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Abstract 

Providing high quality and safe drinking water is challenging for suppliers, who must follow 

strict national and international standards in the treatment processes required for drinking water. 

Dissolved organic matter (DOM) is one of the most important indicators for water treatment as 

it designates the ideal pH as well as the amounts and types of chemicals used in water treatment 

processes. Although previous research and innovations have helped to optimise the physical 

and chemical processes utilised in drinking water treatment plants and maximised the removal 

of pathogenic substances and pollutants, sometimes carcinogenic substances recognised as 

disinfection by-products are produced during the water treatment processes due to a 

combination of complex raw water characteristics, inefficient treatment and the type of 

chemicals added (Bekbolet et al., 2005). Water containing disinfection by-products has a 

harmful effect on consumers’ health. It has been found that in over 600 different disinfection 

by-products, the formation of each disinfection by-product was potentially related to the DOM 

present in the water (Richardson et al., 2007). Consequently, the monitoring and prediction of 

concentrations of DOM are of paramount importance in drinking water reservoirs. In recent 

times, probes measuring fluorescent dissolved organic matter (fDOM) have been developed 

and installed in several Australian reservoirs, providing high-frequency data on the vertical 

distribution of DOM in lakes such as the Tingalpa Reservoir in South-East Queensland. 

However, the probe measurement is limited to a vertical direction and cannot directly observe 

DOM transport within the whole lake. In this regard, prior studies have shown hydrodynamic 

modelling offers a basis for simulating the transport of nutrients and pollutants in response to 

meteorological forcing functions.   

Thus, the objective of this research is to (i) develop a three-dimensional (3D) hydrodynamic 

and sediment transport model, (ii) develop a data-driven model using high-frequency fDOM 

data, and (iii) to integrate them to predict a 3D fDOM for the Tingalpa Reservoir in South-East 

Queensland. A better understanding of the fate of DOM, especially with regard to extreme 

weather events, will benefit water utilities by enabling more proactive and agile DOM removal 

operations.  

To this end, firstly, an investigation into the water circulation and mixing processes occurring 

in the shallow, subtropical Tingalpa Reservoir in Australia was conducted. Bathymetrical, 

meteorological, chemical and physical data collected from field measurements, laboratory 

analysis of water sampling and an in-situ vertical profiling system (VPS) were analysed. Based 
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upon the high-frequency VPS dataset, a one-dimensional model was developed to calculate the 

vertical velocity and diffusion coefficient. The results demonstrate that a persistently high air 

temperature and stable reservoir water depth lead to prolonged thermal stratification. Analysis 

of the collected water quality data indicates that heavy rainfalls have a significant impact on 

water quality when the dam level is low. The peak value of dissolved organic carbon (DOC) 

concentrations occurred in the wet season, while the specific ultraviolet (UV) absorbance value 

decreased when solar radiation increased from spring to summer. The one-dimensional model 

provides a comprehensive approach for understanding and modelling the water mixing 

processes in similar lakes with high-frequency data from VPS or other monitoring systems. 

Secondly, the effect of winds and storms was studied through a 3D numerical investigation 

based on the hydrodynamic and sediment transport model in the Tingalpa Reservoir. Data-

driven models were also established to generate the inflow conditions. Based upon the 

simulation results, sediment transport is driven by storm events, during which sediment delivery 

to the reservoir is dominated by allochthonous flux. In this regard, the sediment accumulation 

during storm events in 2015 was estimated. The effects of the wind upon the lake mixing 

processes and sediment transport were also investigated.  

Thirdly, the historical database derived from water sampling and the VPS was collected and 

analysed. An innovative, coupled data-driven and process-based model was developed and 

assessed to simulate the transport processes of fDOM. These models proved to be able to predict 

fDOM in both calm and storm conditions. Given the scenario analysis of the modelling results, 

it was concluded that fDOM concentrations increase along with water depth during storm 

events, and the area close to the riverine zone had the sharpest increase in fDOM concentrations 

in the whole reservoir during such events. The simulated results indicated that simulated fDOM 

can be regarded as a proxy for DOC concentrations. This innovative model enables operators 

to obtain a more thorough understanding of the DOM cycle in a reservoir and to receive more 

guidance in efficiently removing the DOM. 

It is well-known that analysing and understanding the cycle of DOM is a difficult task and, to 

date, past research has been limited to the study of the biological and chemical processes of 

DOM in lakes and reservoirs. However, hydrodynamic processes are the basic force that 

transports the water, sediment and pollutants into lakes and reservoirs. This research considers 

the effects of hydrodynamic processes on the cycle of DOM. The 3D fDOM prediction model 

built in this research extends the understanding of the DOM cycle into whole reservoir systems 
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and enhances the interpretation of spatially and temporally incomplete field measurements. 

Moreover, the fDOM model costs less and can help the water managers or operators to make 

good decisions on DOM removal. Finally, despite being limited to fDOM predictions, there is 

the potential for the application of such a modelling approach to forecast other parameters of 

possible concern, such as nitrogen or phosphorus. This model concept can be used in other lakes 

or reservoirs with the same DOM issues. 
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Chapter 1 Introduction 

 

1.1 Research Overview 

Dissolved organic matter (DOM) is an important component in source water worldwide. With 

variable surrounding biogeochemical environments and water resources (e.g., temperature, pH, 

biological process and organic matter source), the composition of aquatic DOM differs 

considerably in terms of molecular size and weight (from several hundreds to several millions 

Da), solubility, lability and structure (Fabris et al., 2008; Gjessing, 1976; Leenheer & Croué, 

2003). DOM is comprised of soluble organic materials released by the degradation of plants, 

animals and microorganisms and contains organic forms of carbon, nitrogen, sulphur and 

phosphorus (Zhang et al., 2012). In natural water, the three major sources of DOM are 

autochthonous (aquatic), allochthonous (terrestrial) and synthetic (industrial or man-made), 

with seasonally varying compositions (Mostofa, 2013). Because DOM comprises more than 

90% of total organic matter, it is considered to be the largest pool of organic matter (Thurman, 

1985).  

Over the past two decades, several long-term studies have reported the apparent trend of 

increasing DOM concentration levels in water sources due to issues such as increased drought 

severity, more intensive rain events and global warming (Fabris et al., 2008). Increasing 

concentrations of DOM are a significant issue for water treatment operators. Several 

components of DOM can contribute to an undesirable taste and odours in the water. For example, 

the water turns yellow when DOM concentration levels increase. In addition, DOM that is not 

removed by the treatment processes can react with chemical disinfectants, such as chlorine and 

monochloramine, to form a mixture of disinfection by-products (DBPs). Water containing 

DBPs has a harmful effect upon public health. Previous studies have demonstrated that in over 

600 different DBPs, the formation of each DBP was potentially related to the DOM present in 

water (Lavonen et al., 2013; Richardson et al., 2007). Therefore, effective DOM monitoring in 

raw water allows water utilities to select the type of chemicals that need to be added to avoid 

DPBs forming and to help drinking water meet health and safety requirements. The traditional 

method of monitoring DOM concentration involves the manual sampling of water, in which 

samples are collected at different depths with a depth sampler in a storage dam and then 

transported to a laboratory for the more complex and time-consuming analyses required to 
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detect parameters such as dissolved organic carbon (DOC) and the specific ultraviolet 

absorbance (SUVA). Currently, there is a simple, sensitive and rapid method that relies upon 

the fluorescence properties of some DOM; these are optical sensors which can provide an in-

situ measurement of fluorescent dissolved organic matter (fDOM); however, this estimation is 

often disturbed by external factors such as temperature and turbidity (De Oliveira et al., 2018; 

Zamyadi et al., 2016). Accordingly, traditional DOM measurement methods are time-

consuming, while optical DOM sensors can be overly sensitive to the external environment. 

Probes measuring the fluorescent signal of DOM have recently been developed and installed in 

several Australian reservoirs, thus, providing high-frequency estimations of fDOM in lakes. 

These probes take in-situ optical measurements using long-term and field-deployable 

fluorometers, which enable researchers to collect high-resolution temporal data (Ruhala & 

Zarnetske, 2017). In-situ submersible fDOM fluorometers have been widely used in published 

field studies to date (De Oliveira et al., 2018; Pellerin et al., 2012; Saraceno et al., 2009; Wang 

et al., 2019). While wavelength scanning fluorometers measure emission signals over a range 

of wavelengths and are more reliable, fDOM fluorometers use a light-emitting diode as a light 

source and have a single fixed excitation-emission wavelength pair (Lee et al., 2015; Saraceno 

et al., 2009). Fluorescence sensors allow high-resolution measurements of fDOM in rivers and 

reservoirs during storm events (Carstea et al., 2019). However, when monitoring fDOM 

concentrations using a fluorometer, the optical signal of the fDOM probe can be affected and 

distorted by temperature, turbidity, pH, salinity and inner filter effects. Previous studies (De 

Oliveira et al., 2018) proved that these impediments can be quantified to correct the fDOM 

reading.  

For many environmental problems in lakes and reservoirs, it is also necessary to know the time-

dependent, three-dimensional (3D) temperature distribution and circulation, which are 

frequently impacted by external climate conditions. Capturing water movement is considered 

to be essential as internal water waves break along sloping boundaries and distribute their 

momentum and energy, and this dominates mixing across the pycnocline, the resuspension of 

sediment and the distribution of phytoplankton and nutrients in the water column, which have 

an effect on the biogeochemical systems within a lake (Antenucci et al., 2000; Hodges et al., 

2006). Therefore, hydrodynamic modelling provides an appropriate transport foundation for an 

accurate lake mass balance model because it offers a basis for simulating transport in response 

to meteorological forcing functions, and its results can be scaled to the desired spatial and 
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temporal resolution. Moreover, the DOM cycle in reservoirs is very complicated, since it 

includes chemical, physical and biological reactions, which interact with internal and external 

factors. For this reason, although the basis of the transport, the hydrodynamic processes, can be 

simulated, the prediction of fDOM seems like an unrealistic task. Fortunately, in the last few 

decades, data-driven modelling has become a fruitful area enabling scientists to manage and 

analyse large and complex datasets. Therefore, to understand the dynamics of the DOM 

transport in the lake, a data-driven model coupled with a process-based model is established to 

study the fDOM distributions in different scenarios, such as storm and wind conditions. The 

development of the model and the simulation analysis of fDOM transport will benefit water 

utilities by enabling more proactive and agile DOM removal operations. 

