of the Tarago Reservoir but also provides a feasible method for discovering the 

role of external factors in the thermal structure of waterbodies. Future work will focus on using the 

developed model to assess manganese transport in the Tarago Reservoir because manganese spikes are 

regularly recorded in the raw water of the TWTP during turnover events. 
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A simple manganese cycle model coupled with a three-dimensional 

hydrodynamic model for the management of a monomictic water supply reservoir 

Abstract: 

The growing high standard for manganese removal in drinking water is an urgent issue for water supply 

reservoirs. Manganese cycle in reservoirs is necessary and often has major implications for the 

management of water treatment. A manganese cycle model is developed and coupled with a three-

dimensional hydrodynamic model in this study for the simulation of the distribution of manganese in 

the Tarago Reservoir, and the model was successfully validated from September 2017 to August 2018. 

The mechanism of manganese cycle was analysed using the simulated three-dimensional model. The 

variations of the thermal structure of the reservoir affect the seasonal change of manganese levels and 

implicate the peak of manganese. It reveals the high level of the DO in the epilimnion promotes the 

oxidation of soluble Mn and the particulate Mn settles rapidly. The advection dominated by the wind 

driving current plays a vital role in rising or decreasing level of soluble manganese near the dam. The 

advanced numerical tool provides accurate manganese predictions in water supply reservoirs, which 

empowers water authorities for optimized water treatment strategies. 

Keywords：Hydrodynamic modelling; manganese cycle; Tarago Reservoir; three-dimensional model 

system, MIKE 3 

 

7.1 Introduction 

World Health Organisation guideline for manganese (Mn) in drinking water indicated over 0.4 mg/L 

manganese concentration is toxic and over 0.1 mg/L is dirty water (WHO, 2004). The Australian health-

based guideline value for Mn is 0.5 mg/L and Australian Drinking Water Guidelines recommend an 

aesthetic guideline of 0.1 mg/L (NHMRC, 2011). Through Mn concentrations in drinking water have 

usually been below the health-based value, trace amounts of Mn may lead to undesirable issues with 

taste, odour and colour in drinking water and over 0.02 mg/L Mn produces severe problems in piped 

water supply systems (Chiswell & Zaw, 1991). The Mn issues in drinking water are generally caused 

by the increasing Mn concentration in the water supply reservoir and the ineffectiveness of the treatment 

of Mn is largely attributed to drastic changes of the Mn level in the source of water (Bertone et al., 

2016a; Bertone et al., 2016b). Therefore, understanding the Mn cycle in the aquatic environment is the 

primary task to ensure effective treatment of Mn.  

 

The Mn cycle occurring in reservoirs as the source of drinking water is highly susceptible to the 

hydrodynamic process, and it is regulated by physical, chemical, and microbiological processes. 
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(Bertone et al., 2014b; Davison & Woof, 1984; Hem, 1963). A temperate monomictic reservoir 

experiences an annual cycle of stratification and mixing conditions. The stable stratification isolates 

oxygen exchange and light between the epilimnion and hypolimnion, which causes an anoxic 

hypolimnion (Bertone et al., 2015b; Elçi, 2008; Wang et al., 2019). Mn tends to remain in an insoluble 

reduction state in an anoxic aquatic environment (Gantzer et al., 2009). The concentration of dissolved 

oxygen (DO) also determines whether Mn2+ is diffused from the sediment at the bottom of the reservoir 

(Johnson et al., 1991). Then, a large amount of soluble Mn exists as Mn2+, which gathers in the 

hypolimnion during stratification (Oldham et al., 2017). The inlet of water collection is usually installed 

in the epilimnion of reservoirs, and the Mn level in the epilimnion is minimal during stratification 

without suffering extreme external effects. Hence, the water treatment plants (WTPs) do not require 

thoughtful arrangements of Mn removal during these periods. However, when destratification occurs, 

hypolimnetic water with a high level of soluble Mn is transported to the epilimnion. Since the 

oxidisation of soluble Mn in natural water with a pH of 6–8 is slow, high levels of soluble Mn persist 

in the epilimnion (Landing & Bruland, 1980), causing challenges for WTPs. 

 

Mn originates from the soil within the catchment areas of reservoirs, and divalent Mn (Mn2+) can be 

solubilised at the interface between sediment and water (Ljung & Vahter, 2007). The character of the 

water-sediment interface determines the diffusion of reduced Mn from the sediments, which is the 

primary source of Mn in lakes and reservoirs (Rodríguez-Martín et al., 2003). DO is not disturbed by 

the Mn cycle but influences whether the reduced Mn is diffused from the sediments. Advection and 

diffusion are governed by the hydrodynamics of aquatic systems and affect the transport capacity of 

Mn from the hypolimnion to the epilimnion. The biological and abiotic oxidation of reduced soluble 

Mn and the settling rate of Mn oxides together determine the loss of Mn in bodies of water. Therefore, 

the modelling of Mn transport in a dynamic system is feasible if hydrodynamic conditions and the 

chemical and biological reactions can be accurately simulated and integrated. 

 

To the author’s knowledge, only a few studies have modelled the variation and distribution of Mn in 

aquatic environments in the last half-century (Bertone et al., 2015a; Egeberg et al., 1988; Johnson et al., 

1991; Wang & Van Cappellen, 1996; Zaw & Chiswell, 1999). One of the few studies about lakes was 

a one-dimensional (1D) mathematical model of the Mn cycle conducted by Johnson et al. (1991). This 

model included Mn2+ flux from the sediment, Mn2+ oxidation, particulate Mn sediment, and turbulent 

mixing rates, which were calculated by the temperature method (Imboden et al., 1979). The results 

emphasised the roles of DO in the Mn cycle and the seasonal change of Mn2+ flux from the bottom 

sediments; the study indicated that it is feasible to represent the Mn transport of a lacustrine system 

with a time-dependent mathematical model. The study by Johnson et al. (1991) indicated the feasibility 

of representing the Mn cycle in a seasonally anoxic lake with a time-dependent model. However, some 

limitations were evident in the modelling study. The turbulent mixing rates under the assumption of 
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ignoring advective heat transport and geothermal heat flow can often be unrealistic, and the performance 

of the 1D vertical model on shallow areas would be unsatisfying. In addition, Zaw and Chiswell (1999) 

undertook a correlation study between many water quality parameters (temperature, true colour, 

turbidity, DO, pH, conductivity, and alkalinity) and the concentrations of the various forms of Mn in 

the Hinze Dam (Queensland, Australia) using regression analysis. Their statistical analysis indicates 

that no independent factor dominates the Mn variation and the relationship between Mn and the water 

quality parameters susceptible to the change of depth and season. More recently, Bertone et al. (2015a) 

developed a data-driven model to predict Mn concentrations in the Hinze Dam one week in advance. A 

long-term historical database collected by a vertical profiling system (VPS) provided an opportunity to 

apply nonlinear regression techniques and data-driven equations to model Mn in a sub-tropical 

monomictic reservoir. The model accurately simulated the probability of soluble Mn exceeding critical 

thresholds, which had a significant practical meaning for managing Mn removal. The prediction model 

was based on the correlations between the soluble Mn concentration in the epilimnion and the difference 

between the surface and the bottom water temperatures, but the correlations represent the influence of 

the thermal structure of reservoirs on the transport of Mn rather than the practical transport of Mn. The 

general limitation of the data-driven models is that their reliability depends on the quantity and quality 

of monitoring data. Like 1D vertical mathematical models, data-driven models are unable to simulate 

the spatial distribution of Mn.  

 

The previous modelling studies of the Mn cycle in reservoirs and lakes concentrated on the simulated 

temporal variation of Mn. For most water supply reservoirs characterised by significant morphological 

differences, the role of the spatial distribution of Mn is particularly important in the Mn cycle. The 

previous studies hardly discussed the effect of horizontal current movement on the Mn cycle with 

limitation of the 1D model. Therefore, either a 1D vertical model or data-driven model cannot accurately 

simulate the Mn cycle in most reservoirs. However, the modelling study of the Mn cycle in three 

dimensions (3D) so far is vacant. Coupling hydrodynamic and chemical model has been applied to a 

wide range of situations from groundwater to surface water (Garneau et al., 2017; Hipsey et al., 2014). 

This research aims to integrate a 3D hydrodynamic and a Mn cycle model as well as find out the 3D 

Mn cycle in the Tarago Reservoir, Australia. Moreover, the role of hydrodynamic processes including 

wind driving current and thermal stratification in the Mn cycle was investigated through the 3D model. 

 

7.2 Study site and Manganese issues 

7.2.1 Study site 

The Tarago Reservoir is located approximately 85 kilometres east of Melbourne, Victoria, Australia, 

and the maximum capacity of the reservoir is 37,580 megalitres. The dam was built in 1969 and enlarged 

in 1971. The surface area of the reservoir is approximately 360 hectares, and its catchment area is 11,400 
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ha. The maximum depth of the reservoir is about 22 m near the dam wall. Continuous water-quality 

monitoring and sample testing were conducted at the observation location near the dam (see Figure 7.1). 

Weekly Mn sample testing for water at the surface (depth of 0 m), middle (depth of 10 m), and bottom 

(depth of 20 m) layers were conducted since 2014. A network of remote water-quality monitoring 

instruments and VPS was deployed in the observation location in 2017. The VPS recorded the water 

temperature and DO with a 3-hour frequency and 1-m vertical resolution for the entire water column. 

The source and frequency of meteorological data, boundary conditions, Mn records and DO data have 

been summarised in Table 7.1. 

 

 

Figure 7.1. (a) Geographical map of the Tarago Reservoir (38°1′S 145°56′E) and its water-supply 

district (b) Surface appearance of the Tarago Reservoir (A: Neerim south station; B: Tarago Reservoir 

station). (Data source: Geoscience Australia) 

Table 7.1 Sources and features of the available data from June 2017 to June 2018 

Category Parameters Date source Frequency 

Meteorological 

conditions 

Air temperature (°C) Neerim South Station  Hourly 

Wind speed (m/s) Neerim South Station  Hourly 

Wind direction (°) Neerim South Station  Hourly 

Precipitation(mm) Neerim South Station  Daily 

Evaporation (mm) Neerim South Station  Daily 

Relative humidity Australian BoM Monthly 

Clearness Australian BoM Monthly 
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Boundary conditions 

Inflow water 

temperature (°C) 

Melbourne Water sampling Monthly 

Inflow water discharge 

(m3/s) 

Neerim South Station  Daily 

Outflow water 

temperature (°C) 

Tarago Reservoir Station 3-hourly 

Outflow water 

discharge (m3/s) 

Tarago Reservoir Station Daily 

 DO (mg/L) Tarago Reservoir Station 3-hourly 

Total Mn (mg/L) Melbourne Water sampling Weekly 

Soluble Mn (mg/L) Melbourne Water sampling Weekly 

 

The reservoir supplies drinking water to Westernport and the Mornington Peninsula, which includes 

approximately 165,000 residents, via the Tarago-Westernport Pipeline. The distance of this water 

distribution is more than 80 km, which compels the Tarago Water Treatment Plant (TWTP) to maintain 

a strict criterion for Mn removal to avoid the corrosion of the pipeline and subsequent water pollution 

(Griffin, 1960). The treated water must meet the water quality requirements of the Bulk Water Service 

Agreements (BWSAs), which require that 100% of the treated water contain less than 0.05 mg/L total 

Mn and that 95% of the treated water contain less than 0.02 mg/L total Mn (Young, 2009). Through the 

statistical analysis of all water sampling tests of the Mn level in treated water, the percentages of the 

testing sample with more than 0.01 mg/L, 0.02 mg/L, and 0.05 mg/L Mn and the sample sizes are 

summarised in Table 7.2. The table indicates that only 2018–2019 satisfied the requirement of Mn 

removal. 

 

Table 7.2. Percentages of the sampling test with more than 0.01 mg/L, 0.02 mg/L and 0.05 mg/L Mn 

 >0.01 mg/L >0.02 mg/L >0.05 mg/L Sample size 

2014/07-2015/07 44.0% 28.0% 0.0% 75 

2015/07-2016/07 60.0% 36.0% 12% 102 

2016/07-2017/07 26.7% 10.7% 0.0% 51 

2017/07-2018/07 9.3% 4.0% 1.3% 44 

2018/07-2019/07 8.0% 2.7% 0.0% 49 

 

7.2.2 Data pre-processing and analysis 

Melbourne Water has recorded soluble and total Mn levels in three layers, namely surface, middle 

(depth of 10 m), and bottom (depth of 20 m), of the Tarago Reservoir through roughly weekly sampling 
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tests since 10 years ago. The total Mn concentration was considered as the sum of the soluble and 

particulate Mn concentrations.  

 

Figure 7.2 presents the variation of the soluble and particulate Mn in the surface, middle, and bottom 

layers of the Tarago Reservoir from July 2014 to October 2018. The figure displaying Mn in bottom 

layer adopted different limits of the y-axis because the concentrations of Mn in the bottom layer 

significantly exceed those in the surface layer. There was a seasonal fluctuation of both particulate and 

soluble Mn, varying with time; both concentrations rose dramatically from December and reached their 

peaks around March, sharply decreasing to a minor level before May. During the rest of the year, the 

Mn concentrations were constantly low. The variations of soluble and total Mn in the surface and middle 

layers were almost uniform, and the Mn concentrations of the bottom layer were approximately five 

times larger than in the surface and middle layers. The soluble and particulate Mn concentrations in the 

whole water column increased to a considerably high level between January and mid-March without 

any exceptions. In addition, the Mn peaks of the bottom layers significantly varied in different years, 

and the peaks of soluble and particulate Mn during 2016 were visibly greater than other years. Although 

the Mn of the bottom layer increased to a high level during the summer of 2016, the Mn in the middle 

and surface layers did not exhibit such an increase compared to other years. There was no clear linear 

correlation between Mn concentrations in the bottom and upper layers. 