 

1.2 Problem Formulation 

DOM must be monitored so that the water can be treated. If a high concentration of DOM is 

not removed, the DOM will react with the chemical disinfections to form DBPs, which are 

harmful to human health. In the Tingalpa Reservoir, despite the presence of an fDOM sensor in 

a VPS, the determination of the DOM concentration is based upon the manual sampling of the 

water, within which samples are collected at different depths of a storage dam with a depth 

sampler and then transported to a laboratory for the more complex and time-consuming 

analyses required for detecting the requisite parameters including DOC and SUVA. Moreover, 

the VPS cannot fully replace the manual samplings because these fDOM probes are subject to 

the quenching caused by changes in temperature, turbidity, pH, salinity, metal ions and inner 

filter effects. This has led to operators lacking confidence in fDOM readings. The probe 

measurement is limited to a vertical direction at one point in the lake and, therefore, cannot 

directly observe fDOM transport within the whole lake. Prior studies have shown 

hydrodynamic modelling offers a basis for simulating the transport of nutrients and pollutants 

in response to meteorological forcing functions. In addition, data-driven modelling has become 

a fruitful area for scientists to manage and analyse the large and complex datasets. Consequently, 

an opportunity exists to extend the usage of the fDOM data in the reservoir by coupling a data-

driven model with a process-based model. The overarching goal of the PhD study was to 

develop a 3D data-driven model coupled with a process-based model to predict the fDOM to 

simulate the high-frequency fDOM in vertical and horizontal directions. The main value of the 

model is economic; savings will be achieved through a reduction in manual water sampling and 
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the laboratory analysis of DOM concentrations. An additional benefit is that the prediction 

model can provide the spatial and temporal fDOM distributions in extreme events such as strong 

winds and storms. 

 

1.3 Research Objectives  

The objective of this research was to study the dynamics of DOM in the Tingalpa Reservoir to 

benefit the local water utility by providing the most effective water treatment processes for 

DOM removal. It is anticipated that the knowledge gained from this research will promote a 

better understanding of the effects of water movement upon the transport of fDOM in the 

Tingalpa Reservoir. Therefore, the specific objectives were the following: 

1. To gain a full understanding of the dynamics of DOM transport in subtropical reservoirs. 

This includes understanding the relationships between DOM and other lake parameters 

based on previous studies.  

2. To analyse the effects of mixing processes on the DOM in the Tingalpa Reservoir. 

3. To develop a 3D hydrodynamic model coupled with a water quality model in Tingalpa 

Reservoir to output high-frequency fDOM data.  

4. To conduct a scenario analysis of the effects of different extreme events on fDOM 

dynamics in the Tingalpa Reservoir. 

 

1.4 Research Scope 

The purpose of this research was to build a data-based model coupled with a process-based 

model capable of simulating and predicting fDOM levels in a reservoir. This research was 

limited to only one location (Tingalpa Reservoir). This model will provide better management 

strategies and a more proactive water treatment regime to remove DOM for the operators of the 

reservoir. Nonetheless, the process-based model will be limited by the availability of 

atmospheric data, hydrodynamic boundary data and inflow and outflow data. These observed 

data are essential for knowing the real characteristics of the ecosystem and to provide the basis 

for hydrodynamic modelling. It is also important for the calibration of the model to obtain VPS 

data and sufficient historical data. For example, variations between the simulated water 

temperature and the observed water temperature need to be compared to ascertain whether the 
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simulated temperatures match the observations. Through calibration and verification, the model 

will be able to represent the real hydrodynamic and water quality conditions of a waterbody. In 

terms of VPS data, this research also relies upon fDOM data, specifically measured from the 

EXO2 water quality sonde (the main water quality monitoring instrument in VPS), which is 

essential to developing a reliable model. 

The fDOM prediction model requires the fDOM compensation model to achieve accurate 

fDOM readings during the data collection. When monitoring fDOM concentrations using a 

fluorometer, the optical signal of the fDOM probe is inhibited and distorted by temperature, 

turbidity, pH, salinity and inner filter effects. It is necessary to quantify the turbidity and 

temperature impediments to achieve more reliable fDOM readings. While still affecting the 

readings, previous work has showed that pH and salinity have a minor effect on fDOM sensor 

accuracy, and inner filtering effects only become relevant at very high DOM concentrations (De 

Oliveira et al., 2018). Without the fDOM compensation curves, it would be difficult to obtain 

highly accurate fDOM data. The development of the model is based upon the accurate 

monitoring of fDOM and weather data, especially the rainfall data. There is no doubt that 

incorrect weather forecasts could lead to a low level of accurate fDOM predictions when it is 

used in real time. Hence, the model relies upon the accuracy of monitored data and weather 

forecasts to simulate accurate data.  

 

1.5 Research Design and Method Overview 

To achieve Objective 1, the approach involved firstly a review of the literature to gain a full and 

comprehensive understanding of the DOM composition and the DOM cycle in similar lakes 

and reservoirs to that of the Tingalpa Reservoir. Subsequently, the conventional modelling 

techniques and DOM-related models of lakes and reservoirs in recent decades were reviewed. 

At the same time, data collection and data analysis were processed. The data were mainly 

collected from the main bulk water supplier in the South-East Queensland region (Seqwater) 

and the Australian Bureau of Meteorology (BoM). High-frequency lake data came from one 

VPS installed near the lower intake tower. Other water quality data, including the historical 

DOC and SUVA data, came from the monthly sampling performed by Seqwater. Moreover, 

weather, river and bathymetry data were also collected. 

In order to achieve Objective 2, a one-dimensional (1D) process-based model was developed 
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to help to understand the mixing properties of the Tingalpa Reservoir. The impacts of storm 

events upon the mixing process were investigated. For this research study, the time series for 

the various parameters related to DOM variations were plotted and analysed. 

Before the development of an fDOM prediction model, a 3D hydrodynamic model coupled with 

a sediment transport model was built to investigate the thermodynamic and sediment processes 

in the Tingalpa Reservoir. Data-driven models were also established to generate inflow 

conditions. The results of the hydrodynamic and sediment transport model were used as input 

data for the fDOM prediction model cited in Objective 3. To predict fDOM, a coupled data-

driven and process-based fDOM prediction model was developed and assessed. Real-time 

validations were also planned for the 2015 storm event. 

To achieve Objective 4, the simulation results in the fDOM prediction model were analysed. To 

understand the effects of storms upon the transport of fDOM, the simulated fDOM distributions 

before, during and after the analysed storms were described. The fDOM variations in the 

horizontal and vertical direction were also discussed during persisting strong wind conditions. 

 

1.6 Research Novelty and Significance 

The novelty and significance of this PhD research are illustrated in the following points: 

• The establishment of a 1D process-based model allowed a simulation of the mixing 

process in the Tingalpa Reservoir, a shallow and subtropical reservoir. Although 1D 

models analysing mixing processes in subtropical reservoirs exist, this is the first time 

the model has been applied to a shallow subtropical reservoir and the effects of mixing 

processes on DOM dynamics have been analysed. 

• The development of a numerical model meant we were able to visualise the thermal 

structure and sediment transport under the effects of winds and storms in the Tingalpa 

Reservoir in three dimensions. This is the first time the horizontal and vertical 

distributions of water temperature and suspended sediment during storm events and 

winds in the shallow and subapical reservoir have been captured. 

• The establishment of a coupled data-driven model and process-based model allowed the 

prediction of fDOM in three dimensions in the Tingalpa Reservoir. To the author’s 
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knowledge, this is the first attempt to understand and model the bulk component of 

DOM in three dimensions. 

• The effects of extreme events such as storms on fDOM transport in the Tingalpa 

Reservoir were analysed based on the simulated results in the fDOM model. This is the 

first time the fDOM variations in depth and at different points of the Tingalpa Reservoir 

have been simulated and the exact lag time of the fDOM peak between the riverine zone 

and the lacustrine zone has been calculated. 

Hydrodynamic processes are the basic forces that transport water, sediment and pollutants in 

lakes and reservoirs. The published literature regarding DOM cycle modelling in reservoirs and 

lakes barely consider the effects of hydrodynamic processes upon DOM transport. However, 

under extreme events, the hydrodynamic processes are more obvious than biological or 

chemical processes. Therefore, these DOM cycle models cannot accurately simulate the DOM 

under extreme events such as storms and strong winds. This research achieves the simulation 

of the DOM cycle under the hydrodynamic processes and fills a gap in the modelling studies of 

the process-based fDOM cycle in the lacustrine system. 

The innovative data-driven and process-based fDOM model encompasses the three dimensions 

of the reservoir. This model extends the understanding of the DOM cycle into whole reservoir 

systems and enhances the interpretation of spatially and temporally incomplete field 

measurements. Such a 3D model enables the impact of storm events and winds on fDOM 

transport over time to be understood along with the variations in fDOM in different locations 

of the reservoir. The fDOM model is more efficient and costs less than the traditional water 

sampling monitor. To the author’s knowledge, this will be the first model of its kind and will 

provide assistance to water utilities in support of DOM removal. 

 

1.7 Outline of the Dissertation 

The thesis is composed of seven chapters. Chapter 1 briefly introduces the research and outlines 

the project objectives and scope. Chapters 1, 2, 3 and 7 are traditional thesis chapters, while 

Chapter 4, 5 and 6 are reformatted peer-reviewed journal publications. 

Chapter 2 focuses upon a critical review of the existing works related to (i) DOM characteristics 

and cycle in lakes, (ii) conventional modelling techniques, and (iii) DOM-related models. 
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Chapter 3 contains a brief description of method about the 1D process-based mixing model, 3D 

hydrodynamic and sediment transport model, and a data-driven model coupled with a process-

based model for fDOM prediction in the water supply reservoir. 

Chapter 4 presents the water circulation and mixing processes occurring in the Tingalpa 

Reservoir. A 1D model is developed to provide information for vertical transport and mixing 

processes. Moreover, the impacts of storm events on the mixing process are investigated. The 

model aims to provide a comprehensive approach for understanding and modelling the water 

mixing processes in similar lakes with high-frequency data from VPS or other monitoring 

systems. 

Chapter 5 presents a 3D numerical model developed to investigate the thermodynamic and 

sediment processes in the Tingalpa Reservoir. Data-driven models are also established to 

generate inflow conditions. Based upon the model results, the effects of climate forces on lake 

stratification and the mixing process are investigated. 

An innovative, coupled data-driven and process-based fDOM prediction model is developed 

and assessed in Chapter 6. This model is applied to forecast the fDOM distribution in calm and 

stormy conditions in the Tingalpa Reservoir. A scenario analysis of the modelling results is also 

conducted to gain a more thorough understanding of the fDOM cycle in the reservoir and to 

help to more efficiently manage the DOM removal. Finally, conclusions and recommendations 

for future studies are outlined in Chapter 7. 
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Chapter 2 Literature Review 
 

 

2.1 Dissolved Organic Matter in Lakes and Reservoirs 
 

2.1.1 The Composition of Dissolved Organic Matter 

A variety of terms are used to describe and discuss natural organic matter (OM) and its 

composition in water systems along with the different methods used to measure the 

concentrations of organic matter (Kohout et al., 2014). In order to conduct this review, the 

following terminology will be used to describe the different fractions of which OM is comprised.  

The two major fractions that comprise OM are dissolved and non-dissolved matter, as seen in 

Figure 2.1. Based on a separation technique using filters (0.1-0.7 µm), DOM permeates the 

filter, while particulate organic matter (POM) remains on the filter (Danielsson, 1982). DOM 

is comprised of soluble organic materials released by the degradation of plants, animals and 

microorganisms, resulting in organic forms of carbon, nitrogen, sulphur and phosphorus (Zhang 

et al., 2012). In lake water, amounts of OM are generated by in-lake biological activity 

(autochthonous substances) or by catchments being drained (allochthonous substances), 

resulting in seasonally variable compositions (Bertoni, 2011; Mostofa, 2013). Allochthonous 

DOM is produced outside the lake system by leaves, needles and woods, while autochthonous 

DOM is produced within the lake system by autotrophs such as algae and vascular macrophytes. 

As DOM constitutes more than 90% of the total OM, DOM is considered to be the largest pool 

of OM (Thurman, 1985). 
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Figure 2.1. Different kinds of OM found in water (Pagano et al., 2014). 

Total organic carbon occupies approximately 50% of OM, which contains all the molecular 

organic carbon species found in water, such as lignin and proteins (Kohout et al., 2014). DOC 

is organic carbon that can pass through a 0.45 µm filter. According to some studies, DOC is a 

fraction of DOM but the term is often used interchangeably with DOM in some of the literature. 

Particulate organic carbon (POC) is the particulates that do not pass through the filter 

(McDonald et al., 2004). DOC in lakes makes up about 90%-95% of the organic carbon (Wetzel, 

2001). 

DOC is composed of humic and non-humic substances. The majority of humic substances are 

formed by fulvic acid (FA) and the remaining substances contain humic acid (HA) and humin, 

shown in Figure 2.2. FA, HA and humin have different solubility properties at specific pH levels 

(McDonald et al., 2004). HA is soluble in water until pH < 2 and contains the highest molecular 

weight of the humics in a range of more than 300 kDa (Malcolm, 1990). Water containing humic 

acids is dark brown, while FAs make water yellow. FA is soluble at all pH values, the molecular 

weight of which ranges between 2 and 50 kDa in natural water (Malcolm, 1990). FA are 

subdivided into two categories: hydrophilic and hydrophobic acids (Zhang et al., 2009). Humin 

is not soluble at any pH value (McDonald et al., 2004). The other DOC fraction is composed of 

non-humic substances, including carbohydrates, proteins, lipids and pigments.  
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Figure 2.2. The classification of humic substances. 

Finally, POM contains the substances generated by detritus (dead organisms and fragments of 

cells or organisms) and by the organisms (bacteria and protozoa) colonising it (Bertoni, 2011). 

The constituents of these aggregates cannot be easily isolated because they also contain a living 

component (Bertoni, 2011). The quantity and quality of sedimenting POM are closely related 

to the production dynamics of phytoplankton, especially in shallow lakes (Molongoski & Klug, 

1980). A review of the existing literature indicates that DOM has varying definitions and 

classifications for different authors; therefore, with regard to lability, some authors divide the 

DOM pools into labile, semi-labile and refractory pools (Amon & Benner, 1996). The labile 

material has a short turnover (decomposition) period for mineralisation, such as a few days or 

hours, while the refractory pool has a very long turnover time of several thousand years on 

average (Druffel et al., 1992; Santschi et al., 1995). The semi-labile fraction has a turnover time 

of one week to several months dependent upon the temperature (Druon et al., 2010). 

 

2.1.2 Organic Matter Cycle 

A simplified DOM cycle in lakes is shown in Figure 2.3. In the upper layer of a waterbody, the 

waters are always warmer and rich in oxygen because the water molecules interact with solar 

radiation and convert the solar energy into their own energy (Bertone & O’Halloran, 2016). 

Algae and other organisms need sunlight to grow and the photosynthesis process occurs in this 

layer, converting the inorganic to organic. These autochthonous DOM do not absorb light and 

consist mainly of non-humic substances (Bertilsson & Jones Jr, 2003). At a certain depth at 

which radiation can be transmitted, the illuminated layer of water is called the euphotic zone 
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(Tundisi & Tundisi, 2012). In this illuminated layer, the photosynthesis process produces O2 

and consumes CO2. Although the increasing water temperature leads to a decrease in dissolved 

oxygen (DO) solubility, the upper layer is rich in DO. The solar radiation, through its positive 

influence on the photosynthesis activity and the growth of autographs, releases DOM from 

phytoplankton during photosynthesis (Bertoni, 2011; Tranvik, 1992). DOM is also produced by 

various other processes, including inefficient grazing, and excretion and defecation by 

autotrophs (Biddanda & Cotner, 2002). At the same time, respiration also occurs to balance the 

carbon in natural waters, thus, providing a pathway for carbon to flow into the aquatic 

environment (Biddanda & Cotner, 2002). Previous studies have indicated that an increase in 

UV light penetration also leads to DOM declines; this is likely to be because it allows the 

increased intensity of photochemical processing (Effler & Owens, 1985).  

 

Figure 2.3. The simplified DOM cycle in lakes. 

The bottom layer of a waterbody is usually colder than the upper layer, and in this layer, solar 

radiation cannot penetrate to the depths, hence, photosynthesis cannot occur. The OM and 

oxygen in these layers are consumed by microbial oxidation (Bertoni, 2011). DOM can be 

utilised by bacteria and heterotrophic aerobes, and CO2 is produced within this process (Bertoni, 

2011; Larsson & Hagström, 1979; Williams & Yentsch, 1976). The consumption rate depends 

upon the volume of the reservoir. A fraction of DOM binds to clays, CaCO3 and Fe (Ⅲ) 

hydroxides or flocculate with aluminium or iron. They then fall onto the floor of the lake 
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(Zumstein & Buffle, 1989). 

With regard to the allochthonous substances, the humic plant residues and the organic soil 

matter are carried by the groundwater flow into the lake catchment area. These allochthonous 

DOM are composed of humic substances and are refractory to decomposition and the 

absorption of light (Thurman, 1985). Some of them precipitate and accumulate in the bottom 

sediment, while others are degraded by bacteria and fungus to lignin or soil humus, such as 

fulvic and HAs, which are extremely abundant in the lakes of forested areas (Bertoni, 2011). 

The organics in the sediment also include the OM which is decomposed by anaerobes from 

plant remains. Moreover, on the sediment bed or the bottom of a stratified waterbody, some 

microorganisms begin anaerobic decomposition to consume the OM, producing highly 

objectionable products, which include hydrogen sulfide (H2S), ammonia (NH3) and methane 

(CH4) (Ji, 2017). 

The OM is mainly found to be CO2 resulting from its oxidation at high temperatures, hence, the 

term ‘organic carbon’ is often used in place of ‘organic matter’ in lakes. In this regard, the 

concentration of DOC undergoes a seasonal change in the aquatic systems (Biddanda & Cotner, 

2002). In the winter, the water in the lakes and reservoirs is usually colder than any other season. 

The heterotrophic bacteria selectively suppress autotrophic phytoplankton during the winter 

(2℃-4℃) (Pomeroy & Wiebe, 2001), thus, less DOC is consumed in this season, resulting in 

its accumulation. Further, in winter, excess primary production is one reason for the 

accumulation of DOC in the water column and can be transformed into POC, which is 

potentially sequestered to the lake floor (Biddanda & Cotner, 2002; Tranvik et al., 2009). In the 

winter months, the low temperatures and substrate concentration limits the bacterial metabolism, 

promoting the accumulation and retention of high levels of DOC (Pomeroy & Wiebe, 2001). 

Correspondingly, when the temperature increases, the levels of DOC decrease through the 

summer season (Scavia & Laird, 1987). As the bacterial production is highest at all depths in 

summer, the production of DOC cannot satisfy the demands of bacterial utilisation (Scavia & 

Laird, 1987). On the other hand, there is considerable interannual variability in the levels of 

DOC in lakes (Schindler et al., 1997). The concentration and inputs of DOC in wet years are 

higher than adjacent drier years. The drier climatic conditions result in reduced inputs of DOC 

from catchments and upstream lakes (Schindler et al., 1997), while in wet years, there is an 

increase in DOC input from catchments and precipitation. Under the situation of either constant 

or declined DOC inputs from catchments, precipitation becomes an increasingly necessary 
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2.1.3 Characterisation Techniques for Dissolved Organic Matter 

Research upon the abundance and physicochemical characteristics of DOM has been conducted 

by scientists over the last few decades through several advanced analytical techniques. 

Currently, the operators of drinking water treatment plants (DWTP) often rely upon the lab tools 

(DOC analysis, ultraviolet-visible absorbance, fluorescence spectroscopy with excitation-

emission matrix and high-performance size exclusion chromatography) and sensors (fDOM 

probe measurement) to determine DOM properties and to estimate the appropriate coagulant, 

thereby, ensuring the removal of DOM and avoiding the formation of DBPs. There are common 

methods for measuring DOM in water, which are described in the following paragraphs. 

 

2.1.3.1 Dissolved organic carbon analysis 

As explained by Pan, Li, Zhang, et al. (2016), DOC is a collective parameter for DOM, whereby, 

‘dissolved’ means the organic carbon compounds can pass through a 0.45 µm filter. A total 

organic carbon analyser is used to determine the DOC concentration after sample filtration. A 

typical DOC analysis measures both the total carbon and inorganic carbon and determines the 

content of dissolved carbon dioxide and carbonic acid salts in the latter (Pan, Li, Zhang, et al., 

2016). This method successfully analyses the natural organic matter, however, it cannot provide 

qualitative information about the OM. 