 

Figure 7.2. Soluble and particulate Mn concentrations in the surface, middle, and bottom layers at the 

VPS location in the Tarago Reservoir, 2014–2018 
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In addition to the variation of Mn, the DO concentration at the sediment-water interface plays a 

prominent role in the Mn cycle (Rodríguez-Martín et al., 2003). The variations in the DO at the bottom 

of the observation location (displayed in Figure 7.1) and the measured soluble Mn concentration were 

interpolated and are displayed in Figure 7.3. The impact of the DO on the soluble Mn in the bottom of 

the water column is evident. The soluble Mn revealed a trend of dramatic increase when the DO level 

decreased to less than 5.0 mg/L. The peak of the soluble Mn in the bottom occurred before the DO 

reached 5.0 mg/L, and then it sharply decreased after the DO recovered to higher than 5.0 mg/L. As a 

result, 5.0 mg/L can be regarded as a threshold value of DO that controls the release of soluble Mn from 

the sediment. Johnson et al. (1991) adopted the threshold value of 1.6 mg/L to determine the diffusion 

of soluble Mn from the bottom sediment in their modelling study, and Oldham et al. (2017) indicated 

that the concentration of soluble Mn2+ rapidly increased when the DO became less than 1.28 mg/L. The 

threshold value of the DO used in this model is significantly greater than the values in the other two 

studies. One reason is that the bottom layer of the field measurement is not the interface between the 

water and sediment, and the DO concentration continued decreasing from the bottom layer to the 

interface. Another reason is the individual differences in the study domains, for which the differences 

in pH and ORP (Oxidation-Reduction Potential) altered the influence of the DO on the soluble Mn 

diffusion.  

 

 

Figure 7.3. Time series of the DO concentration and soluble Mn concentration at the bottom layer of 

the VPS point in the Tarago Reservoir from Sep 2017 to Aug 2018 

7.3 Methods  

7.3.1 Development of the Manganese cycle model  

The model of the Mn cycle is based on the study by Johnson et al. (1991), in which they constructed a 

mathematical model of the Mn cycle in a seasonally anoxic lake. Under a series of interactions of 

physical, chemical, and microbiological characters, a highly dynamic and sensitive system of the Mn 

profile was formed. They enumerated the key processes including Mn oxide reduction, Mn2+ oxidation, 

particulate Mn settling, MnCO3 precipitation, and Mn2+ sorption on colloidal particles, which 

participate in the Mn cycle. The influence of the latter three processes was determined to be negligible 
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or unpredictable in accordance with the relevant research by Müller and Sigg (1990), Weilenmann, 

O'Melia, and Stumm (1989), and Emerson (1980). Johnson et al. (1991) simplified the cycle of Mn as 

the oxidation and reduction reactions between soluble and particulate states and the transport under the 

effect of hydrodynamic conditions. The development of the 3D Mn cycle model integrated the Mn cycle 

mathematical model published by Johnson et al. (1991) and the 3D hydrodynamic model built by Zhang 

et al. (2020a). The development of the 3D model required an advection-dispersion module that 

calculates the flow dynamics caused by horizontal and vertical density gradients. QUICKEST, 

introduced by Leonard (1979), is an explicit finite difference scheme for unsteady flow, which has been 

widely used in 3D transport modelling. Under the 3D QUICK-SHARP scheme and the hypothesis that 

the fluid is incompressible and the flow field meets the continuity equation (Vested et al., 1992), the 

following equation applies  

 

 𝜕𝑐

𝜕𝑡
+ 𝑢

𝜕𝑐

𝜕𝑥
+ 𝑣

𝜕𝑐

𝜕𝑦
+ 𝑤

𝜕𝑐

𝜕𝑧
= 𝐾𝑥

𝜕2𝑐

𝜕𝑥2
+ 𝐾𝑦

𝜕2𝑐

𝜕𝑦2
+𝐾𝑧

𝜕2𝑐

𝜕𝑧2
+ 𝑆 

(7-1) 

where: 

𝑐 is a concentration; 𝑢, 𝑣, 𝑤 are velocity components; 𝐾𝑥 , 𝐾𝑦, 𝐾𝑧 are dispersion coefficients in three-

direction; 𝑆 is source and sink term; 𝑡 is time; 𝑥, 𝑦, 𝑧 are coordinates. 

 

The chemical conversion process and advection-diffusion processes between soluble Mn and particulate 

Mn were integrated with the Eq. 7-1. The cycle of soluble Mn and particulate Mn are displayed in Eq. 

7-2 and 7-3, respectively. Eq. 7-4, 7-5 and 7-6 present the soluble Mn flux from sediments, outflow rate 

of Mn from the waterbody and oxidation rate of soluble Mn to particulate Mn.  

 

 𝜕𝑐1

𝜕𝑡
= 𝐾𝑥

𝜕2𝑐1

𝜕𝑥2
+ 𝐾𝑦

𝜕2𝑐1

𝜕𝑦2
+𝐾𝑧

𝜕2𝑐1

𝜕𝑧2
− 𝑢

𝜕𝑐1

𝜕𝑥
− 𝑣

𝜕𝑐1

𝜕𝑦
− 𝑤

𝜕𝑐1

𝜕𝑧

+ 𝐹∗ − 𝑞∗𝑐1 − 𝑘𝑜𝑥
∗𝑐1 

(7-2) 

 𝜕𝑐2

𝜕𝑡
= 𝐾𝑥

𝜕2𝑐2

𝜕𝑥2
+ 𝐾𝑦

𝜕2𝑐2

𝜕𝑦2
+𝐾𝑧

𝜕2𝑐2

𝜕𝑧2
− 𝑢

𝜕𝑐2

𝜕𝑥
− 𝑣

𝜕𝑐2

𝜕𝑦
− 𝑤

𝜕𝑐2

𝜕𝑧

+ 𝑘𝑜𝑥
∗𝑐1 − 𝑞∗𝑐2 − 𝑣𝑠

𝜕𝑘𝑐𝑜c2

𝜕𝑧
 

(7-3) 

 
𝐹∗ = {

𝐹      [𝑂2] ≤ [𝑂2]𝑓 𝑎𝑛𝑑  𝑧 = 0 

0     [𝑂2] > [𝑂2]𝑓 
 

(7-4) 

 𝑞∗ = {
𝑞  𝑜𝑢𝑡𝑓𝑙𝑜𝑤 𝑏𝑜𝑢𝑑𝑎𝑟𝑦 
0 𝑜𝑡ℎ𝑒𝑟 𝑧𝑜𝑛𝑒                

 
(7-5) 

 
𝑘𝑜𝑥

∗ = {
𝑘𝑜𝑥     [𝑂2] ≥ [𝑂2]𝑜𝑥

0        [𝑂2] < [𝑂2]𝑜𝑥
 

 

(7-6) 
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where 𝑐1 is the concentration of soluble Mn2+, [mg/L]; 𝑐2 is the concentration of particulate Mn oxides, 

[mg/L]; 𝐾𝑥, 𝐾𝑦, and 𝐾𝑧  are the eddy diffusion coefficients in x, y, and z directions, [cm2s-1]; 𝑧 is the 

depth of lakes, [m]; 𝑞∗ is the hydraulic rate, [d-1]; [𝑂2] is the concentration of DO, [mg/L]; 𝑣𝑠 is the 

settling velocity of coagulated Mn oxides, [m/s]; [𝑂2]𝑓 is the threshold oxygen concentration for Mn2+ 

flux from sediment, [mg/L]; 𝑘𝑜𝑥
∗
 is the oxidation rate of Mn2+ to Mn oxide, [d-1]; [𝑂2]𝑜𝑥 is the threshold 

oxygen concentration for the oxidation of Mn2+, [mg/L]; 𝑘𝑐𝑜 is the coagulation rate of particulate Mn 

oxide, [d-1]; 𝐹∗ is the flux of Mn2+ from sediment, [mg·m-2d-1]. 

 

The development of the 3D Mn transport model cannot avoid assumptions, which may cause some 

deviation from the measured results. First, the dynamic variables of this model followed the assumption 

by Johnson et al. (1991) that soluble Mn is made of divalent Mn ions, while particulate Mn consists of 

trivalent and tetravalent Mn oxides. Second, the reduction and diffusion processes of Mn oxides 

attaching to the bottom sediments were assumed to be the only source of Mn in the reservoir system, 

and the outflow of the dam was defined as the only sink of Mn. The equations ignored the variation in 

Mn mass due to inflow discharge, precipitation, and evaporation in the simulated system. In addition, 

the oxidation of soluble Mn is a complex process that includes both abiotic and microbial reactions 

under the influence of catalysis. To enable the simplified calculations, a constant 𝑘𝑜𝑥 was assumed to 

represent the rate at which soluble Mn was oxidised into particulate Mn oxides. 

 

The coagulation and settling of particulate Mn oxides are the end of the Mn cycle. Johnson et al. (1991) 

assumed that the rates of coagulation and particle settling are uniform and can be represented by a 

constant because the settling process was regarded as transient. Neretin et al. (2003) estimated the 

settling velocity of the particulate Mn following three assumptions: the particles were approximated as 

spheres; the density of birnessite (3.0 g/cm-3), as the assumption of the density of Mn particles, was 

used in the calculation; and the spherical diameter of settling Mn particles was 4 μm. The result of their 

calculation indicated that the settling velocity is 0.98 m/day. The settling period in the epilimnion of 

the lacustrine zones deeper than 20 m is generally more than two weeks. Therefore, the settling process 

of the aggregates of particulate Mn is vital for the simulation of Mn cycle. The introduction of the 

settling process positively affects the 3D Mn transport model. 

 

Eq.7-4 and Eq.7-6 indicate that the variation and distribution of DO concentrations in the Tarago 

Reservoir are vital factors in the simulation of Mn transport. The field data of DO was defined as a 

static variable that controls the quantity of Mn flux from sediments and the oxidation rate of reduced 

Mn. A mathematical formulation for the oxygen balance is given by Eq. 7-7 (DHI, 2017): 

 ∂c𝐷𝑂

∂t
= 𝑣𝑅𝑒𝑎 − 𝑣𝐵𝑂𝐷𝑑

+ 𝑣𝑃ℎ − 𝑣𝑅𝑒𝑠 − 𝑣𝑆𝑂𝐷 , (7-7) 
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where c𝐷𝑂 is the concentration of DO, [mg/L]; 𝑣𝑅𝑒𝑎  is the rate of producing oxygen by reaeration, 

[mg/L/day]; 𝑣𝐵𝑂𝐷𝑑
 is the rate of decay of biological oxygen demand (BOD), [mg/L/day]; 𝑣𝑃ℎ is the rate 

of producing oxygen by photosynthesis, [mg/L/day]; 𝑣𝑅𝑒𝑠 is the rate of respiration oxygen demand, 

[mg/L/day]; and 𝑣𝑆𝑂𝐷 is the rate of sediment oxygen demand, [mg/L/day]. 

 

The boundary conditions of Mn flux from inflow were ignored in this study due to the absence of 

relevant data, while Mn flux diffusing from sediments was considered the major source. The content of 

Mn in the sediment, the form of Mn, the transformation of various forms of Mn and physical and 

chemical conditions of the interface between water and sediment are keys to determine the Mn flux, but 

the determination of sediment Mn flux was a challenge due to the absence of a steady and long-term 

measurements of above conditions. The literature about the flux of Mn across the sediment-water 

interface has revealed that the general range of the flux is from 3.85 to 244.75 mg/m2/day (Pakhomova 

et al., 2007; Trefry & Presley, 1982; Warnken et al., 2001). The investigation by  Johnson et al. (1991) 

indicated that the sediment Mn flux of a seasonally anoxic lake is between 11 and 55 mg/m2/day. The 

measured soluble Mn in the bottom layer was used to calculate the rate of soluble Mn flux from 

sediments, and the relationships are given by   

 𝑞𝑠𝑀𝑛 =
𝜕𝑐𝑠𝑀𝑛

𝐴𝑔𝑟𝑖𝑑𝜕𝑡
 , (7-8) 

where 𝑞𝑠𝑀𝑛  is the rate of soluble Mn flux from sediments, [mg/L/m2]; 𝑐𝑠𝑀𝑛  is the field measured 

soluble Mn concentration, [mg/L]; and 𝐴𝑔𝑟𝑖𝑑 is the area of the grid, [m2]. 

 

7.3.2 Statistical analysis 

The error analysis of the measured and simulated data relies on the mean absolute error (MAE), root 

mean square error (RMSE). In addition, the sample linear regression analysis between the observed and 

simulated values provides coefficients of determination (R2) to examine the performance of the 3D Mn 

cycle model. The index of agreement (IA) given differences between modelled and observed value 

appropriate weighting performs better than R2 in overcoming the inflation of errors due to their squared 

values (Willmott, 1984). The IA also was used to evaluate the performance of the model.  Both values 

of R2 and IA vary from 0 to 1 with higher values indicating a better performance of the model. 