 

2.1.3.2 Ultraviolet-visible absorbance 

According to absorption spectroscopy, ultraviolet-visible absorbance (UV/Vis absorbance) is a 

method used to measure the transition of organic molecules from a ground state to an excited 

state under UV light (Pan, Li, Zhang, et al., 2016). Since many UV absorbance wavelengths 

correspond to different chromophores in the DOM, certain wavelengths are believed to identify 

specific chromophores. For instance, absorbance at 254 nm (A254) is known to indicate aromatic 

chromophores with various activation degrees, while absorbance at 220 nm corresponds to the 

aromatic and carboxylic groups (Korshin et al., 2009). The ratio between different wavelengths 

is also important for determining the DOM characterisation, for example, A254/A436 (Hur et al., 

2006; Spencer et al., 2007). It is noted that SUVA is an effective indicator of potential DOM 

aromaticity and DBP formation in a water sample. Its value is equal to the quotient of its UV 

absorbance at 254 nm divided by its DOC concentration (Pan, Li, An, et al., 2016). It also has 

the potential to characterise DOM through determining its hydrophilicity and hydrophobicity. 
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SUVA < 2 is considered to be of hydrophilic low molecular weight (LMW); SUVA that is 

between 2-4 is considered to be a mixture of hydrophobic and hydrophilic LMW and high 

molecular weight (HMW); and SUVA > 4 means the DOM consists of hydrophobic, HMW 

aromatic humic substances (Van Nieuwenhuijzen & Van der Graaf, 2011). 

 

2.1.3.3 Fluorescence spectroscopy with excitation-emission matrix 

Fluorescence spectroscopy with an excitation-emission matrix (FEEM) is another viable 

method for DOM characterisation. By absorbing light, the excited fluorophores of DOM 

undergo relaxation and emit fluorescence. These fluorescent signals cross a certain range of 

excitation wavelengths (Ex) and emission wavelengths (Em) yielding excitation-emission 

matrix spectra. This increasing fluorescent intensity would be plotted as a function of Ex and 

Em (Xiao et al., 2016). This technique is rapid, specific and sensitive when measuring the 

compounds in the sample that absorb light or other radiation. However, it is sensitive to turbidity, 

temperature, pH and colour in sample water. According to Chen et al. (2003), there are five 

domains that compose the fluorescent excitation-emission matrix spectra, including aromatic 

proteins I (excitation 220–250 nm, emission 280–332 nm), aromatic proteins II (excitation 

220–250 nm, emission 332–380 nm), fulvic acid-like (excitation 220–250 nm, emission 380–

580 nm), microbial by-products (excitation 250–470 nm, emission 280–380 nm) and humic 

acid-like (excitation 250–470 nm, emission 380–580 nm).  

After the data collection in FEEM experiments, processing collected data plays an important 

role in characterize the water sample by calculating indicators in order to compare fDOM 

reading measured from sensors with DOM character based on indexes described in the literature. 

There are several indexes, which exacted from FEEM results. Firstly, the indicator fluorescence 

index can be calculated, which value is defined as the ratio of fluorescence intensity at the 

emission wavelength 450 nm to that at 500 nm and the excitation wavelength 370 nm 

(McKnight et al., 2001). High values of the fluorescence index correspond to DOM microbially 

produced and lower values indicate the aromatic DOM (Korak et al., 2014). Secondly, the 

relative fluorescence efficiency can be calculated as an indicator of the amount of algal DOM, 

which is studied by Gjettermann et al. (2008). Moreover, the humification index is calculated 

as the indicator of the humic substance content. A higher humification index corresponds to the 

high degree of humification of DOM (Ohno, 2002; Zsolnay et al., 1999). 
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2.1.3.4 High-performance size exclusion chromatography (HPSEC) 

Molecular weight (MW) is one of the basic properties of aquatic DOM that depends upon the 

physical and chemical characteristics and chemical reactivity of DOM (Lepane et al., 2004). 

Higher MW molecules are more likely to bind metal and be more aromatic. Lower MW 

molecules are more hydrophilic and have a greater capacity to adsorb mineral substrates (Zhou 

et al., 2000). To determine the prevalence of MWs, techniques such as x-ray scattering, viscosity 

measurements and HPSEC can be used. HPSEC is considered the most convenient and 

illuminating method for separating DOM compounds according to their size and MW by using 

a high-performance liquid chromatography system with a UV detector. However, this method 

cannot identify DOM that have slight or inexistent UV activity. Additional information about 

the details of the molecular architecture can be obtained if HPSEC is coupled with other 

separation and fractionation methods. Based on the HPSEC results, there are many findings on 

how to exact and summarize the MW results in the literature. The weight-averaged MW is 

commonly calculated as described by Chow et al. (2008). The weight-averaged MW relates to 

aromaticity of DOM (Chin et al., 1994; Romera-Castillo et al., 2014) and the amount of humic 

(Martin-Mousset et al., 1997). The cut-offs can be determined according to the ability to remove 

the different components during water treatment processes, especially in the coagulation 

process. Previous studies found that DOM fraction with MW at 50,000 Da and 1,900 Da were 

easily removed with alum does, the peaks lower than 500 Da could not be removed, and peaks 

at 800 Da and 1,200 Da could be removed after several alum treatments. 

 

2.1.3.5 In-situ fDOM probe measurement 

fDOM is a specific example of fluorescence spectroscopy. Fluorescence spectroscopy is the 

monitoring principle of fDOM probe measurement, fDOM sensor picks the specific wavelength 

pair, which is used as proxy of DOM, while with EEM, the user can subdivide into more areas 

and get proxies of different DOM fractions. 

Chromophoric/coloured dissolved organic matter (CDOM) and fDOM are two common terms 

used in the technology to measure DOM in situ in water. CDOM refers to the fraction of OM 

that absorbs light, particularly UV. The subset of CDOM is fDOM, which refers to the fraction 

of CDOM that fluoresces. Fluorescence is a phenomenon of certain molecules that absorb a 

photon leading to the emission of a photon of a longer wavelength. The fDOM fluorometer 
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consists of UV light-emitting diodes (transmit light into the water) and a fluorescence detector 

(detects the fluorescence emitted by fDOM). The fDOM is a mixture of different fluorescent 

molecules, which can be organised into several general classes. DOM fluorophores are 

schematically represented in following figure, along with their corresponding 

excitation/emission wavelength domains. Due to the difficulties of identifying the individual 

fluorescent compounds in water, the fluorophores are commonly termed ‘humic-like’, ‘fulvic-

like’ and ‘protein-like’ (specifically tryptophan- or tyrosine-like; (Hudson et al., 2007). 

 

 
 

Figure 2.4. Schematic representation of DOM fluorescent fractions with the specific 

excitation and emission wavelength domains (Carstea, 2012). 

The EXO fDOM sensor is commonly used to measure fDOM in aquatic environments. The 

EXO fDOM sensor targets one of the fDOM groups, the humic-like DOM, which has an 

excitation/emission pair of 365±5 nm/480±40 nm. The fDOM probe can excite molecules on 

the peak-C-like region of the spectra. Compared with the nontrivial and time-consuming 

extraction and characterisation of DOM, the currently available fluorescent probes are a simple, 

rapid, sensitive and non-invasive methodology that provide an in-situ estimation of fDOM. This 

is beneficial for DWTP for developing real-time water quality monitoring and management 

(Brown et al., 2016; Yunus et al., 2012; Zamyadi et al., 2016). However, an in-situ fDOM probe 

is sensitive to the surrounding environment, which means this measurement is easily disturbed 

by changes such as temperature, turbidity, pH, salinity and inner filtering effects. Consequently, 

fDOM probes need to be adjusted and corrected to offer an accurate estimation of the 
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fluorescent and humic-like DOM quantities in water (Carstea, 2012). 

De Oliveira et al. (2018) built up sequential compensation models to investigate instances of 

environmental interference (i.e. temperature and turbidity) on a fDOM probe for calibration in 

the Tingalpa Reservoir. They found that threshold autoregressive models were able to describe 

the turbidity effects on fDOM measurement based upon the systems in the following equation: 

 𝑓𝐷𝑂𝑀𝑐 =

{
 

 
𝑓𝐷𝑂𝑀𝑚

[−0.0079𝑇𝑏 + 1.0023]
; 𝑇𝑏 ≤ 40 𝐹𝑁𝑈

𝑓𝐷𝑂𝑀𝑚

[−0.254𝑙𝑛𝑇𝑏 + 1.622]
;  𝑇𝑏 > 40 𝐹𝑁𝑈

 (2.1) 

where Tb is turbidity in formazin nephelometric units (FNU), and the subscripts c and m 

represent the compensated and measured values, respectively. Water temperature and pH also 

affected the fDOM readings but given the relatively constrained variations of these parameters 

for such a subtropical reservoir, those effects were ignored. 

In conclusion, the DOM characterisation techniques can be divided into several groups. The 

first group focuses upon detailed structural information, such as DOC analysis, while the second 

group investigates the chemical behaviour of DOM, including MW, molecular size, 

hydrophobicity and hydrophilicity, for example, HPSEC. The latter measures the fluorescence 

signal of DOM in situ, which is time-consuming. However, it is sensitive to changes in the 

environment. A comparison of the main techniques for characterising DOM is depicted in the 

following table. 
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causes changes in light penetration and influences the biological growth within the aquatic 

system. In the treatment for drinking water, a high level of DOM in raw water also results in 

the increased formation of potentially dangerous chemical by-products (the most dangerous 

being the trihalomethanes [THMs]) during the water treatment process (Pagano et al., 2014). 

Recently, although research and innovation have helped the physical and chemical processes 

undertaken in DWTPs to remove pathogenic substances and pollutants, sometimes carcinogenic 

substances known as DBPs are produced during the water treatment process due to the 

combination of complex raw water characteristics, inefficient treatment and the types of 

chemicals added (Bekbolet et al., 2005). Therefore, the water containing the DBPs has a 

harmful effect on residents’ health. In over 600 different DBPs, it has been found that the 

formation of each DBP is potentially related to the DOM present during the most common 

chlorination practices (Richardson et al., 2007), such as ozonation. THMs are one group of 

many hundreds of possible DBPs and are the product of the reaction of chlorine or bromine 

with OM when the water is being treated. THM is not only an environmental pollutant but is 

also considered carcinogenic. According to Fabris et al. (2008), natural water sources for 

drinking water supplies in Australian systems were found to contain a variety of potential 

formations of DBPs related to the chemical characterisation of DOM, for example, the aromatic 

or phenolic portions in DOM are believed to be relative to the formation of DBPs. Consequently, 

a high level of DOM concentrations in a water system that is used for drinking water is of 

immense concern for the water supply. 

Due to the fact that the types and nature of DOM vary, it is difficult to remove all of the DOM 

effectively from the water within a single-unit process (Chowdhury, 2013). Coagulation is one 

step in the water treatment process, which neutralises or reduces the remaining dissolved, 

colloidal and suspended matters with a negative electrical charge in the raw water. This occurs 

by adding a positively charged chemical coagulant agent, which causes the DOM to stick 

together and form micro-flocs. This step makes the matter easily removable in later steps. It is 

common to remove DOM using aluminium and iron slats as coagulants (Ritson et al., 2014), 

parallel with clarification and filtration. Alternative options are also available for DOM removal; 

however, coagulation is believed to be the preferred method because it achieves a balance 

between costs and removal efficiency (Sharp et al., 2006). 

As studied by Gang et al. (2005) and Johnstone et al. (2009), coagulation can reduce THM 

formation by 40%–50%, depending upon the water source. Research has shown that 
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coagulation is efficient in removing the larger MW DOM because of the neutralisation charge 

and the adsorption mechanism of removal (Chow et al., 2005; Chowdhury, 2013). However, 

lower MWs and hydrophobicity all result in DBP formation (Farre et al., 2013). When a higher 

concentration of DOM is present, water treatment plants may be forced to pre-treat their water 

with filtration, coagulation or other steps before disinfection by chlorination. These costly pre-

treatment processes cannot remove all THM precursors; sometimes the proportion of 

brominated THMs may even double (one of the DBPs considered more carcinogenic than 

chlorine-derived THMs) (Gough et al., 2014). 

 

2.2 Modelling Techniques in Freshwater 

In this section, previous research related to water or environmental applications is discussed, 

such as deterministic and stochastic models. Suggestions are then made with the aim of 

choosing which model best fulfils our requirements. 

2.2.1 Review of Models for Water-Related Applications 

Experts have tried to describe water-related systems using deterministic models for many years. 

The deterministic model is based on mathematical laws with deterministic parameters to 

provide a useful framework to provide responses to altered environmental conditions. In 

contrast to traditional statistical methods, the variables in deterministic models avoid being 

stochastically related, which is a relationship that is determined by the confirmation of physical 

and mathematical laws. Consequently, a given input into a deterministic model always produces 

the same output, therefore, avoiding random variation (Ji, 2017). In the natural science sector, 

the environmental systems can be described using a set of equations and parameters that are 

determined and summarised by real experiments.  

In the last decade, many deterministic models have been built and applied successfully to 

natural systems. For example, Lei and Ni (2014) developed a 3D deterministic model to 

simulate the hydrodynamics, oxygen mass transfer, carbon oxidation and nitrification in an 

oxidation ditch. The model results were in very satisfactory agreement with laboratory data on 

the behavior of activated sludge. Falconer et al. (1991) built a numerical model in a shallow 

homogeneous lake with a complex bathymetry and successfully simulated the wind-induced 

circulation in the study site. The simulations showed that a non-hydrostatic pressure distribution 

did not have any noticeable influence on the overall circulation pattern in the lake. Mark et al. 



Chapter 2 Literature Review 

 

24 

 

(1996) tried to predict the location of sediment deposits in a sewer system using a deterministic 

sediment transport model coupled with a hydrodynamic model. The model output was able to 

predict the sediment deposits when compared with the field data. Blondel et al. (2010) built a 

deterministic nonlinear wave propagation model to predict sea waves. This model was based 

upon effective data assimilation processes to optimise the wave-field estimates obtained from 

the study of several probe signals.  

With regard to spatial resolution, deterministic models usually extend to three dimensions, 

which are used for describing the whole nature system (Jin et al., 2000; Shen et al., 1995). 

However, they can also be 1D or two-dimensional (2D) models, depending upon the 

characteristics of the system (Table 2.3). The spatial resolution influences the design and 

construction of the model grid, which is determined by two factors: the extent to which spatial 

gradients occur and the extent to which variations are considered for management (Ji, 2017). 

An adequate resolution would not only reduce study costs but also promote the model’s 

accuracy.  

An adequate resolution means that the model would realistically simulate the spatial gradients 

of water variables. If there is a need to consider a 1D variation and neglect the cross-sectional 

and vertical variations of a domain, a 1D model is the best choice, especially for small and 

narrow rivers. Asselman and van Wijngaarden (2002) built a 1D floodplain sedimentation 

model to estimate the average sediment accumulation over a floodplain section. The results 

were successfully applied to the Rhine River in the Netherlands during floods. A 1D shallow-

water equation model was also used for a large range of applications related to dam-break waves 

and the reservoir emptying and flooding. Gouta and Maurel (2002) provided a numerical 

solution to these equations using a finite volume scheme based upon the Roe solver to simulate 

a real dam-break wave, which focused upon the problem of a dam-break wave simulation. In 

estuaries, deep rivers or reservoirs, in addition to variations in longitudinal dimensions, those 

in the vertical direction are also often considered in simulations. Moreover, 1D models were 

used in lake systems by applying the advection and dispersion equations and inputting high-

frequency temperature data to calculate the vertical velocity and diffusion coefficient (Bertone 

et al., 2015). Moreover, a 2D model should be developed when vertical and horizontal 

concentration gradients commonly occur. In this regard, the 2D laterally averaged CE-QUAL-

W2 hydrodynamic and water quality model has been widely used and accepted (Howington, 

1988; Martin, 1987). Deliman and Gerald (2002) built a CE-QUAL-W2 model to simulate the 
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consider the time dimensions (Table 2.4). Inputs and outputs in steady-state models are held 

constant for a long period of time but those in dynamic models depend upon the treatment of 

the time derivative in the governing equations. Steady-state models always simulate rivers with 

low variability in flow and sediment contaminant loads on an annual scale. For instance, 

Chough and Kim (1981) developed a steady-state model to simulate the dispersal of fine-

grained sediment from the Hwangho and Yangtze Rivers to the south-eastern Yellow Sea. 

Conversely, dynamic models need to be chosen for those requiring the temporal variability of 

the external loading, boundary conditions, meteorological conditions and internal processes 

within a waterbody. In dynamic models, inputs and outputs depend upon the treatment of the 

time derivative in the governing equations. For instance, Martin (1987) first described a 

dynamic, 1D, unsteady lake water quality simulation model for lake eutrophic studies and 

control strategies using a Lagrangian approach. This model also filled the need created by the 

fact that previous models had not been developed to be simulation tools for the evaluation of 

multiple and varied lake restoration techniques. Hongping and Jianyi (2002) also focused upon 

eutrophic studies. They used state and rate equations to simulate and predict the dynamic change 

in four main algae and zooplankton in the West Lake, Hangzhou. They showed that phosphorus 

is an important limiting factor in a dynamic eutrophication model for lakes and removing 

phosphorus in streams would restrain the eutrophication in the West Lake. 
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Temperature 

Water temperature is a function of both surface heat flux and the transport of water into and out 

of the waterbody system. The total heat budget for a waterbody consists of the effects of heat 

exchanges between water and atmosphere, heat exchanges between surface water and bottom 

water, inflows/outflows and heat generated by chemical/biological reactions. The heat 

exchanges between the atmosphere and water columns are determined by radiative processes 

and turbulent heat. The heat input to a waterbody includes solar radiation and sensible heat. The 

sensible heat is the conductive heat transferred between the atmosphere and the waterbody. 

Sensible heat can, at times, remove the heat in a waterbody, which is dependent upon the 

turbulence activities on the air-water interface. The heat output to the atmosphere includes 

longwave radiation and latent heat (heat transfer due to water evaporation). Latent and sensible 

heat fluxes and longwave radiation are assumed to occur at the surface of the water. In the 

following, the absorption profile for the short-wave flux is approximated using Beer’s Law:  

 𝐼(𝑑) = (1 − 𝛽)𝐼0𝑒
−𝜆𝑑 (2.2) 

where 𝐼(𝑑) is the radiative intensity at depth d below the surface; 𝐼0 is the intensity just below 

the water surface; 𝛽  is a quantity that takes into account that a fraction of light energy is 

absorbed near the surface and 𝜆 is the light extinction coefficient. This equation demonstrates 

that the intensity decreases with an increase in the light extinction coefficient. Ask et al. (2009) 

investigated the light extinction coefficients in 15 lakes, which ranged from 0.5 to 4.1 m-1. The 

light extinction coefficient increased with increasing DOC concentrations following a nonlinear 

relationship (Ask et al., 2009). 

 

To determine daily radiation under cloudy skies, H (MJ/m2/day), the following relation is used: 

 𝐻

𝐻0
= 𝑎2 + 𝑏2

𝑛

𝑛𝑑
 (2.3) 

in which 𝑛 is the number of sunshine hours and 𝑛𝑑 is the maximum number of sunshine hours. 

The variables 𝑎2 and 𝑏2 are specified as constant. The default values are 𝑎2 = 0.295 and 𝑏2 = 

0.371. It is noted that in order to accurately reproduce the water temperature in the epilimnion, 

𝑎2 was adjusted to 0.175 by Sokolova et al. (2013) to decrease the daily radiation under cloudy 

weather. 

In the last two decades, many successful heat transport models have been introduced. For 
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instance, Jin et al. (2000) coupled a 3D hydrodynamic model with a heat transport model to 

predict the heat transport and turbulence closure schemes for Lake Okeechobee, a large and 

shallow subtropical lake in the United States. They concluded that the simulation accuracy 

could be improved by adding wind-wave and vegetation resistance algorithms to the model for 

such large and shallow lake. The results in this study indicated that adding wind-wave and 

vegetation resistance algorithms to the model in such large and shallow lake improved the 

simulation accuracy; however, the vegetation resistance and wind-wave algorithms are less 

important in shallow and small reservoirs (Jin et al., 2000). 