  

7.4 Model validation 

7.4.1 Calibration 

The development of the 3D Mn transport model relies on the hydrodynamic model that was calibrated 

and validated by Zhang et al. (2020a). The MIKE 3 flow model developed by the Danish Hydraulic 

Institute (DHI) was used in the simulation of the hydrodynamic and thermal structure in the Tarago 

Reservoir and exhibited good performance. ECO Lab as a module in the MIKE 3 flow model is a generic 
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and open tool for aquatic ecosystem models to combine the hydrodynamic model and several variables 

such as bacteria, oxygen depletion, and excess concentration of nutrients. The MIKE 3 ECO Lab can 

solve the system of differential equations describing the physical, chemical, and biological interactions 

involved in Mn (DHI, 2017). In this study, the ECO Lab module was inserted into the MIKE 3 flow 

model to create the 3D simulation of DO and Mn in the study area. 

 

The setup of the MIKE 3 flow model for Mn transport simulation was based on the filed data measured 

from 31st August 2017 to 31st August 2018. The simulation period includes a complete Mn cycle. Some 

conditions must be assumed based on the literature review due to the absence of the data. The boundary 

conditions of BOD, DO, soluble Mn, and particulate Mn were imposed at the inlet and outlet of the 

reservoir. The initial conditions of BOD, DO, sMn (soluble Mn), and pMn (particulate Mn) of the entire 

reservoir were set according to the measured data at the observation point. Due to the absence of the 

measurement of BOD, the empirical value (1 mg/L) of the BOD of eutrophic lakes was adopted as the 

boundary condition and initial condition of BOD (Stefan & Fang, 1994). Since there is no relevant 

measurement at the inlet, the average measured DO concentration at the surface water, 9.14 mg/L, was 

used as the boundary condition of the inlet. The analysis of historical Mn records in Section 5.1 

indicated that both particulate and soluble Mn maintained a low, uniform level before the DO level at 

the bottom layer decreased to less than 5.0 mg/L. This situation indicated that the release of soluble Mn 

from sediments plays a dominant role, and the impact of the Mn flux of inflow is limited during the Mn 

peak. Without the Mn source from sediments, the measured particulate and soluble Mn in the epilimnion 

were consistently below 0.02 mg/L and 0.003 mg/L, respectively, which were assumed as the inflow 

boundary conditions of Mn concentration. In addition, the optimised values for the relevant parameters 

of the Mn model were calibrated through the field measurement of DO and Mn, and all the parameters 

are summarised in Table 7.3. 

Table 7.3. Optimized values for the 3D transport Mn model parameters 

Parameter  Range Reference Optimized 

values 

Threshold oxygen concentration for 

Mn2+ flux from sediment, [𝑂2]𝑓 

0.96-4.5mg/l, 4.0mg/l Johnson et al. (1991); 

Johnson et al. (1992) 

5.0mg/l 

Threshold oxygen concentration for 

the oxidation of Mn2+, [𝑂2]𝑜𝑥 

0.96mg/l, 0.32mg/l Johnson et al. (1991); 

Shaw et al. (1990) 

0.96mg/l 

Oxidation rate of Mn2+ to Mn oxides, 

𝑘𝑜𝑥 

0.1 d-1, 0.15-0.62 d-1 Johnson et al. (1991); 

Emerson (1980) 

0.1 d-1 

Coagulation rate of particulate Mn 

oxide, 𝑘𝑐𝑜 

0.35 d-1 Johnson et al. (1991) 0.35 d-1 
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Settling velocity of particulate Mn 

oxide, 𝑣𝑠 

0.98 d-1 Neretin et al. (2003) 0.98 d-1 

Degradation constant for organic 

matter at 20°C, K3 

0.02-3.4 d-1 Brown and Barnwell 

(1987) 

0.5 d-1 

Arrhenius temperature coefficient, 𝜃3 1.07 Brown and Barnwell 

(1987) 

1.07 

Temperature coefficient for 

photosynthetic respiration and 

production, 𝜃1 

1.08 Brown and Barnwell 

(1987) 

1.08 

Light extinction coefficient, k 1.5 Zhang et al. (2020a) 1.5 

 

7.4.2 Performance of the 3D Mn transport model 

 

Table 7.4 displays the results of the error analysis and regression analysis of the simulated DO, soluble 

Mn, and particulate Mn at the surface, middle, and bottom layers. The seasonal change of the DO 

exhibits the characteristics of monomictic lakes, with the hypolimnion experiencing annual DO 

depletion during stratification (Helfer et al., 2011; Townsend, 1999). Figure 7.4 presents the measured 

and simulated DO concentrations at the surface, middle, and bottom layers of the observation location, 

from September 2017 to June 2018. The model accurately simulated the moment when the DO 

concentration decreased to less than 5.0 mg/l, the threshold value for soluble Mn diffusion. The 

measured record indicated that the bottom layer DO experienced an abnormal fluctuation around March 

2018, but the trend of simulated results exhibits a smooth increase. Nevertheless, such a specific error 

in the DO simulation has a limited effect on the Mn modelling outputs because most concentrations 

during this period were below the threshold, and the simulation is accurate when the bottom layer DO 

has increased to more than 5.0 mg/l. The figure and statistical analysis highlight that the simulation 

matches the trend and dynamics of the measured data, while the simulated results present a stronger 

fluctuation and are slightly higher than the measured data. Although the simulation of DO is not perfect, 

the simulated results are satisfied in controlling the release of Mn from the sediment in the model.  

 

Table 7.4. Error analysis and regression analysis of the measured and simulated DO, soluble Mn 

(sMn), and particulate Mn (pMn) from September 2017 to September 2018 

Date MAE (mg/l) RMSE (mg/l) RRE  R2 IA 

DO_surface 0.423  0.510 6.17% 0.905 0.953 

DO_middle 0.565 0.713 9.25% 0.939 0.957 
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DO_bottom 0.620 0.759 17.00% 0.958 0.985 

 MAE (°C) RMSE(°C) RRE R2 IA 

sMn_surface 0.0099 0.0153 25.50% 0.9051 0.9424 

sMn_middle 0.0075 0.0110 18.30% 0.9521 0.9730 

sMn_bottom 0.0963 0.1485 24.75% 0.8437 0.9291 

pMn_surface 0.0111 0.0159 22.65% 0.8910 0.9420 

pMn_middle 0.0128 0.0180 38.30% 0.8545 0.9171 

pMn_bottom 0.0439 0.0542 21.68% 0.9199 0.9507 

 

 

Figure 7.4. Time series of the measured and simulated DO concentrations at the surface, middle, and 

bottom layers 

Figure 7.5 and Figure 7.6 present the simulated and measured soluble and particulate Mn at the 

observation location from September 2017 to September 2018, and  

Table 7.4 displays the error analysis and regression analysis. The statistical results indicate that the 

magnitudes of the simulated and measured Mn are close and that the variation of Mn in the entire water 

column was accurately simulated. The sediments of the Tarago Reservoir started to release soluble Mn 

in early December, with the Mn levels in the water column exhibiting considerable increases. Both 

soluble and particulate Mn reached their peaks in the first week of March. After the peak, the Mn in the 
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column smoothly decreased due to sedimentation and the sink of outflow. The soluble and particulate 

Mn decreased to 0.02 mg/L on 5th April 2018 and 23rd May 2018. Some fluctuations occurring in the 

simulated results of Mn cannot be validated due to the absence of high-frequency field measurements. 

Although the simulated results did not perfectly match the measured data, the graphical comparisons 

indicate that the model reproduced the variation trend of both soluble and particulate Mn and that the 

statistical analysis of the performance validates these claims.  

 

Figure 7.5. Time series of measured and simulated soluble Mn at the surface, middle, and bottom 

layers 
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Figure 7.6. Time series of measured and simulated particulate Mn at the surface, middle, and bottom 

layers 

7.5 Results and discussion 

7.5.1 The three-dimensional distribution of soluble manganese 

The development and validation of the 3D Mn transport model provide a feasible way of visualising 

the distribution and variation of Mn in the Tarago Reservoir. The principal factors determining the 

distribution of Mn are hydrodynamic transport and chemical or biological reactions. Based on the 

assumption that the unique source of soluble Mn is the soluble Mn flux diffusing from the sediment, 

which varies with time but is invariant with space and has a constant reaction rate, there are some 

limitations of the simulation of 3D Mn transport. Considering these assumptions, the rate of Mn 

diffusing into the water column in the shallow zones would be the same as that in the deep zones, which 

was not confirmed. In addition, because pMn is easily removed by routine treatment, the level of soluble 

Mn is the key factor affecting the quality of treated water. Therefore, the following analyses concentrate 

on the distribution of the sMn. 

 

The epilimnion of the lacustrine zone (EOL zone) near the dam serves as a water supply for the WTP. 

The period with the potential risk of an Mn issue (i.e., when sMn > 0.02 mg/L) was from 24th January 

2018 to 24th March 2018. Figure 7.7 depicts the complete process of the accumulation, upward 

transportation and descent of sMn. The four slice-plots represent the sMn levels at the surface layer and 

at depths of 5.5 m, 11 m and 16.5 m from 24th January 2018 to 24th March 2018. Noticeable sMn 

diffusion from the bottom sediment occurred on 24th January 2018, and the sMn in the bottom of the 

transition or lacustrine zones rose to above 0.1 mg/L (Figure 7.7 [a]). However, the sMn between the 
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surface and the depth of 5.5 m remained negligible (less than 0.02 mg/L), proving that the upward 

transport of sMn was limited during this period. From 24th January 2018 to 27th February 2018, the 

upward transport of sMn was greatly enhanced, and the sMn level at the epilimnion layer reached its 

peak of 2018 (approximately 0.1 mg/L). For the lacustrine zone, the sMn at the surface layer was more 

than at the 5.5 m and 11 m layers during the sMn peak, which is different from the vertical sMn 

distribution after 24th January 2018. The cross-section of the sMn at the y-axis: 4 (depicted in Figure 

7.7 [a]) is displayed in Figure 7.8, which indicates that the sMn level reducing from the bottom to the 

surface layer is a common vertical distribution when the sMn is transported into the upper layers. 

However, the common vertical distribution of sMn changed on 27th February 2018, and the unexpected 

distributions indicated that the transport of the sMn at this time was not dominated by upward vertical 

transport. Then, as shown in Figure 7.7 (d), the sMn concentration of the entire reservoir gradually 

decreased to a low-risk level over the subsequent 4 weeks.  

 

Figure 7.7. The 3D distribution of soluble Mn on 24th January, 27th January, 17th March, and 24th 

March 2018 (z-layer 44: 0 m depth, z-layer 33: 5.5 m depth, z-layer 22: 11 m depth, and z-layer 11: 

16.5 m depth) 

 



143 | P a g e  

 

 

Figure 7.8. The vertical distribution of soluble Mn at the cross-section of the y-axis: 4 (see Figure 

7.7.a) on 24th January, 3rd February, 16th February, and 27th February 2018 

7.5.2 The role of hydrodynamic processes in manganese cycle 

The hydrodynamic processes are the driving force in the Mn cycle. An understanding of water velocities 

and circulation patterns is necessary for the studies of the movement of Mn.  

 

7.5.2.1 Wind-driven current  

As one of the most important atmospheric forces, the wind is a main source of energy in reservoirs. The 

role of the wind is to exert a drag on the surface current and transport floating pollutants. If the wind 

fetch and wind duration are sufficient, wind stress will dominate the movement of surface currents and 

influence the circulation pattern (Ji, 2017; Juntunen et al., 2019; Wu et al., 2018). This study 

investigated the movement of the surface current under the influence of the wind blowing from the 

south and to northeast, respectively, on 25th and 27th February 2018. The 25th to 27th February is a period 

when Mn is at its annual peak, and these two days have opposite flows and wind directions. The research 

at the Mn peak is significant because this period is the most challenging for the treatment of Mn in the 

TWTP. 

 

Figure 7.9 and Figure 7.10 detail the simulated surface current velocity and sMn concentration at the 

surface of the reservoir, and the wind rose plot in the 12 hours. The Tarago Reservoir has a maximum 

fetch when the wind blows from north to south because of its morphology, and both figures indicate 

that the wind plays a dominant role in driving the north-south movement of the surface current. Under 

the influence of a strong south wind, the surface current flowed from the dam to the inflow river 
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(upstream). The sMn presents a decreasing trend from the inflow boundary to the dam. When northeast 

was the dominant wind direction on 27th February, the movements of the surface current and Mn 

distribution were in the opposite direction (i.e., downstream). As mentioned, the sMn flux diffusing 

from the sediment was assumed to vary with time but be invariant with space. The sMn concentration 

at the surface of the shallow area was greater than at the surface of the deep area; therefore, the upstream 

surface current from the lacustrine zone brought the water with a low Mn level to the surface of the 

transition zone, which caused the Mn distribution pattern depicted in Figure 7.9 and the opposite in 

Figure 7.10.  