Salinity 

Salinity is a measure of the salt concentrations in water. Salt concentrations are expressed in 

parts per thousand (ppt) in estuaries and are often represented in the form of the chloride 

concentration in milligrams per litre in lakes. A typical chloride concentration of 80 mg/L in a 

lake is equivalent to 0.080 ppt, a very small value compared to the concentrations in estuaries. 

An increase in salinity and a decrease in temperature leads to an increase in water density. This 

relationship is the reason why water of low salinity tends to float above denser water with colder 

temperatures and higher salinity. In comparison to temperature variations, salinity variations 

often effectively change estuarine stratification. Raney et al. (1985) built a hydrodynamic and 

salinity model for Apalachicola Bay, Florida and concluded that salinity concentrations and 

contours are extremely dependent upon the level of freshwater inflow. Their model (Raney et 

al., 1985) indicated that large river inflow decreased the salinity level in the bay system. 

 

2.2.1.2 Transport mechanism 

In terms of transport mechanisms, many transport processes have been simulated in the past, 

including sediment transport and pollutant transport. 

Sediment transport 

Sediment transport processes also attract a great deal of attention from scientists and engineers 

(Chough & Kim, 1981; Teeter et al., 2001). Sediment consists of particles of all sizes, which 

are derived from rocks or biological materials. Sediment transport can simply be described as 

the process of water eroding sediment from one place and depositing it in another place. The 

erosion occurs when the shear stress applied to the sediment bed exceeds the critical value of 

the shear stress. An increase in the total suspended sediment, which reduces the light penetration 
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into the water, can affect the water temperature, and, thus, influences biological and chemical 

reaction rates. Overall, the total suspended sediment is a crucial factor in determining the water 

quality and eutrophication processes. Jin and Ji (2005) developed a hydrodynamic and sediment 

transport model to simulate sediment resuspension and transport in the shallow lake of Lake 

Okeechobee. The impact of the sediment process was also predicted under different 

management scenarios and environmental conditions. The results from the model provided a 

prediction of how phosphorus-rich mud sediments move. In this regard, there are four basic 

sediment processes which have been successfully simulated in the past two decades, including 

the resuspension of the sediment bed; the transport of sediment in the form of suspended load 

and bed load; the settling of suspended sediment and deposition on the bed; and the 

consolidation and compaction of the sediment bed. 

Pollutant transport 

Pollutants in water environments consist of two groups. The first group includes bacteria, 

viruses and protozoa called pathogens. The second group, called ‘toxics’, consists of a variety 

of toxic pollutants found in waterbodies. Contaminated water is responsible for the spread of 

many contagious diseases. Most pollutants, especially the toxics, are associated with sediment 

in water. The sorption of metal and organic toxicants into sediment is one of the most important 

processes affecting their fate and transport. Therefore, an accurate description of the 

hydrodynamic processes and sediment processes is essential to the transport of pollutants. Shen 

et al. (1995), for instance, developed a 3D hydrodynamic/pollutant transport model to simulate 

the currents and pollutant transport in Lake Ontario using three different grids for the lake, the 

waterfront and the mouths of several creeks. The prediction of the lake circulation patterns and 

conductivity had a good level of accuracy alongside the field measured data. A typical pollutant 

transport model often includes 

1. A hydrodynamic and sediment model that provides the transport and settling information. 

2. Sorption-desorption interaction between dissolved and particulate toxics. 

3. Interactions and exchanges between the sediment bed and the overlying water column. 

4. External loadings to the system. 
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Bayesian Network model (Moe et al., 2016; Rigosi et al., 2015; Tromas et al., 2017), Boosted 

Regression Trees (Harris & Graham, 2017; Peretyatko et al., 2012) and Descriptive Statistics 

(Butitta et al., 2017; Havens et al., 2019; Leigh et al., 2010) were also used in water-related 

systems. 

Compared to the deterministic models, data-driven models mainly reproduce certain statistical 

features of a waterbody. For example, a data-driven model for a lake may identify relationships 

between each measured pointsor variables. However, the model is not able to provide a specific 

relationship between monitored and unmonitored points as by definition it relies on data. 

Generally, deterministic models are able to represent and simulate the internal physical 

processes in the studies’ domains, while data-driven models do not have the capacity to address 

this issue. =. On the other hand, determinist models rely on several data/assumptions about the 

modelled water body, which could also not be available or validated. Overall, the choice of the 

best model must be taken according to the features of the study system and available data. 

 

2.2.2 Review of DOM Models 
 

Within the last two decades, the DOM concentrations in water have increased in many countries 

across the world, which has attracted substantial interest from experts. DOM plays an important 

role in monitored water quality in water bodies. Due to spatial and temporal limitations, the 

measuring and monitoring of DOM in lakes is expensive, and for this reason many researchers 

have tried to build models to quantify the DOM sources, simulate the DOM transportation and 

analyse the relationship between DOM concentrations and other water or environmental 

variables. 

Gjettermann et al. (2008) built a DOM model to quantify the DOM sorption/desorption and 

microbial-driven DOM turnover using DAISY model (an open software, which simulates water, 

carbon and nitrogen dynamics in the soil–plant–atmosphere system). Within this model, firstly, 

the exchange of DOM that occurs between the soil solution and the soil matrix is a result of 

sorption/desorption during percolation, which is described as the deviation between the actual 

solute concentration and the equilibrium concentration of DOC. Secondly, the turnover of 

several OM pools is determined by first-order kinetics. Due to the microbial turnover, the 

change of C content in the DOC pool is described by the following: 

 
[
𝑑𝐶𝐷𝑂𝑀
𝑑𝑡

]
𝑡𝑢𝑟𝑛𝑜𝑣𝑒𝑟

= 𝑓𝐷𝑂𝑀(𝐷𝑆𝑀𝐵1 + 𝐷𝑆𝑀𝐵2 + 𝜍𝑆𝑂𝑀2) − 𝜍𝐷𝑂𝑀 (2.4) 
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where 𝐶𝐷𝑂𝑀 is the carbon concentration in the DOC pool, 𝑡 is the time, and ς and D are the 

turnover rate and the death rate, respectively, of the specific pools. SMB1, SMB2 and SOM2 

represent the stable soil microbial biomass, dynamic soil microbial biomass and the most 

bioavailable soil OM, respectively. This model was tested in three agricultural soils with 

different treatments, which confirmed the measurements and the model’s ability to simulate the 

DOC concentrations in subsoil. 

In addition to the modelling of DOM in soil, experts have also attempted to model the DOM 

cycles in coastal oceans and lakes. Druon et al. (2010) developed a DOM model coupled with 

an ocean circulation-biogeochemical model to obtain a better understanding of the carbon 

dynamics in the continental shelf. Based upon the level of lability, the authors divided DOM 

into labile, semi-labile and refractory pools. Figure 2.5 gives a general overview of the 

biogeochemical model schematic in their research. Compared to the reference model (without 

DOM), the result of the model shows that DOM is a major organic pool and the introduction of 

DOM increased the regenerated production in the studied areas. In the upper layer, DOC is 

mainly produced from phytoplankton exudation (Eq 2.5), and in the deeper layer, it is mainly 

produced from the solubilisation of POM. The time rate of change of semi-labile DOC produced 

by phytoplankton exudation (nutrient-based and carbon excess-based) and solubilisation (Eq 

2.6) from detritus is given by the following equations: 

𝜕𝐷𝑂𝐶

𝜕𝑡
= 𝐶𝑁𝑝{휀𝑁μPhy + 𝜎𝑐𝛾[𝜇𝑚𝑎𝑥𝐿𝐿(1 − 𝐿𝑁)]𝑃ℎ𝑦} (2.5) 

 

𝜕𝐷𝑂𝐶

𝜕𝑡
= 𝛿𝑁(𝑠𝑆𝐷𝑒𝑡𝑁𝑆𝐷𝑒𝑡𝐶 + 𝑠𝐿𝐷𝑒𝑡𝑁𝐿𝐷𝑒𝑡𝐶)   (2.6) 

 

 μ = 𝜇𝑚𝑎𝑥𝐿𝐿𝐿𝑁   (2.7) 

where 𝐶𝑁𝑝  is the carbon-nitrogen ratio for phytoplankton, 휀𝑁  is the exudation rate of 

phytoplankton semi-labile DON, μ is the phytoplankton growth rate, 𝜎𝑐 is the fraction of semi-

labile DOC produced by the carbon excess-based exudation, 𝛾  is the parameter of carbon 

excess-based DOC excretion by phytoplankton, 𝜇𝑚𝑎𝑥 is the maximum phytoplankton growth 

rate, 𝐿𝐿 and 𝐿𝑁 are the non-dimensional terms that determine the light and nutrient limitations, 

𝛿𝑁 is the fraction of semi-labile DOC to total DOC within the phytoplankton cell, 𝑠𝑆𝐷𝑒𝑡𝑁 and 

𝑠𝐿𝐷𝑒𝑡𝑁 are the bacterial solubilisation rates of small and large N detritus, respectively. 𝑆𝐷𝑒𝑡𝐶 
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and 𝐿𝐷𝑒𝑡𝐶 are small and large C detritus concentrations. 

 

 
 

Figure 2.5. Carbon and nitrogen cycles in DOM model in which the DOM sink and source 

flexes are highlighted in red (Druon et al., 2010). 

Importantly, in relation to the current study, Toming et al. (2016) used the boosted regression 

tree approach to ascertain the best proxy for remote sensing mapping of lake DOC. They 

concluded that the relationship between DOC and other water and environmental variables 

differed both seasonally and internally. Unlike the hydrodynamic model, this method is limited 

as a result of analysing the point-to-point relationship, hence, it is difficult to find a remote 

sensing proxy to describe the seasonal cycle of DOC.  

In conclusion, the preceding DOM models were considered successful applications within the 

environmental science system. However, because they focus more upon the biogeochemical 

processes of the DOM cycle, these models ignore the hydrodynamic-process effect on DOM 

transportation. Some data-driven models, such as the boosted regression tree, cannot ascertain 

the relationship between the monitored point and the unmonitored point. Instead, a coupled 

hydrodynamic-DOM transport model has been identified as more suitable for DOM studies in 
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reservoir systems. This is because it not only considers the hydrodynamic influence upon the 

water movement but also provides a full understanding of DOM transport within the studied 

area. 