 

 

Figure 7.9. Simulated current velocity and soluble Mn pattern on 25th February 2018 (south wind) 
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Figure 7.10. Simulated current velocity and soluble Mn pattern on 27th February 2018 (northeast 

wind) 

The significant movement of the surface current impacted the circulation, which affects the Mn 

transport in the reservoir. Meanwhile, the thermal structure of the water column affects the vertical 

magnitude of circulation. Due to the importance of the EOL zone in water management, the analysis of 

the influence of wind stress on Mn transport focused on the EOL zone, and the Mn peaks that occurred 

on 25th and 27th February 2018 were chosen as the research periods. Figure 7.11 and Figure 7.12 present 

the current velocity and sMn distribution of the cross-section X1-X2 (see Figure 7.9 and Figure 7.10). 
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Figure 7.11. Simulated current velocity and soluble Mn pattern at the cross-section X1-X2 on 25th 

February 2018 

 

Figure 7.12. The simulated current velocity and soluble Mn pattern at the cross-section X1-X2 on 27th 

February 2018 
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While the surface current presents a uniform flow direction from the dam wall to the transition zone in 

Figure 7.11, the current from the bottom of the lacustrine zone flowed to the EOL zone near the dam 

and significantly increased its Mn level. Meanwhile, a discernible circulation occurred in the 

hypolimnion of the lacustrine zone. The circulation enhanced transport from the bottom water with a 

high level of sMn to the EOL zone, which produced potential Mn issues in the water treatment.  As 

Figure 7.12 depicts, a large surface current uniformly flowed from the transition zone to dam wall driven 

by the wind on 27th February 2018 and was blocked by the dam. Circulation occurred in the water near 

the dam and created a downward current that significantly restricted the upward transport of sMn. In 

this case, the Mn levels in the EOL zone are more susceptible with the surface water from the transition 

zone rather than the bottom of the lacustrine zone. The bottom current with a high level of Mn flows to 

the side of the lacustrine zone away from the dam. Because the water in the EOL zone was replaced by 

the surface layer of transition and the upward transport of Mn was suppressed, the Mn level of the EOL 

zone remained relatively low.  

 

Overall, the influences of the surface current driven by north and south wind are opposite for the Mn 

transport in the EOL zone: wind from the longitudinal direction causes a proportionally higher Mn 

concentration in the surface, the surface current flowing to the dam diluted the concentration of Mn, 

and the reverse surface current greatly increased the Mn level of the water near the dam wall. Because 

the TWTP collects raw water from the EOL zone near the dam, the current dynamic under the influence 

of the predominant south wind significantly elevated the Mn risks in the treated drinking water. 

Otherwise, the surface current flow with a low level of sMn moves to the dam wall, which decreases 

the sMn level of the raw water transported to the TWTP. The 1D vertical transport model is insufficient 

to reproduce the potential risk of the Mn issue due to such horizontal transport of Mn. Therefore, the 

3D movement of the current driven by wind in the lacustrine zone plays an important role in the 

reservoir with a significant longitudinal morphological difference.  

 

7.5.2.2 Thermal structure  

As a temperate monomictic reservoir, the Tarago Reservoir presented seasonal changes in the thermal 

structure. A clear thermal stratification was observed in the reservoir during the summer (from 

December to February) of 2018. The thermal stratification occurring in the reservoir caused a depletion 

of the DO in the hypolimnion and the subsequent release of soluble Mn from the sediment; however, 

the turnover event can effectively replenish the DO in the bottom layers and contain the sMn release 

(Antonopoulos & Gianniou, 2003; Gantzer et al., 2009; Townsend, 1999). The formation of a 

thermocline during stratification can reduce the vertical mixing and turbulence and restrict Mn transport 

from the hypolimnion to the epilimnion. The turnover replenishes the DO for the hypolimnion, while it 

also boosts the upward transportation of Mn (Boehrer & Schultze, 2008; Elçi, 2008; Kirillin & Shatwell, 

2016).  



148 | P a g e  

 

Figure 7.13 presents the lacustrine zones with different sMn distributions when the reservoir was in 

variable thermal structures. The sMn diffusion was limited on 7th January 2018 when significant 

thermal gradients occurred in Figure 7.13 (a) and (c). The summer stratification ensured that the sMn 

concentration above 6 m was less than 0.02 mg/L. The vertical distribution of sMn changed dramatically 

in the lacustrine zone after the stratification ended. As Figure 7.13(d) depicts, the body of water tended 

towards a uniform water temperature on 3rd March 2018. Although the sMn from the surface layer to 

15 m presented a relatively high level and mixing condition, the majority of the sMn resided in the 

bottom layers, and the amount of sMn diffusing into the epilimnion remained minor. In the next 4 weeks, 

the replenishment of the DO due to the mixing process cut the sMn source, and the overall sMn 

decreased to a minimal level. From the point of view of the thermal structure, the rising of sMn in the 

EOL zone was contained by significant stratification and promoted during the weakening of the 

stratification and the beginning of the mixing process. In terms of the Tarago Reservoir, the levels of 

the sMn of the epilimnion were kept below 0.02 mg/L by summer stratification, which addresses this 

concern of excess soluble Mn input of the WTP. The development of destratification is the discernible 

signal for the WTP to raise the alert level for high levels of Mn in raw water. In addition, although the 

destratification significantly improved the rate of the sMn’s upward transport, Figure 7.13 (b) and (d) 

indicate that the vertical distribution of Mn existed as a visible gradient when the thermal structure was 

in a mixing condition. There are two major causes of the visible gradient: the high level of the DO in 

the epilimnion promotes the oxidation of sMn and the oxidised particulate Mn settles rapidly. Therefore, 

to remove the risk of Mn, shortening the period of the Mn peak caused by destratification can be 

achieved by replenishing the DO in the water column and increasing the size of particulate Mn. 

 

Figure 7.13. The simulated soluble Mn pattern (a and b) and water temperature (c and d) pattern at 

cross-section X1-X2 on 7th January and 3rd March 2018 

7.6 Conclusions  

A combined 3D hydrodynamic model and Mn cycle model was successfully applied to the Tarago 

Reservoir. The Mn cycle model coupled with a 3D hydrodynamics model has the capability of 
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simulating the hydrodynamic components and the distribution of Mn in a temperate monomictic 

reservoir. The research demonstrates the process of 3D model construction based on the 1D Mn cycle 

model developed by Johnson et al. (1991). The validation indicates that the model accurately reproduces 

the Mn distribution in the lacustrine zone of the reservoir. There is room to improve the constants and 

assumptions used in the development of the model, but the research achieves the simulation of 3D Mn 

cycle for the first time and fills a gap in the modelling study of 3D Mn cycle in lacustrine systems. 

Using the simulated results of the model, the temporal and spatial variations of Mn from September 

2017 to September 2018 are revealed. The horizontal transport of Mn significantly affects the Mn 

distribution in the lacustrine zone that supplies the raw water for the water treatment plant, which 

present the necessity of adopting 3D model when the research domain is an artificial reservoir.  

 

In addition, the 3D simulated Mn distribution enables the analysis of the impact of wind-driven current 

and thermal structure on the Mn cycle. The relationship of Mn cycle with wind or thermal structure 

provide vital information for the management of the water treatment. The wind-driven current toward 

the dam reduces the Mn level near the dam wall and reverse currents greatly increased the Mn level. 

Summer stratification ensures that minimal soluble Mn is transported into the WTP, and destratification 

significantly raise the levels of Mn in raw water. Future work will focus on integrating the 3D Mn cycle 

model and Mn treatments in water treatment plants to analyse the potential Mn-related water quality 

risks based on the meteorological conditions and WTP operations conditions. Moreover, the integrated 

model will also allow the operators to run a number of scenarios aiming at minimising the risks of Mn 

in the treated drinking water. 
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Integrated modelling of manganese cycle and decision support management in a 

conventional potable water treatment plant 

Abstract: 

A dependable simulation of the manganese dynamics in water supply system is essential to making 

timely and effective strategies of manganese treatment. A data-driven model simulating manganese 

levels in the treated water was developed through a threshold-based approach using raw water 

manganese levels. A decision support system based on the developed data-driven model was established 

to allow operators to react to situations that could result in elevated levels of manganese in the treated 

water. The successful first time integration between the data-driven model and a three-dimensional 

manganese cycle model was addressed in this paper. The integrated model facilitated the simulation of 

manganese transport from a monomictic reservoir to a drinking water treatment plant. In addition, 

scenario analyses were used to examine the manganese variations in the reservoir, raw water and treated 

water due to the adjustable precipitations and wind conditions and to allow the adoption of strategies 

for manganese management from the reservoir to water supply. 

 

Keywords: Decision support system, manganese, Tarago Reservoir, integrated model 

 

8.1 Introduction  

Manganese (Mn) issues in water supply systems have been of concern to water authorities for more 

than half a century. Primarily, Mn concerns are aesthetic in nature, but health concerns have also been 

raised (Casale et al., 2002; Cesar & Sipos, 1985; Gerke et al., 2016; Griffin, 1960; Iyare, 2019). The 

World Health Organization guidance level for Mn in drinking water is 0.5mg/L, which is far above the 

level causing aesthetic issues (WHO, 2004). The colour and taste of tap water can change considerably 

when the Mn levels are greater than 0.05 mg/L, due to the build-up of oxidised Mn species onto the 

pipe walls which can subsequently become dislodged with changes in water flow, even at this more 

widely adopted aesthetic guideline (EPA, 2009). In distribution systems sensitive to elevated Mn levels, 

a treated water level of less than 0.02mg/L Mn is typically adopted (Gerke et al., 2016; Islam et al., 

2010). 

 

Four oxidation states of Mn can be found in either natural water systems or in water treatment processes: 

Mn[II], Mn[III], Mn[IV] and Mn[VII]. Mn[II] is considered to be the common form of soluble Mn in 

natural water and the two oxyhydroxides of Mn (MnOOH and MnO2) are found in the Mn cycle in 

aquatic systems (Faust & Aly, 1998; Hem, 1963; Johnson & Chiswell, 1996). Soluble Mn[II] can be 

derived from reducing conditions developing in soils and bedrock such as occurs in the bottom 

sediments of a lake’s hypominetic zone. Having migrated into natural surface waters oxidation of 
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soluble Mn back to the insoluble and readily filterable Mn[IV] dioxide (MnO2) may take considerable 

time. If Mn[II] cannot be oxidised and removed in the water treatment process, it may  slowly oxidised 

to insoluble Mn[IV] in the distribution system and attach to pipe walls as a brown/black sticky film.  If  

dislodged, under changed hydraulic conditions, the sticky film causes black-brown coloured water 

particularly when mixed with insoluble iron oxides (Raveendran et al., 2001). Inadequate Mn[II] 

removal is largely attributed to an elevation in the Mn level of the water source creating partial oxidation 

states that may not be treatable using conventional means. The understanding of the Mn cycle in a water 

reservoir is the foundation for effective Mn treatment (Bertone et al., 2016b).  

 

Routine water treatment processes, such as coagulation, flocculation and filtration are usually sufficient 

to manage Mn concentrations to required levels as the Mn source in raw water during much of the year 

is very low, frequently below the detection levels of the commonly used atomic absorption 

spectroscopic method. However, in certain monomictic reservoirs, Mn levels rise during natural 

destratification in winter, when the Mn-rich hypolimnetic water blends with the Mn deficient 

epilimnetic water (Bertone et al., 2016b). As raw water is usually sourced from the epilimnetic layers 

of the reservoir, additional Mn removal processes within the WTP will need to be initiated. The removal 

of Mn typically involves the oxidation of soluble Mn[II] to insoluble Mn[IV] and the subsequent 

removal of the solid oxide form via filtration. The oxidation of soluble Mn in a drinking water treatment 

plant is practical only through the addition of an oxidising agent and the elevation of pH. (Hamilton et 

al., 2013). The oxidation of Mn to the insoluble oxide is reversible, subject to redox state, and therefore 

it is imperative that a very positive ORP environment is maintained throughout the treatment plant until 

the solid oxidised form of Mn is completely removed from the treatment stream. Special care is required 

if solids handling process streams are recycled to the WTP inlet as these can be a significant source of 

soluble Mn if not managed correctly. 

 

Traditionally, Mn levels in water reservoirs are monitored by routine sampling and analysis programs, 

which are expensive and time-consuming. However, more recently, researchers have developed 

hydrodynamic or data-driven models to predict the variation of Mn in lakes or reservoirs (Bertone et 

al., 2015a; Egeberg et al., 1988; Johnson et al., 1991; Wang & Van Cappellen, 1996; Zaw & Chiswell, 

1999). The management of Mn in WTPs varies between different authorities; therefore, the ability to 

create a site-specific model that integrates a hydrodynamic, predictive model for Mn in the water 

reservoir as well as for the processes within the WTP into a Decision Support System (DSS) would be 

of considerable value to water treatment plant operators. The application of most environmental DSSs 

is to assist decision-makers in analysing different potential options based on available information and 

process capability (McIntosh et al., 2011). DSS tools have been successfully adopted in the 

investigation of the characteristics of contaminations in aquatic environmental systems.  
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The Tarago Water Treatment Plant (TWTP) in Victoria, Australia, has experienced increased soluble 

Mn concentrations in raw water due to the rising levels of Mn in the water sourced from the Tarago 

Reservoir, consequently it elevates Mn concentrations in the treated water. A three-dimensional (3D) 

hydrodynamic model and Mn cycle model of the Tarago Reservoir were developed and validated 

(Zhang et al., 2020b). The purpose of this research work was to develop a DSS for Mn treatment in the 

TWTP and integrate it with the Mn cycle model, to better inform operations and hence better manage 

the Mn risk in the Tarago water supply system.  

8.2 Methodology  

8.2.1 Research domain 

The Tarago Reservoir (38°1′S 145°56′E; Figure 8.1[a]), located on the Tarago River near Neerim 

South, is approximately 85 kilometres east of Melbourne, Victoria, Australia, and stores 37,580 ML of 

fresh water. The dam was built in 1969 and enlarged in 1971. It supplies drinking water to Westernport 

and the Mornington Peninsula (Figure 8.1 [b]) via the Tarago-Westernport Pipeline. 

 

Figure 8.1 (a) Geographical map of the Tarago Reservoir, Tarago WTP and its water-supply district; 

(b) the surface appearance of the Tarago Reservoir  (A: Neerim south station; B: Tarago Reservoir 

station). (Data source: Geoscience Australia) 

The Tarago Reservoir experienced several algal blooms in the early 1990s and the reservoir was 

removed from the Melbourne water supply system due to poor water quality and the availability of more 

reliable water sources. However, the Melbourne water supply catchment areas suffered low inflows 

over the following decade, a period which is now referred to as the 'Millennium Drought'. Melbourne 
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water storage dropped to 38.9% in December 2006 and 25.5% in June 2009. In addition to issuing water 

restrictions (Target 155 programme: 155 litres per person per day for residents in metropolitan 

Melbourne), Melbourne Water built the TWTP and recovered the connection between the Tarago 

Reservoir and the Melbourne water-supply network in June 2009. The TWTP was constructed in Drouin 

West, 9 km south-west of the reservoir on the route of the existing Tarago-Westernport Pipeline. The 

key technologies, in addition to convention processes, adopted by the TWTP are dissolved air flotation 

and filtration (DAFF) and ultraviolet disinfection. Figure 8.2 indicates the sequence of treatment 

processes of the TWTP.  

 

Figure 8.2. The schematic diagram of the treatment processes in the Tarago Water Treatment Plant 

The TWTP has the capacity to produce up to 70 million litres of drinking water per day and up to 21,000 

million litres of drinking water per year with a sufficient supply of raw water. The treated water needs 

to meet the water-quality requirements of the Bulk Water Service Agreements (BWSAs) between 

Melbourne Water and the water retail entities which require that 100% of the treated water must contain 

under 0.05 mg/L of total Mn and 95% of the treated water < 0.02 mg/L of total Mn.  

 

Figure 8.3 is a schematic of the process streams involving the transportation of Mn within the TWTP, 

showing that both raw water and the solids handling supernatant return are sources of Mn. When the 

soluble Mn level rises, it is treated using KMnO4 in a weakly alkaline environment. Insoluble Mn 

particulates and other suspensions formed after coagulation and flocculation are removed through the 

DAFF process. The DAFF system involves the floatation of aggregated flocs, forming an aerobic 

floating sludge layer, which is periodically removed via the overflow. The clarified water is then filtered, 

treated with an alkali and disinfected prior to storage. Filtered water is used to backwash the filter, 

producing the wash water stream. DAFF float and wash water discharge by gravity to the wash-water 

tank, where submersible mixers keep the resulting solids suspended. This mixed suspension of float and 

wash water is pumped from the wash-water tank to the gravity-thickener for concentration before 

dewatering through a centrifuge. The treatment of the wash water involves two recycling systems: the 
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supernatant return and centrate return. Supernatant from the thickener flows via gravity to the 

supernatant holding tank while the centrate from the centrifuge is pumped to the supernatant holding 

tank.  The resulting blend is then returned to the plant inlet at a rate of up to 12% of the plant inflow. 

The overall output of Mn from the WTP is therefore via the filtered water and the disposal of sludge.  

Another sink for Mn, particularly during day-to-day operations, is the sludge thickener where 

substantial amounts of Mn can be stored or carried over to the next day’s operations. 

 

Figure 8.3. Schematic of process streams involving the transportation of manganese in the Tarago 

Water Treatment Plant 

8.2.2 Data collection  

Table 8.1 shows the source, frequency and period of available data from the TWTP. The WTP data was 

classified by the water treatment processes. The supervisory control and data acquisition (SCADA) 

system installed in the TWTP provided continuous records about the flow rate and turbidity in each 

process. Sample tests for total and soluble Mn in different treatment processes were generally conducted 

fortnightly. If the BWSA limit of the treated water Mn was exceeded, laboratory monitoring was 

increased to a minimum of twice weekly. 

Table 8.1. Sources and features of the TWTP data 

Process Data name Source Frequency Period 

Raw water 

Flow rate 

SCADA system 

Hourly  7/2017-2019 

pH Hourly 7/2017-2019 

Turbidity  Hourly 7/2017-6/2019 

Coagulant dose Hourly 7/2017-6/2019 

Soluble Mn 
Sample test 

Fortnightly 4/2009-7/2019 

Total Mn Fortnightly 4/2009-7/2019 

Filtered water 

pH 

SCADA system 

Hourly  7/2017-2019 

Flow rate Hourly  7/2017-2019 

Turbidity Hourly 7/2017-4/2019 

Soluble Mn 
Sample test 

Fortnightly 4/2009-7/2019 

Total Mn Fortnightly 4/2009-7/2019 

Flow rate SCADA system Hourly  7/2017-2019 
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Treated water 

pH Hourly 7/2017-2019 

Soluble Mn 
Sample test  

Fortnightly 7/2009-7/2019 

Total Mn Fortnightly 7/2009-7/2019 

Supernatant return 

Flow rate 

SCADA system 

Hourly 7/2017-7/2019 

pH Hourly 7/2017-7/2019 

Turbidity  Hourly 7/2017-7/2019 

Total Mn 
Sample test 

Fortnightly 10/2016-7/2019 

Soluble Mn Fortnightly 10/2016-7/2019 

Washwater tank 
Water level 

SCADA system 
Hourly 7/2017-7/2019 

Turbidity  Hourly 7/2017-7/2019 

Sludge thickener tank 
Turbidity  

SCADA system 
Hourly 7/2017-7/2019 

Sludge thickness Hourly 7/2017-7/2019 

*Australian Bureau of Meteorology (BOM) 

* Supervisory Control and Data Acquisition (SCADA) 

 

Although TWTP provided only low-frequency Mn records, two high-frequency field measurement 

episodes were performed from 09/04/2018 to 13/04/2018 and from 17/03/2019 to 29/03/2019. The 

historical data indicated that the Mn in the treated water (and therefore in the supply system) remained 

at high levels during March and April. The high-frequency data gathering episodes aimed to collect 

detailed data of water quality and Mn concentrations in different process streams. An EXO2 Sonde, a 

multi-parameter instrument with replaceable sensors, was utilised in the measurement of the water-

quality data of the water samples including pH, dissolved oxygen (DO), turbidity and conductivity. The 

water samples from the raw water, filtered water, treated water, the supernatant return tank and sludge 

thickening tank (marked in Figure 8.2) were collected twice per day. The first group of water samples 

was taken between 8:00 am and 8:30 am and the second group was collected between 2:00 pm and 2:30 

pm.  

 

8.2.3 Data analysis 

The data gathered by manual sampling (i.e., total and soluble Mn concentrations) and SCADA data 

were assessed and pre-processed, with outliers removed if applicable. Once the outliers were removed, 

the time-series data of Mn concentrations in different water treatment processes were plotted together 

with certain water-quality parameter (e.g. pH, DO, turbidity, conductivity and coagulant dose). The 

time-series plots visualise the trends and seasonal variations of Mn and various parameters. Since Mn 

sampling was always at 10 am, the other water-quality parameters at this time were selected to maintain 

consistency. Next, the linear or nonlinear relationship between Mn and the other parameters was 

initially assessed visually through scatter plots. Evident correlations between Mn concentrations and 

water-quality parameters were then numerically investigated using regression analysis. 
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In addition to the correlations between various measured data, two parameters (eMn and eTurb) indicating 

the effectiveness of removing Mn and turbidity, were introduced in the regression analysis. The 

equation of eMn was given by Eq. 8-7 and the eTurb was calculated by replacing Mn concentrations with 

turbidity.   

 

 
e𝑀𝑛 = 1 −

𝑐𝑀𝑛𝑇
𝑓𝑇

𝑐𝑀𝑛𝑅
𝑓𝑅 + 𝑐𝑀𝑛𝑆𝑃𝑅

𝑓𝑆𝑃𝑅
 

(8-7) 

 

where 𝑐𝑀𝑛𝑅
 is the Mn concentration in the raw water, mg/L; 𝑓𝑅 is the flow rate of the raw water at the 

moment when the sampling test was conducted, m3/day; 𝑐𝑀𝑛𝑆𝑃𝑅
 is the Mn concentration in the 

supernatant; 𝑓𝑆𝑃𝑅 is the flow rate of the supernatant return; 𝑐𝑀𝑛𝑇
 is the Mn concentration in the treated 

water; 𝑓𝑇 is the flow rate of the treated water.  

 

8.2.4 Model development 

Model development depends on the characteristics of the predicted targets and the correlations of the 

input time series. A modelling algorithm incorporating the above regression analysis and the 

identification of time series trends need to be selected in order to simulate Mn level in the treated water. 

As Figure 8.3 shows, the total Mn input includes Mn from raw water and supernatant return. The Mn 

in the raw water is from the Tarago Reservoir, which was related to the Mn cycle in the reservoir. 

Manual operational decisions in the sludge thickener process play a significant role in determining the 

Mn level in the supernatant return. The improper operation may cases a high level of Mn in the 

supernatant return, which potentially results in the ineffectiveness of Mn removal. The Mn levels in the 

raw water and supernatant return are the key determinants to Mn levels in the treated water.  

 

Based on data analysis in Section 8.4.1, it was clear that there was no measurable single water-quality 

parameter or combination of parameters that have a high correlation to the output levels of Mn. As such, 

rather than a numerical model to describe and predict the levels of Mn in the treated water, the use of a 

threshold-based approach (Model B in Figure 8.4) for Mn in the raw water was deemed a more practical 

means to evaluate treated water Mn levels. The threshold-based approach could be used in an 

operational sense to achieve the target levels of Mn in the treated water through the development of a 

DSS.  

 

A Mn cycle model coupled with a 3D hydrodynamic model in the Tarago Reservoir has been developed 

and validated by Zhang et al. (2020b). The 3D Mn cycle model has the capability of simulating the 

hydrodynamic components and the distribution of Mn and dissolved oxygen (DO) in the reservoir. 

Linking the Mn in the reservoir and raw water is the key to integrate the prediction model of the upper 
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boundary of Mn in treated water with the 3D Mn cycle model. The historical data provides 

approximately 8-years of records for total Mn concentrations at 10 m (inlet) depth in the reservoir and 

raw water to the WTP. A sample linear correlation model (Model A in Figure 8.4) was adopted to 

simulate the Mn in the raw water based on the regression analysis between these two time-series data. 

The integration of the prediction model and 3D Mn cycle model would enable the simulation of Mn 

dynamics from the reservoir to the treated water. Figure 8.4 displayed the structure of the integrated 

model and core analysis parts. 
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Figure 8.4. Logic diagram of the integrated model 

8.2.5 Scenario analysis 

Scenario analyses are useful in examining the Mn variation in the reservoir and raw water due to the 

changed input data and provide information to enable treatment adjustments and strategies. In view of 

the seasonal changes in Mn in the reservoir, this scenario analysis concentrated on a period (from 7th 

January to 13th April 2018) with a relatively high level of Mn. The scenario analysis attempts to 
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investigate the effect of varying precipitation and wind conditions and the details of the developed 

scenarios are shown in Table 8.2 and Table 8.3. Following a first assumption of constant either north 

or south wind direction, three scenarios with different constant wind speeds, for either the first month 

only (from 7th January to 7th February 2018) or the entire simulation period (from 7th January to 13th 

April 2018). The details of the original and designed precipitations and wind conditions (Figure 8.25-

8.26) are displayed in Appendix.  

 

In addition, to also consider WTP processes changes, by developing data-driven models for Mn 

prediction in treated water by both including and excluding historical data collected during times of 

sludge thickener failures, we also ran scenarios where we either assume that the WTP was in full reliable 

operation, or that the WTP was running without a performing sludge thickener. 