 

2.3 Summary 

The high level of DOM in the water system is a substantial concern for the water supply, as 

shown in the existing literature. The composition of DOM is complex, and the different 

substances it contains vary in their humic, solubility and MW characteristics. Therefore, 

efficient and reliable DOM measurement and modelling are essential for monitoring the exact 

DOM concentrations and predicting DOM in different scenarios. The detailed conclusions 

formed from reviewing the literature are as follows: 

• The existing techniques for monitoring DOM vary within physics, chemistry and optics. 

These techniques are not capable of monitoring the exact DOM concentration; rather, 

they provide detailed structural information upon DOM, monitor the chemical 

behaviour of DOM and measure the absorption of DOM. Fluorescence sensors allow 

high-resolution measurements of fDOM in lakes. However, when monitoring fDOM 

concentrations using a fluorometer, the optical signal of the fDOM probe is impeded 

and distorted by temperature, turbidity, pH, salinity and inner filter effects. 

Consequently, it is important to consider the interference of these factors and determine 

their influences in the actual measurement process.  

• Different factors influence the DOM cycle under different conditions in lakes. The main 

inputs include the allochthonous input, the substances released from autotrophs and the 

detritus decomposed from plant remains and dead organisms. The process of 

consumption by heterotrophic bacteria, output from outflows and DOC flocculation and 

setting can reduce the DOM in lakes. Within the research domain, related data need to 

be collected and analysed to determine the influence of these inputs and outputs. After 

the collection of the necessary data, it is impossible to build a comprehensive process-

based model to simulate the DOM cycle in the reservoir. The coupled modelling 

approach allows the researchers to overcome data limitations. 

• It is worth mentioning that hydrodynamic processes are the basic forces that transport 

the water, sediment and pollutants in lakes and reservoirs. However, many of the 
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existing DOM models do not consider the effects of the hydrodynamic processes upon 

DOM transport. For this reason, an attempt to build a hydrodynamic model and analyse 

the influences of the hydrodynamic processes on DOM transport is necessary. 

• Data-driven models have been used in the DOM modelling. However, these models are 

limited to point-to-point analysis simulation. They are incapable of handling the 

complex relationships between known and unknown points. Over the past decades, a 

series of process-based models have been developed to simulate DOM transport in 

reservoirs and lakes. However, earlier process-based DOM models are complex and 

most of them only consider the biochemical processes of DOM, such as phytoplankton 

exudation and the remineralisation of labile DOM. They are calibrated and verified 

based upon low-frequency water sampling data. Earlier DOM models are also limited 

to the simulation of horizontal DOM variations and do not fully consider the effects of 

the hydrodynamic and sediment transport process on DOM transport processes. 

Therefore, an attempt to build a 3D coupled data-driven and process-based model 

through high-frequency and in-situ optical DOM measurements in a lake system is a 

feasible and innovative task within this study. 
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Chapter 3 Methodology 
 

 

 

3.1 Introduction 

The research methodology involved the incremental development and verification of a 

numerical hydrodynamic and transport model, and a data-driven model coupled with a process-

based model. The purpose of the model is to ultimately calculate and understand the impacts of 

winds and storm events and predict the fDOM in three dimensions. Specifically, the main 

activities undertaken to meet the research objectives are listed and explained in the following 

(see Figure 3.1). 

Firstly, the foundations for understanding the mixing process in the water supply reservoir were 

established for the research. A one1D model was developed to calculate the mixing coefficients 

using the VPS data and solving a continuity equation and an advection-diffusion equation. 

Regarding this vertical mixing model, water temperature and conductivity were the inputs as 

the boundary conditions. According to Bertone et al. (2015), this model outputs the vertical 

velocity and diffusion coefficients, which can be used for analysing the mixing processes in 

lakes when VPS data are available.  

Secondly, investigations into the effects of storms and wind upon hydrodynamic and transport 

processes in the water supply reservoir were necessary. This segment employed a modelling 

framework consisting of both hydrodynamic and sediment transport models, which were 

enforced by the inflow conditions predicted by data-driven models. The hydrodynamic model 

was first used to simulate flow and temperature variations in the lake. The coupled sediment 

model was then applied to estimate the distribution of sediment concentration along the lake 

from extreme events.  

Finally, 3D hydrodynamic, sediment transport and data-driven models were developed to 

achieve the 3D fDOM prediction. The inputs to the 3D hydrodynamic and sediment transport 

model were the inflow conditions, weather conditions and bathymetry. The model performed 

well in simulating the thermal structure and sediment transport processes. The outputs from the 

hydrodynamic and sediment transport models were the inputs to the data-driven model. The 

data-driven model includes a classification of the time period for the storm and calm condition 
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groups and a prediction of compensated fDOM in storm and calm conditions. The data-driven 

model is able to detect changes in dryness and wetness in the atmosphere and relate these to the 

current rainfall conditions, using the relevant equation.  

 

Figure 3.1. Main research objectives. 

 

3.2 Understanding the Mixing Processes in the Water 

Supply Reservoir 

The purpose of Stage 1 was to access the mixing processes in the water supply reservoir, thus, 

it was necessary to obtain and analyse data to understand the DOM variations and to apply the 

1D process-based model to help understand the mixing processes in the reservoir system. The 

following sections briefly introduce the required tasks in this stage and a detailed discussion on 

these methods is presented in Chapter 4.  

3.2.1 Stage 1.1: Data Collection 

Stage 1.1 was designed for the collection of all the data related to DOM to understand the DOM 

variations and composition in the reservoir. The main components of this stage were separated 

into three tasks. The first task was to collect the water quality data relevant to the DOM 

measured by the water sampling, such as the DOC concentrations and the SUVA. Following 

this, the high-frequency water quality data monitored by the VPS were also collected because 

the water temperature and conductivity are the main inputs of the 1D process-based model in 
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Stage 1.3. High-frequency fDOM data were also collected, which provided information on the 

DOM variations in the VPS station. It is worth mentioning that the optical signal of the fDOM 

probe is impeded and distorted by temperature, turbidity, pH, salinity and inner filter effects 

and these effects need to be considered to achieve more reliable fDOM readings. Finally, 

information on the weather conditions, such as air temperature, wind speed and direction, solar 

radiation and precipitation, was collected to study the influence of climate changes on the 

mixing processes in the reservoir. Data on the outflow discharge and water level in the reservoir 

were collected to assist in understanding the hydrology of the reservoir. 

3.2.2 Stage 1.2: Data Analysis 

After the data collection, the available data were analysed to obtain the properties of each 

variable involved in the mixing processes. The first step was checking for outliers and missing 

data. The VPS data were extracted from the raw database under a time-series format. For the 

missing VPS data with an hourly interval, a nearest-neighbour linear interpolation was 

performed, but for those with longer intervals, (e.g. missing from 06 April, 2015 to 05 May, 

2015 in this study), the interpolation was not implemented as it would have been too unrealistic. 

The second step was a visual inspection of the data by plotting multiple time series in the same 

figure to verify the causal relationships found in the literature. It was important to plot the 

vertical distribution of each parameter to investigate the vertical movement. The representation 

of the DOM and water temperature data in figures or tables assisted in understanding the diurnal 

and seasonal variations of thermal stratification and the DOM cycle in the reservoir. 

3.2.3 Stage 1.3: Application of 1D Process-Based Model  

A 1D model was used to calculate the mixing coefficients using the VPS data, including water 

temperature and conductivity, and solving a continuity equation and an advection-diffusion 

equation. Regarding this vertical mixing model, water temperature and conductivity were 

inputted as the boundary conditions. According to Bertone et al. (2015), this model outputs the 

vertical velocity and diffusion coefficients, which can be used to analyse the mixing processes 

in lakes when VPS data are available. The details of the model development and model results 

are provided in Chapter 4. 

The method of this stage was to output the high-frequency mixing coefficients, which were 

designed to enable the proposed reservoir system with the installation of VPS to work 

effectively in different cities and regions. However, this model was applied in the VPS station 

of the reservoir and it only outputted the diffusion coefficients and vertical velocity at one point 
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of the reservoir. The mixing processes in the reservoir were also influenced by the terrain 

variance; the vertical velocity varies in the different zones with different depths. Thus, it was 

important to consider the bathymetry variations and to understand the mixing processes in three 

dimensions. 

 

3.3 Hydrodynamics and Sediment Transport in the Water 

Supply Reservoir 

Stage 2 involved the preparation of the model inputs and the development of a 3D 

hydrodynamic and sediment transport model. This stage involved a comprehensive numerical 

study of the required methodology in the water supply reservoir system, the outcomes of which 

were published in a refereed journal paper.  

3.3.1 Stage 2.1: Model Inputs 

The task of Stage 2.1 involved the data collection for the model inputs. Because the model 

considered the hydrometeorological conditions, the wind condition, rainfall, air temperature 

and humidity data were collected. The discharge, water temperature and suspended sediment 

concentrations in the inflow creeks and the outflow needed to be identified to be the boundary 

conditions for the model. Moreover, the bathymetry data were collected to import the accurate 

terrain features into the model. Finally, the particle size of the suspended sediment needed to 

be identified to set the settling velocity of the suspended sediment in the reservoir. In terms of 

the research region, the study was conducted with data collected from Seqwater, BoM and the 

Queensland Department of Environment and Resource Management. It should be noted that the 

inflow conditions in the study region were not monitored during the study period; the data-

driven model was built to simulate the inflow conditions in the creeks.  

3.3.2 Stage 2.2: Model Setup 

The purpose of Stage 2.2 was to develop a 3D hydrodynamic and sediment transport model of 

the water supply reservoir. Deterministic models are an appealing technique since they provide 

real equations and causal relationships between variables. Compared to deterministic models, 

stochastic models mainly reproduce certain statistical features of a waterbody. Accordingly, the 

deterministic model was chosen to study the hydrodynamic and sediment transport processes. 

In this stage, the 3D hydrodynamic model DHI MIKE 3 FM (DHI, 2017) was applied to 

simulate the water flows in the water supply reservoir. MIKE 3 FM is a 3D modelling system 

in a computational mesh for simulating flows in estuaries, bays, coasts, lakes and oceans. The 
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model solves the hydrostatic Reynolds-averaged Naiver-Stokes equations and takes into 

account the influence of the turbulence, density, mass conservation of temperature and salinity, 

which describe the transport of contaminants, mud and sediment, in addition to simulating the 

biogeochemical processes through the ECO Lab plug-in. The model was built up to account for 

the hydrometeorological conditions (wind and precipitation on the lake surface) and to simulate 

the heat exchange between the atmosphere and the reservoir, sediment erosion and sediment 

deposition in the water supply reservoir. The water density was formulated as a function of 

temperature. 