Table 8.2. Summary of the developed precipitation scenarios  

Precipitation case Precipitation Period 

Baseline case Original value 07/01-16/04 2018 

Double precipitation case 2* original value 07/01-16/04 2018 

Quadruple precipitation case 4* original value 07/01-16/04 2018 

 

Table 8.3. Summary of the developed wind condition scenarios 

Wind speed case Wind speed  Wind direction Period 

Original case Original value Original direction 07/01-16/04 2018 

North wind case  Original value North 07/01-16/04 2018 

South wind case  Original value South 07/01-16/04 2018 

North low wind case (3-month) 2 m/s North 07/01-16/04 2018 

North medium wind case (3-month) 4 m/s North 07/01-16/04 2018 

North high wind case (3-month) 6 m/s North 07/01-16/04 2018 

South low wind case (3-month) 2 m/s South 07/01-16/04 2018 

South medium wind case (3-month) 4 m/s South 07/01-16/04 2018 

South high wind case (3-month) 6 m/s South 07/01-16/04 2018 

North low wind case (1-month) 2 m/s North 07/01-07/02 2018 

Original value North 07/02-16/04 2018 

North medium wind case (1-month) 4 m/s North 07/01-07/02 2018 

Original value North 07/02-16/04 2018 

North high wind case (1-month) 6 m/s North 07/01-07/02 2018 

Original value North 07/02-16/04 2018 

South low wind case (1-month) 2 m/s South 07/01-07/02 2018 
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Original value South 07/02-16/04 2018 

South medium wind case (1-month) 4 m/s South 07/01-07/02 2018 

Original value South 07/02-16/04 2018 

South high wind case (1-month) 6 m/s South 07/01-07/02 2018 

Original value South 07/02-16/04 2018 

 

8.3 Results and discussion 

8.3.1 Data analysis results 

The data analysis is based on the total and soluble Mn concentrations and water-quality parameters in 

raw water, filtrated water, supernatant return water, treated water from July 2009 to June 2019 (Table 

8.1). The RMSE and R2 from the linear regression analysis between Mn concentrations in the treated 

water and various water-quality parameters are displayed in Table 8.4 and Table 8.6. The results 

indicate that little correlation exists between Mn concentrations in the treated water and most other 

parameters measured. A correlation, however, was found between the raw water and treated water Mn, 

but the Mn in supernatant return is poorly correlated to the Mn in the treated water. The TWTP operation 

manual requires the SPR flow rate to be less than 12% of the plant total flow, and operationally the flow 

rate of SPR is between 0 and 8 %, with an average of 3.8%, of the total flow in the historical data. Thus, 

the Mn in supernatant return becomes a considerable factor only when Mn in supernatant return is 

approximately 10 times of the Mn in raw water. The introduction of 𝑒𝑀𝑛 in the regression analysis 

indicates that the effectiveness of Mn removal is uncorrelated with most measurable parameters, which 

means that the prediction of the effectiveness is not available based on other measured parameters. The 

potential reason is that the effectiveness is significantly influenced by day to day operational decisions. 

Not surprisingly, the greatest determining factor for the level of Mn in the treated water was the level 

of Mn entering the plant either from the raw water. 

Table 8.4. Correlations of manganese in treated water with manganese and turbidity in raw water 

parameters 

Regression analysis RMSE  R2 

Mn in treated water vs turbidity in raw water 0.0073 mg/L 0.429 

Mn in treated water vs Mn in raw water 0.0062 mg/L 0.572 

 

Time-series data for the total Mn concentration in the raw water and treated water from July 2009 to 

May 2019 (Figure 8.5) displays regular seasonal variations in the raw water and subsequent correlation 

to levels in the treated water. Specifically, Figure 8.5 indicates relatively high levels of total Mn in both 

the raw water and treated water between January and April of each year, which suggests that the TWTP 

is not optimised for Mn removal for the full yearly cycle. However, the scatter plot of the two variables 

(Figure 8.6) suggests that the total Mn in the treated water is not directly correlated to the total Mn in 
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the raw water. The total Mn in the treated water during the entire research period never exceeded the 

aesthetic standard of Mn (0.1 mg/L in Australian Drinking Water Guidelines), which means that the 

TWTP never supplied unsafe drinking water. The BWSAs requires less than 0.02 mg/L of total Mn in 

95% of treated water samples. Notably, 98.55% of treated water samples contained less than 0.02 mg/L 

Mn when the Mn level in the raw water was below 0.04 mg/L; in other words, the treated water is within 

BWSA levels when the total Mn in the raw water is below 0.04 mg/L.  

 

Figure 8.5. Time series of total manganese in the raw water and treated water from July 2009 to May 

2019  

 

Figure 8.6. Scatter plot of total manganese concentration in the raw water (𝑐𝑀𝑛𝑅
) with total manganese 

concentration in treated water (𝑐𝑀𝑛𝑇
) 

There are only a few data points (𝑐𝑀𝑛𝑇
 ≥ 𝑐𝑀𝑛𝑅

 in Figure 8.6), but these still represent a considerable 

volume of water in which Mn levels leaving the TWTP are in breach of the BWSAs. To investigate 

when ineffective Mn treatment occurred, three different risk standards were defined to represent 

ineffective Mn treatment at different levels: (1) 𝑐𝑀𝑛𝑇
 ≥ 𝑐𝑀𝑛𝑅

; (2) 𝑐𝑀𝑛𝑇
 ≥ 0.8*𝑐𝑀𝑛𝑅

 and (3) 𝑐𝑀𝑛𝑇
 ≥ 

0.6*𝑐𝑀𝑛𝑅
 shows the pie chart representations of the years with ineffective Mn treatment. Figure 8.7 

shows that 2009, 2010 and 2011 were the main years when Mn treatment was ineffective and from 2017, 

the treatment was more stable with fewer occurrences of elevated Mn. The years from 2017-2019 

however did not meet the treated water Mn criteria. 
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Figure 8.7. Pie chart with the number of ineffective manganese treatment occurrences per year  

As shown in Figure 8.3, the supernatant return (SPR) is an additional source of Mn to the WTP. The 

Mn levels in the SPR are only available from October 2016; therefore, the investigation of the role of 

the SPR in the Mn treatment focused on the years 2017, 2018 and 2019. The time series of soluble and 

total Mn in the SPR from August 2016 to August 2019 are displayed in. It is clear that the Mn levels in 

2017 are apparently higher than in 2018 and 2019 and the soluble Mn is the main component of the Mn 

in the SPR during 2017. As the operation of the sludge thickener process can influence Mn treatment, 

the impact on Mn in the treated water from recycled Mn flux in the SPR and raw water has been assessed 

using an equivalent concentration of Mn in the total input water (𝑐𝑀𝑛 𝑇𝐼
 in Eq. 8-8). Figure 8.9 indicates 

the scatter of raw water Mn with treated water Mn and total input water Mn with treated water. The 

data from August 2016 to August 2017 and from August 2017 to August 2019 were separated by 

different colours. Although there is not a significant correlation among these variable, it is notable that 

the considerable treated water Mn was observed frequently from August 2016 to August 2017 when 

raw water Mn and total Mn was in a relatively low level (less than 0.06 mg/L). Therefore, the SPR was 

an unexpected and significant source of Mn and resulted in ineffective Mn treatment in 2017. 

 

 
𝑐𝑀𝑛 𝑇𝐼

=
𝑐𝑀𝑛𝑅

𝑓𝑅 + 𝑐𝑀𝑛𝑆𝑃𝑅
𝑓𝑆𝑃𝑅

𝑓𝑅 + 𝑓𝑆𝑃𝑅
 

(8-8) 
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Figure 8.8. Time series of soluble and total manganese in the SPR from October 2016 to July 2019 

 

 

Figure 8.9. (a) Scatter plot of raw water Mn with treated water Mn and (b) scatter plot of total input 

water Mn with treated water Mn 

 

From October 2016 to October 2017, soluble Mn in the filtered water is nearly always greater than that 

in the raw water (Figure 8.10). Therefore, the most likely cause of elevated Mn levels in the TWTP is 

associated with the solids handling process and resultant SPR flow containing significant Mn unless 

there is Mn contamination from the lime or aluminium chlorohydrate coagulant being dosed into the 

raw water. The solids handling process is the more likely source of the soluble Mn especially when 
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sludge thickeners experience highly negative redox potentials (ORPs) which can develop in the sludge 

blanket. TWTP operations advised that solids handling over the period 2016-17 were interrupted due 

to problems with a dense sludge preventing the thickener sludge rake functioning as required. The 

conditions that prevailed during this period created a highly reducing environment, which is believed 

to have caused an extraordinarily high level of soluble Mn in the SPR. The sludge thickener failure is 

evidenced by the high soluble fraction of Mn concentration in the SPR as indicated in Figure 8.8. 

 

Figure 8.10. Time series of soluble manganese in the raw water and filtered water from October 2016 

to July 2019 

Figure 8.11 illustrates the soluble Mn flux in the filtered water and soluble Mn flux in the raw water 

and SPR combined. The comparison between the two Mn fluxes indicates a better correlation between 

this new parameter and filtered water performance, however, the soluble Mn flux in filtered water 

accidentally exceeded the soluble Mn flux in both the raw water and SPR, which suggested that the 

sampling test of soluble Mn in the raw water may have been underestimated. This underestimation of 

the soluble Mn in the raw water is a potential factor misguided the dosing of KMnO4 and caused the 

ineffective of Mn treatment. Figure 8.11 further demonstrates that solids handling has a significant 

impact on the Mn concentration in the SPR stream particularly if there are interruptions or inefficiencies 

in the process that lead to highly reducing conditions. The SPR became a primary source of soluble Mn 

in the system during 2016-2017 and caused the BWSA guideline breaches in the Mn levels in the treated 

water for that year.  
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Figure 8.11. Time series of the soluble manganese in the filtered water and adjusted soluble 

manganese in raw water and SPR 

Figure 8.12 represents the relationship between the total Mn in the raw water and the total Mn in the 

treated water for the period August 2017 to June 2019 after the consequences of that the 2016–17 sludge 

thickener failure has been removed from the data set. The same relationship for the period with 2016–

17 with SPR contribution removed from the data set is displayed in Figure 8.13. The red broken line 

represents the achievable performance envelope, and the black broken line is the guideline level for Mn 

in the treated water, that is 0.02 mg/L. Due to the sludge thickener issues during 2016–17, raw water 

with more than 0.025 mg/L of total Mn entering the TWTP resulted in Mn levels in the treated water 

breaching guidelines.  However, it can be seen, in Figure 8.12, that additional Mn treatment was 

required once the total Mn in the raw water exceeds 0.045 mg/L even if the elevated Mn in the SPR is 

removed from the analysis. 

 

 

Figure 8.12. Relationship total manganese in the treated water (𝑐𝑀𝑛𝑇
) vs total manganese in the raw 

water (𝑐𝑀𝑛𝑅
) for the period 2017–2019 
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Figure 8.13. Relationship total manganese in the treated water (𝑐𝑀𝑛𝑇
) vs total manganese in the raw 

water (𝑐𝑀𝑛𝑅
) for the period 2016–2017 

8.3.2 Integrated model performance 

The current analysis of Mn levels and water-quality data indicate that the accurate prediction of Mn in 

treated water is not feasible. A more robust approach for an operational DSS is a risk-based approach 

identifying upper bounds for Mn levels in the raw water as a critical control point. In addition, the 

prediction model of the upper bounds was developed using two different approaches, i.e. one using only 

2017/19 data (Eq. 8-9) and another also accounting for the 2016/17 data affected by sludge thickener 

failure (Eq. 8-10). The fortnightly testing schedule of Mn is insufficient to provide evaluation criterion 

of the occurrence of a non-optimal sludge handling process. A more reliable indication of a non-optimal 

sludge handling process can be obtained with daily measurement of soluble Mn concentration in the 

SPR and OPR in the centrate but this data is not available. Given that the soluble Mn in the SPR during 

2016/17 and 2017/19 is significantly different, the occurrence of Mn levels greater than 0.02 mg/L in 

the SPR for two consecutive fortnightly sampling tests would indicate potential issues in the sludge 

handling process and should trigger operational investigation of this process and in particular daily 

sampling and ORP assessment. This allows the model to inform operations based on either Eq. 8-9 or 

Eq. 8-10, depending on which scenario is preferred, i.e. whether the WTP operators want to account for 

potential sludge inefficiencies/failures or only total Mn in the raw water.  

 

With optimum sludge handling process (SPR soluble Mn < 0.02 mg/L): 

 

c𝑢𝑏 = {

0.3953 ∗ 𝑐𝑀𝑛𝑅
                                    𝑐𝑀𝑛𝑅

< 0.043

0.4865 ∗ 𝑐𝑀𝑛𝑅
− 0.0039          0.043 ≤ 𝑐𝑀𝑛𝑅

< 0.08

0.035                                                           𝑐𝑀𝑛𝑅
≥ 0.08

 

(8-9) 

With non-optimum sludge handling process (SPR soluble Mn in two s consecutive fortnightly 

sampling tests > 0.02 mg/L): 

 

c𝑢𝑏 = {

6 ∗ 𝑐𝑀𝑛𝑅
− 0.059                                    𝑐𝑀𝑛𝑅

< 0.012

0.4714 ∗ 𝑐𝑀𝑛𝑅
+ 0.0073           0.012 ≤ 𝑐𝑀𝑛𝑅

< 0.082

0.046                                                      𝑐𝑀𝑛𝑅
≥ 0.082

 

(8-10) 
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where c𝑢𝑏 is the upper boundary of the total Mn concentration in treated water, [mg/L]; 𝑐𝑀𝑛𝑅
 is the 

total Mn in raw water, [mg/L]. 

 

Figure 8.14 displays the time-series data of the total Mn (𝑐𝑀𝑛𝑅𝑒𝑠
) at the 10m water depth (VPS location 

in Figure 8.1) and of the total Mn (𝑐𝑀𝑛𝑅
) in the raw water at the treatment plant from June 2009 to 

September 2017, which indicates a high correlation between these two variables. A linear correlation 

model between these two variables was developed using data from June 2009 to September 2016 and 

was presented in Figure 8.15 and Eq. 8-11. The data from September 2016 to September 2017 was used 

to validate the model. The R2 and RMSE were respectively 0.91 and 0.0091 mg/L, which suggests that 

a linear regression model is reliable in reflecting the correlation of Mn levels between the reservoir 

water and the raw water entering the TWTP.  

 

Figure 8.14. Time series of the total manganese at the 10 m water depth of the observation location 

and in the raw water from June 2009 to September 2017 

 

Figure 8.15. Linear regression analysis between the total manganese in the reservoir and the raw water 

 

 𝑐𝑀𝑛𝑅
 =  0.6919 ∙ 𝑐𝑀𝑛𝑅𝑒𝑠

+ 0.0045 (8-11) 
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The 3D Mn cycle model developed by Zhang et al. (2020b) simulated continuous total Mn at the 10m 

water (inlet) depth of the VPS location. The total Mn in the raw water can be calculated by Eq. 8-11 

based on the results simulated by the 3D Mn cycle model. The prediction model of the upper boundary 

limit for Mn entering the WTP and exceedances in the treated water can be obtained from the regression 

analysis of raw water Mn to treated water Mn. Thus, the integration of the 3D Mn cycle model for the 

Tarago Reservoir and the resulting DSS for Mn entering the treated water supply system was achieved. 

The logic diagram of the DSS is displayed in Figure 8.16.  

 

Figure 8.16. Logic diagram of the Mn management decision tree 

Figure 8.17 presents the time series of the simulated Mn in the raw water and the simulated upper 

boundary of Mn without sludge thickener failure measured Mn in the treated water. Although the 

integrated model cannot accurately reproduce the variation of the Mn dynamics in the WTP, the model 

predicted the maximum level of Mn in the treated water based on the historical data, and according to 

the model and available data, the simulated levels would not exceed 0.035 mg/L even for high raw 

water Mn. Also, the period when the Mn levels in the treated water exceeded the BWSA requirements 

(0.02 mg/L) can be determined based on the simulated results. 
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Figure 8.17. Time series of the simulated manganese in the raw water, the simulated upper boundary 

of manganese in the treated water and the measured manganese in the treated water 

8.3.3 Scenario analysis results 

Figure 8.18 indicates the simulated, total Mn concentrations in the raw water under the three different 

considered precipitation scenarios. The comparisons in the precipitation scenario indicate that the 

variation of Mn levels in the raw water is maintained within a narrow range over different rainfall 

intensities. It is shown that heavier rainfall (2-4 times) during the simulation period does not 

significantly influence the level of Mn in the raw water entering the WTP but makes the Mn peaks occur 

slightly earlier. The fact that rainfall does not seem to play a big role is in line with previous findings 

for the lacustrine zone (Zhang et al., 2020a). Despite inflow discharge variations not being considered 

in the different scenarios, the original discharge peaks during this simulation period were small and thus 

it is assumed that even a variation in the inflow discharge would not have affected the simulation results 

significantly. 

 

In contrast, the wind condition scenario displayed in Figure 8.19 shows that the change in wind direction 

had a significant effect on the Mn trends in the raw water. A sharp increase in the Mn level (26th 

February 2018) occurred in the original case, but this did not occur in both tested wind direction 

scenarios. In the southerly wind direction scenario, two separate, considerable Mn peaks (80-100% of 

the annual maximum Mn concentration) occurred in 24th February and 1st March 2018. Other than this, 

the overall long-term Mn concentrations are almost identical to the original case. On the other hand, in 

the scenario with a northerly wind direction, Mn concentrations seem quite different from the original 

scenario. Due to the influence of the northerly wind, the first Mn peak occurred earlier, on the 22nd 

February, and subsequent Mn peaks became more frequent and persistent. From the perspective of the 

WTP, a northerly wind direction not only significantly increases the level of Mn in raw water, but also 

prolongs the period with the potential risk of high levels of Mn in raw water (Table 8.5).   
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Figure 8.18. Time series of manganese in the raw water in the precipitation scenario 

 

Figure 8.19. Time series of manganese in the raw water in the north, south and original wind scenario  

A combined prediction of the upper boundary of Mn in the treated water (Eq. 8-9 and Eq. 8-10), as a 

result of the three wind direction scenarios, is displayed in Figure 8.20 and Figure 8.21. The comparison 

between these two figures shows that the sludge thickener failure causes marked elevations in treated 

water Mn. Without the sludge thickener failure (Figure 8.20), the Mn level of the treated water in both 

tested wind direction scenarios exceeded the 0.02 mg/L threshold mainly from the end of January to 

20th April 2018. However, the period with potential Mn risk in treated water extended from early 

January to 10th May under the influence of sludge thickener failure. The detailed statistical information 

for the two simulations is displayed in Table 8.5. Obviously, the sludge thickener failure greatly 

prolongs the period of elevated Mn in the treated water.  

 

In addition, the north wind case is more significant than the south wind case in promoting elevated Mn 

levels in the treated water. This scenario provides insight for additional Mn treatment with a prevailing 

north wind in January. Since the maximum measured Mn levels in the raw water was, in our dataset, 

0.2 mg/L, the prediction of the upper boundary of treated water Mn in the south wind scenario at the 

end of February cannot be validated when the simulated raw water values exceed the upper boundary 
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of our training set of data; however, it is reasonable to expect that the Mn levels in the treated water 

would be equal, or exceeding, 0.035 mg/L.  

 

 

Figure 8.20. Time series of the upper boundary of manganese without the sludge thickener failure in 

the treated water in the wind condition scenario 

 

Figure 8.21. Time series of the upper boundary of manganese with sludge thickener failure in the 

treated water in the wind condition scenario 

Table 8.5. Statistical analysis of the designed scenarios  

Scenarios Sludge thickener 

failure 

Number of days with 

treated Mn > 0.02 mg/L 

Number of days with 

treated Mn > 0.03 mg/L 

Original case 
Yes 107 78 

No 76 59 

Double precipitation 

case 

Yes 107 78 

No 76 59 

Quadruple precipitation 

case 

Yes 107 78 

No 76 59 

South wind case Yes 107 78 
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No 76 59 

North wind case 
Yes 117 80 

No 79 64 

North low wind case 
Yes 122 119 

No 120 118 

North medium wind case 
Yes 93 51 

No 50 26 

North high wind case 
Yes 57 37 

No 0 0 

 

The above discussions focused on the wind direction. Figure 8.29 and Figure 8.30 in Appendix also 

show the simulated results of raw water Mn in the three-month low, medium and high wind speed cases. 

It is clear that both south and north high wind (6 m/s) conditions cause lower levels of raw water Mn 

with a small peak occurring in mid-January, whereas the low wind (2 m/s) conditions lead to a much 

higher peak, but postponed to early March.  These figures also indicate that both south and north wind 

have a similar impact on the Mn under the influence of the three-month constant wind speeds, which 

prove that the wind direction is a unimportant influencing factors in the designed wind speed cases. 

Figure 8.19 indicates that the key period when raw water Mn increased over the 0.05 mg/L threshold is 

between 7th January and 7th February 2018. Due to south and north wind not showing significant 

differences in the three-month wind speed cases, three scenarios with different one-month constant 

wind speeds based on a northerly wind direction were designed. The original wind speeds from 7th 

January to 7th February 2018 were modified to constant values, 2 m/s, 4 m/s and 6 m/s to represent a 

low wind case, a medium wind case and a high wind case respectively. Figure 8.22 shows the variation 

of the raw water Mn under the impact of these constant wind speeds from 7th January to 7th February. 

The raw Mn in the north medium wind case had a similar trend with the original north wind case but 

the magnitude of the latter was lower. In the north low wind case, the raw water Mn increased to 0.22 

mg/L from 26th January to 7th February and then remained at a high level in the following two months. 

The raw water Mn for the high wind case was kept to extremely low levels and never exceeded 0.05 

mg/L. It is notable that the raw water Mn significantly reduced with both the medium and high wind 

scenarios. The positive overall effect of high wind speeds in reducing raw water Mn is line with the 

findings of the simulations with wind speed fixed for the longer 3-month period, so shown in Figure 

8.29. 
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Figure 8.22. Time series of manganese in the raw water in the north wind speeds scenario 

The vertical profiles of water temperature, DO and Mn in the reservoir were used to investigate the 

reasons for the significantly different raw water Mn levels among the three wind speed cases. The 

vertical distributions of water temperature and Mn in the low wind and high wind case in 7th January, 

22nd January and 7th February were displayed in Figure 8.23. The reservoir was initially stratified, with 

an obvious gradient of the vertical Mn distribution. In the north low wind case, the reservoir was in a 

stable stratification and the Mn in the bottom of the reservoir gradually increased during the month. 

With the accumulation of more Mn in the bottom of the reservoir, the weakening of the stratification 

enabled over time high Mn loads being transported into upper layers, leading to the evident increase at 

the end of January. The crucial difference in water temperature profiles between the low wind case and 

high wind case is in the epilimnion (water depth 0-6 m) of the reservoir. The high wind (6 m/s) induced 

a mixing condition in the epilimnion, which not only accelerated the process of destratification but also 

contributed to transporting DO into the hypolimnion (Figure 8.24) resulting in the oxidation of soluble 

Mn and preventing the diffusion of soluble Mn from the sediments. Therefore, in the high wind speed 

case, the turnover was almost finished on the 7th February 2018 since the Mn at the bottom of the 

reservoir was low. From the perspective of the Mn treatment, the wind speed during the period from 7th 

January to 7th February 2018 has a significant impact on the input of Mn in the WTP. The numbers of 

days with treated water Mn > 0.02 mg/L and > 0.03 mg/L in the three wind speed scenarios are displayed 

in Table 8.5. It can be concluded that low-speed wind occurring during January has the potential to 

cause a surge and subsequent augmented high levels of the raw water Mn.  The wind direction cases 

with original wind speeds shows that the north wind direction tends to increase Mn in the raw water 

comparing with south wind direction, but the north wind contributes to keeping the raw water Mn at a 

low level when the wind speed is strong enough to significantly promote the destratification and to 

increase DO in the hypolimnion of the reservoir. 
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Figure 8.23. Vertical profiles of water temperature and manganese in the reservoir in the north wind 

speeds scenario 

 

 

Figure 8.24. Vertical profiles of dissolved oxygen in the reservoir in north low and high wind cases 
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8.3.4 Recommendations for the WTP operation 

Whilst the hydrodynamic model has been shown to be able to predict Mn levels in the source water and 

a linear regression model could translate source water levels to raw water levels, the prediction of and 

use of upper boundary of the Mn levels in the water treatment plant, rather than a predictive model, is 

a more feasible and reliable way to approach the management of Mn levels within TWTP. Equipment 

break down, unavailability of on-line monitoring of key processes and sludge dewatering management 

all require reliance on visual control and as such, these processes cannot always be optimal. All these 

functions, especially solids handling, will likely be scheduled to accommodate hours that the plant is 

manned so sludge will accumulate in the thickener with the cyclic onset of septic conditions creating a 

reducing environment, resulting in Mn solubilisation, within the blanket depth. Considering these 

operational limitations and the need to manage Mn in accordance with the TWTP guidelines, the 

following recommendations are given: 

• Establish KMnO4 dosing potential at the centrate tank prior to return to backwash tank. 

• Consider routine KMnO4 dosing to the raw water when Mn levels exceed 0.04 mg/L. 

• Consider tankering the centrate to the nearest sewage receival depot for disposal during the 

seasonal increase in raw water Mn when Mn levels in the SPR become unmanageable. This 

will remove the requirement to establish KMnO4 dosing to the centrate tank. 

• Consider the more frequent operation of the centrifuge to minimise sludge blanket 

storage/depth and therefore the onset of septic conditions. 

• Consider changing the final alkali adjustment from lime to sodium hydroxide (NaOH) to reduce 

the annual mass of particulates loaded into the distribution system and subsequent pipe scale 

build up.  

8.4 Conclusions 

A DSS to improve the Mn removal in the TWTP was developed based on the regression analysis 

between Mn levels in the raw water and treated water and the potential impact of the supernatant return. 

The total Mn concentration in the raw water and the treatment of the supernatant return were key 

determinants in the DSS and fundamental to strategies to manage the risks of the seasonal spikes in Mn 

levels coming from the source water. The impact of Mn levels in the supernatant return was emphasised 

in the development of the DSS.  

 

The linear correlation between Mn in the reservoir and the raw water of the TWTP was high and enabled 

the integration of the Mn cycle model developed by Zhang et al. (2020b) into the DSS. The integrated 

model first simulated the dynamics of Mn levels in the source water and allowed scenario analysis based 

on adjusted meteorological input conditions. In addition, the integration of the simulation of Mn in the 

reservoir and the WTP also allows the managers to investigate the influence of the more specific 

metrological conditions or inflow and outflow conditions on the Mn levels in the entire water-supply 
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system. Such investigations are beneficial to improve the understanding of managers on Mn cycle while 

raising the managers’ awareness of the sensitivity on the risks of Mn. Also, the Mn cycle model 

integrated with a decision support system for Mn treatment provides a clear guide when the non-

qualified Mn level occurs in the treated water and a decision tree for managers to support the design of 

an optimal Mn treatment. The WTP managers can determine the period when Mn issues need to be 

considered in light of the potential Mn risk, and then develop the strategies to treat that risk. 

 

Moreover, the development of an integrated model based upon catchment conditions and WTP 

operations is a valuable research approach for the modelling studies of other containments in similar 

drinking water systems. The first step is to achieve the simulation of the hydrodynamic process for the 

aquatic system, which is the source water for the WTP, based on relevant hydrodynamic processes and 

relevant biochemical reactions. Finally, the simulated levels of containments are used to evaluate the 

WTP capability and used to predict the levels of contaminants in the treated water that should supply 

customers with potable drinking water. 
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8.5 Appendix 

Table 8.6. Correlations between Manganese in treated water and other water-quality parameters 

Regression analysis RMSE  R2 

Mn in treated water vs pH in raw water  0.0095 mg/L 0.046 

Mn in treated water vs DO in raw water 0.0095 mg/L 0.010 

Mn in treated water vs conductivity in raw water 0.0097 mg/L 0.007 

Mn in treated water vs coagulant dose 0.0080 mg/L 0.165 

Mn in treated water vs Mn in SPR water 0.0091 mg/L 0.116 

e𝑀𝑛 vs pH in raw water  0.0808 0.060 

e𝑀𝑛 vs DO in raw water 0.0831 0.004 

e𝑀𝑛 vs turbidity in raw water 0.0832 0.003 

e𝑀𝑛 vs conductivity in raw water 0.0813 0.048 

e𝑀𝑛 vs coagulant dose 0.1207 0.015 

e𝑀𝑛 vs Mn in raw water 0.0833 0.001 

e𝑀𝑛 vs Mn in SPR water 0.0832 0.003 

 

 

Figure 8.25. Time series of original and designed precipitation from 7th January to 13th April 2018 

(A1) 
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Figure 8.26. Time series of original, north and south wind direction and original wind speeds from 7th 

January to 13th April 2018 (A2) 

 

Figure 8.27. Time series of low, medium and high wind speeds (1-month) from 7th January to 13th 

April 2018 (A3) 

 

Figure 8.28. Time series of low, medium and high wind speeds (3-month) from 7th January to 13th 

April 2018 (A4) 
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Figure 8.29. Time series of raw water manganese in north high, medium (left y-axis) and low (right y-

axis) wind case (3-month) (A5) 

 

Figure 8.30. Time series of raw water manganese in south high, medium (left y-axis) and low (right y-

axis) wind case (3-month) (A6) 
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 CHAPTER 9 Conclusions, contributions and implications 

The summary of the main finding was presented in the final chapter. The contributions and limitations 

of the research were listed along with the directions of future research. Section 9.1 reiterates the research 

objectives and highlight the achieved outcomes. Section 9.2 illuminates the contributions to the industry 

and modelling theory made by the research and the limitations. In section 9.3, the future research 

concentrates on overcoming the limitations and extending the application of the research. Section 9.4 

concludes the chapter and thesis discourse. 

 

9.1 Research objectives and outcomes 

9.1.1 Overarching goal of PhD study  

The main goal of this PhD project was to derive an integrated model that could achieve the simulation 

of manganese in the Tarago Reservoirs and Water Treatment Plant and provide the organisational 

decision-making for managers to solve the regular spikes of manganese. 

 

Essentially, the four main objectives of this PhD project were: 

• To understand the manganese cycle of the Tarago Reservoir and the manganese removal in the 

Tarago water treatment processes. 

• To simulate the 3D hydrodynamic conditions and manganese variations in the Tarago Reservoir 

• To integrate the simulation of the manganese cycle in the reservoir and WTP. 

• To propose an optimal plan to minimise the risk of manganese issues in the Tarago water supply 

system. 

By achieving these objectives, this thesis has provided a significant contribution to knowledge in the 

area of the manganese cycle and hydrodynamics in reservoirs, the hydrodynamic model, and the 

modelling studies of manganese treatment. 

 

9.1.2 Knowledge acquisition 

To establish a robust framework for the research and identify existing research gaps, literature regarding 

the characteristics and hazards of manganese, the main characteristics of the thermal structure and 

manganese cycle in reservoirs, existing modelling studies of the manganese cycle in the reservoir, and 

the fundamental drinking water treatment process involving the removal of manganese were critically 

reviewed as presented in Chapter 2 and the introduction sections of Chapters 5 through to 8. The 

previous studies of modelling manganese focused only on investigating the vertical transport of 

manganese in the lacustrine system and hardly discussed the effect of horizontal current movement on 

the manganese cycle with the limitation of 1D models. The modelling study of a 3D manganese cycle 
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in lacustrine systems is a research gap. In addition, few studies attempted to integrate the simulation of 

manganese from catchments to WTPs to solve the non-quantifying water issues.  

 

9.1.3 Hydrodynamic modelling 

In Chapters 5 and 6, a 3D hydrodynamic model was developed and validated for the Tarago Reservoir 

through a DHI MIKE 3 model. As one of the most important factors influencing thermal structures in 

the lacustrine system, the wind friction coefficient was examined numerically in Chapter 5. The model 

was carefully calibrated and validated in Chapter 6. The development of the 3D numerical model 

extended the understanding of the thermal structure of the Tarago Reservoir from a single observation 

point to the entire reservoir. The contributions of rainfall and wind to the stratification and the role of 

invasion flow in the thermal structure were revealed based on the scenario analysis with adjusted input 

conditions. The establishment of the 3D model provided a comprehensive understanding of the 

hydrodynamics of the reservoir, which is the driving mechanism for the simulation of the manganese 

cycle.  

 

9.1.4 Three-dimensional manganese cycle model 

The developed 3D hydrodynamic model in Chapter 5 and Chapter 6 was coupled with a manganese 

cycle model in Chapter 7. The simulated results from the model visualised the distribution and variation 

of manganese in the entire waterbody. The research achieved the simulation of the 3D manganese cycle 

for the first time and filled a gap in the modelling of the 3D manganese cycle in lacustrine systems. In 

addition, the 3D simulated manganese distribution enabled the analysis of the impact of wind-driven 

currents and thermal structures on the manganese cycle. The surface currents driven by north and south 

winds significantly affected the manganese transport in the lacustrine zone supplying the raw water for 

the WTP. As a temperate monomictic reservoir, the seasonal changes of thermal structure in the 

reservoir dominated the boost of soluble manganese at the end of summer stratification and the early 

turnover.  

 

9.1.5 Decision support system 

A DSS to improve the manganese removal in the TWTP was developed based on the regression analysis 

between manganese levels in the raw water and outlet water and the deteriorating effect of supernatant 

return. The prediction model of the upper boundary of the manganese level in the outlet water was 

achieved. The linear correlation between manganese in water-intake of the reservoir and raw water was 

introduced to integrate the simulated manganese cycle developed in Chapter 7 with the DSS, which 

achieve the simulation of the manganese transport from the reservoir to the WTP. The integration of 

the manganese cycle model and DSS assisted the manager in determining effective and timely 

treatments to eliminate the manganese issues. In addition, the integrated model was used to conduct 
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scenario analysis with adjusted wind direction and precipitation to understand the role of these two 

factors in affecting manganese levels in the treated water. 

 

9.2 Research contributions and implications  

9.2.1 Contributions to existing body of knowledge 

The analysis and simulation of manganese cycle in aquatic systems is difficult without a comprehensive 

understanding of the hydrodynamic processes.  The single or several observations in lakes or reservoirs 

are insufficient to reflect the hydrodynamic process in the waterbodies. The development of a 3D 

numerical model raises the awareness of the behaviour of waterbodies from the limited measurement 

to the entire waterbody. The 3D distributions of water velocities and circulation patterns, mixing and 

dispersion, water temperature, and density stratification can be recognised based on the simulated 

results and provide a foundation for the following simulation of the 3D manganese cycle. Given the 

significant longitudinal differences in morphology of the reservoir, the horizontal variation of thermal 

structure hardly discussed in the previous studies was emphasized in Chapter 6. In addition, Chapter 6 

first investigated the spatial difference of the influence of wind and precipitation on the thermal structure 

by hypothetical scenarios.  

 

The manganese cycle model developed in Chapter 7 achieved the simulation of the 3D distribution of 

manganese for the first time and filled a gap in the simulation of 3D manganese cycle in reservoirs. The 

simulated manganese cycle emphasised the role of horizontal transport of Mn dominating by the wind-

driven current on the manganese distribution in the lacustrine zone of reservoirs, which have not been 

considered in the studied using 1D mathematical models and data-driven models. In Chapter 8, the 

integration of the manganese cycle model and DSS is the first attempt to link the simulation of 

manganese between catchments and WTPs.  

 

9.2.2 Implications for water treatment management 

From an operational perspective, the 3D manganese cycle model provides managers an overall 

understanding of manganese distribution in the Tarago Reservoir and the DSS contributes to the 

determination of the period with high-risk manganese issues and the decision-making for the manganese 

treatment. The details of the implications are present below: 

• The simulated manganese cycle provides managers with a seamless time-series of manganese 

concentration in the entire reservoirs, which fills the gap of the understanding of manganese 

variation due to the insufficient sampling tests. 

• The developed manganese cycle model allows the managers to investigate the influence of the 

metrological conditions such as wind and rainfall on the manganese levels near the water-intake 



185 | P a g e  

 

facilities. These investigations improve the understanding of managers on manganese cycle 

while raising the managers’ awareness of the sensitivity on the high-level manganese. 

• The recycles of supernatant return and centrate were found as a potential factor that causes 

ineffective removal of the soluble manganese when the oxidation-reduction potential in the 

sludge thickening and dewatering processes was not regulated properly.   

• The integration of manganese cycle model with a decision support system for manganese 

treatment provides a clear guide when the non-qualified manganese level occurs in the treated 

water and a decision tree for managers to support the design of an optimal manganese treatment.  

 

9.3 Research limitations 

 
Despite these informative and useful results, the limitations of this study include the following: 

• There are some deficiencies in the results simulated by the 3D hydrodynamic model over short 

time scales. The constant coefficients used in the heat exchange module, such as the constant 

and wind coefficients in Dalton’s law, beta in Beer’s law and the light extinction coefficient, 

guaranteed efficient and reliable operation but reduced the accuracy of numerical simulations 

over short time scales.  

• The development of the 3D manganese cycle is based on the assumption that the manganese 

flux from sediments is time-varying but constant for the entire reservoir. Due to the absence of 

this measurement in riverine and transition zones, the assumption cannot be validated. 

• The oxidation of soluble manganese is a complex process that includes both abiotic and 

microbial reactions under the influence of catalysis. In the manganese cycle model, a constant 

was assumed to represent the rate at which soluble manganese was oxidised into particulate 

manganese oxides, which simplified the oxidation process. 

• The fluctuations occurring in the simulated results of manganese cannot be validated due to the 

absence of high-frequency field measurements. The accuracy of the model cannot be 

guaranteed over short time scales. 

• The maximum level of measured manganese in the raw water during the research period is 0.2 

mg/L. Therefore, the DSS is inapplicable for the raw water with more than 0.2 mg/L manganese.  

 

9.4 Future research directions 

The future research directions are (1) to improve the performance of the manganese cycle model, (2) to 

explore a method that can achieve accurate simulation of manganese in the water treatment process, 

and (3) to extend the frame of the integrated model to different pollutants in water supply systems. The 

detailed processes are listed below: 
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• There is room for improvement in the determination of the manganese flux from sediments in 

the manganese cycle model. The analysis of reduction and diffusion of manganese in the 

sediment of the riverine and transition zones of the reservoir would improve the performance 

of the model.  

• The oxidation, reduction, coagulation and settling processes of manganese were simplified as 

occurring at a constant rate, which could be improved if relevant laboratory tests could be 

conducted. 

• The simulation of manganese levels in the TWTP is not practicable because a chaos relationship 

exists between manganese in different water treatment processes. In addition, the quality of the 

manganese data is not sufficient to validate the generality of the correlation. To further develop 

a simulation model in the WTP, a long-term and frequent measurement of manganese is 

necessary.  

• The development and application of the integrated model are valuable for the modelling studies 

of other containments in the drinking water systems, such as heavy metals, algae and bacteria.  

 

9.5 Closure  

A model integrated 3D manganese cycle model and DSS was developed which was able to simulate the 

manganese variation from the reservoir to raw water and to treated water in the Tarago water supply 

system. The integrated model consists of a hydrodynamic model, a manganese cycle model and a DSS 

for manganese treatment. The core of the integrated model is the simulation manganese in the reservoir 

based on the hydrodynamic process and the chemical conversion process and advection-diffusion 

processes between soluble manganese and particulate manganese. The research was motivated by the 

potential to analyse the causes of the regular manganese spikes recorded in the treated water of the 

TWTP during turnover events and to eliminate the risk of non-qualified manganese level in the treated 

water.  

 

Introduction, literature review, methodology and data collection and analysis are presented in the first 

four chapters of the thesis. These chapters underlie the research and offer directions for the research. 

The thesis is predominantly composed of peer-reviewed papers related to the various research 

objectives contained within the three distinct phases including a numerical study of the thermal structure 

with development of a 3D hydrodynamic model; the development and application of a simple 

manganese cycle model coupled with a 3D hydrodynamic model; and an integrated modelling study of 

manganese management from catchment to WTP. Chapters 5 to 8 are the reformatted journal 

manuscripts that include independent background, literature review, research method, data analysis, 

results and discussions. Finally, this thesis concluded with a summary of the research contributions, 

implications and limitations as well as future research directions.  
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