3.3.3 Stage 2.3: Model Calibration and Verification 

The 3D model was calibrated by comparing the measured water level, temperature and 

suspended sediment profiles to the simulated results. Based on the evaporation data in the study 

region, the heat exchange coefficients for the evaporative heat loss were determined, and the 

constant and wind coefficients in Dalton’s law were calibrated. Moreover, to accurately 

reproduce the water temperature of the surface layer, the light extinction coefficient in the heat 

exchange module was calibrated. To improve the accuracy of the sediment model, the shear 

stresses of erosion for different types of sediments were also calibrated. Finally, the model was 

validated in terms of the water level, temperature and suspended sediment concentration to test 

the accuracy of the 3D model. The details of the model calibration and model verification are 

also discussed in Chapter 5. 

 
 

3.4 fDOM Prediction Model 

After identifying the mixing processes in the water supply reservoir in Stage 1, it was found 

that the turbidity and compensated fDOM increased during storm events at a depth of 1 m to 

10 m in the study region. The simulated results in the numerical study showed that storms also 

lead to an increase of suspended sediment concentrations in the reservoir system. After 

completing Stage 1 and Stage 2, a detailed physical assessment of the main factors that 

determined the compensated fDOM distribution was performed. The hydrodynamic processes 

and sediment transport processes play essential roles in fDOM variations. The hydrodynamic 

and sediment transport model provided the base for the process-based model used to predict the 

fDOM. This stage aimed to complete the model setup of fDOM perdition in the reservoir system 

and introduced the required tasks to help achieve the above objective; these tasks are presented 

in the following sections. 
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3.4.1 Stage 3.1: Model Setup 

Three-dimensional hydrodynamic, sediment transport and data-driven models were developed 

to achieve the 3D fDOM prediction. Firstly, the weather conditions, bathymetry and inflow 

conditions were inputted to the 3D hydrodynamic and sediment transport model. The model 

simulates the thermal dynamic and sediment distributions and outputs the 3D water temperature 

and turbidity. Once the water temperature and turbidity were simulated in three dimensions, the 

next task was to couple the process-based model with the data-driven model to predict the 

fDOM. The data-driven model involved the classification of the time period for the storm and 

calm condition groups. In the data-driven model, the compensated fDOM was predicted during 

storm and calm conditions. The outcome of this process was the prediction of compensated 

fDOM in three dimensions, which was adapted to the water supply reservoir with the 

installation of the VPS. Section 6.3.2 provides detailed information on the model setup process.  

3.4.2 Stage 3.2: Model Calibration and Verification 

Once the model was set up, the model calibration and verification were carried out to determine 

the accuracy of the fDOM prediction model. The study period was divided into a calibration set 

and a validation set. The time period of the calibration set accounted for 80% of the whole study 

period and the proportion of the verification set was 20% of the whole study period. The 

regression coefficients were estimated in a calibration set and the model was tested in a 

validation set by predicting the fDOM peak during the storm event. The calibration and 

verification processes for the study region were conducted. These outcomes are clearly 

explained in Chapter 6. 

 

3.5 Summary 

This chapter examined the overarching research design and the research methods applied to 

achieve the different research objectives. A comprehensive analysis of the collected data also 

allowed a thorough understanding of the mixing processes and their effects on the DOM cycle. 

The numerical study was undertaken to analyse the hydrodynamic processes and sediment 

transport. Finally, the prediction model development, which was also generalised in order to be 

applied to any similar forecasting problem, followed an extensive discussion of the fDOM 

modelling results, which will assist the water utility in removing the DOM in WTP. Chapters 4 

to 6 also provide detailed descriptions of the specific research methods applied to attain the 

different objectives. 
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Analysis of the mixing processes in a shallow subtropical reservoir 

and their effects on dissolved organic matter 

Overview of Chapter 

A good understanding of the physical processes of lakes or reservoirs, especially of those 

providing drinking water to residents, plays a vital role in water management. In this study, the 

water circulation and mixing processes occurring in the shallow, subtropical Tingalpa Reservoir 

in Australia have been investigated. Bathymetrical, meteorological, chemical and physical data 

collected from field measurements, laboratory analysis of water sampling and an in-situ Vertical 

Profile System (VPS) were analysed. Based on the high-frequency VPS dataset, a 1D model 

was developed to provide information for vertical transport and mixing processes. The results 

show that high air temperature for a long period and stable reservoir water depth leads to a 

prolonged thermal stratification. Analysis indicates that at lower dam levels heavy rainfall 

events have a significant impact on water quality. The peak value of Dissolved Organic Carbon 

(DOC) concentration occurred in the wet season, while the specific UV absorbance (SUVA) 

value decreased when solar radiation increased from spring to summer. This research study 

provides a comprehensive approach for understanding the water mixing in similar lakes with 

high-frequency data from VPS’s or other monitoring systems. 
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4.1 Introduction 

A comprehensive understanding of the mixing processes of lakes or reservoirs, especially those 

providing drinking water to consumers, is of great importance for an effective water supply 

management. Lack of an accurate understanding of biogeochemical and physical cycles in lakes 

or reservoirs may lead to non-optimal decisions on water treatment, resulting in potential 

breaches of drinking water quality guidelines.  

The thermal cycle is vital for the pattern of vertical mixing in lakes and reservoirs (Elçi, 2008). 

Due to the effects on redistribution on dissolved oxygen and nutrients, thermal stratification has 

also significant consequences for the general ecology (MacIntyre, 1968; MacKinnon & Herbert, 

1996) and water quality (Boehrer & Schultze, 2008). Prolonged thermal stratification has 

already been shown to enhance the depletion of hypolimnetic oxygen, putting pressure on 

aquatic organisms (Seager et al., 2000; Weider & Lampert, 1985).  Moreover, the oxygen 

depletion and high hypolimnetic temperatures can simulate the accumulation of dissolved 

nutrients and mineralization of organic matter at the sediment-water interface (Marsden, 1989; 

Søndergaard et al., 2003). For subtropical lakes, water temperature is always high in top layers 

and the temperature gradient is relatively large during most of summer, spring and even autumn 

(Bertone et al., 2015). The heating caused by solar radiation in surface waters is the main driving 

force of thermal processes. However, storm events with precipitation and strong winds can 

break down the thermal stratification and accelerate the mixing processes in the water column 

(Dorjsuren et al., 2018; Townsend, 1998; Zhang & Chan, 2003). Other factors also influence 

the thermal cycle in reservoirs including climate warming, catchment topography, inflow, 

reservoir morphometry and hydraulic residence time (Townsend, 1998; Wilhelm & Adrian, 

2008). With regards to Dissolved Organic Matter (DOM), the strength and frequency of the 

turbulence caused by the mixing regime of a lake directly affects its concentration and 

composition (Holland et al., 2018; Stedmon et al., 2003; Tundisi & Tundisi, 2012). Thus, 

understanding the mixing processes is crucial for water suppliers to in turn predict the nature 

and levels of DOM, and ensure effective DOM management procedures so that the treated water 

can meet related drinking water guidelines before being distributed.  

Many studies have been conducted to examine the mixing regime of lakes or reservoirs. Elçi 

(2008) explored the structure of thermal stratification and its influence on the water quality of 

a Turkish Reservoir, deploying a series of non-dimensional indexes and multivariate analyses. 

Wilhelm and Adrian (2008) investigated the impact of prolonged thermal stratification events 
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on oxygen and nutrients in Müggelsee Lake, Germany, by compiling a frequency distribution 

of stratification events and performing partial correlation analysis. The results indicated that 

hypolimnetic oxygen concentrations strongly decreased during stratification events, and the 

effects of extreme events counteracted the influence of reduced external nutrient loading. 

Bertone et al. (2015) developed a one-dimensional time-dependent dynamic model, which was 

deployed with hourly vertical temperature profiles’ data to calculate vertical velocities and 

diffusivity coefficients and understand the mixing processes of the Australian subtropical 

Advancetown Lake. The vertical temperature profiles’ data were measured by a water quality 

probe installed in a vertical profiling system (VPS). Findings indicated that the vertical mixing 

processes were driven by diffusion in the study domain, while advection played minor roles. A 

number of previous studies have analyzed the impacts of the mixing processes of shallow lakes 

or reservoirs on certain water constituents (Blix et al., 2018; Helfer et al., 2011; Judd et al., 

2005; Weithoff et al., 2000; Wiedner et al., 2002); however, they were often confined to short 

periods of time or based on relatively low frequency measurements. With regards specifically 

to DOM, previous studies relied on laboratory measurements of its chemical and optical 

properties (Hood et al., 2006; Spencer et al., 2009; Toming et al., 2016). Typically, these rely 

on manual field water sampling, which for the location of this study, are undertaken on a 

monthly basis. Such frequency is not sufficient to understand and model DOM transports. 

However in recent years, new optical sensing technology is available which allows to measure 

fluorescent dissolved organic matter (fDOM) at high-frequency through a sensor installed in a 

VPS; this allows to monitor changes in DOM quality and character, especially during storm 

events when it is difficult to manually collect samples (Ruhala & Zarnetske, 2017). However, 

to date to the Authors’ knowledge there has been no attempt to analyze the effects of water 

mixing processes on DOM, based on high-frequency data in the lake environment. 

In the present study, the research location is Tingalpa Reservoir, which supplies water to the 

Redland City area, Queensland, Australia. Importantly, a VPS was installed in this reservoir in 

2013, collecting water quality data (including water temperature and fDOM) for the full water 

column every hour. Based on such high-frequency data, it was possible to create a one-

dimensional vertical model to examine the nature of the mixing regime and effects of the 

thermal cycle on oxygen, nutrients and DOM. The objective of this study was to investigate the 

diurnal and seasonal nature of the thermal stratification in Tingalpa Reservoir. The study also 

focused on the seasonal changes of water quality parameters, such as turbidity and DOM. 

Importantly, VPS data enables the analysis of water mixing processes specifically during storm 
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events; therefore, the physical processes of transport and mixing within the water body were 

analyzed during historical storm events. This study aims to provide a better understanding of 

the causes and effects of mixing processes affecting similar shallow and polymictic lakes or 

reservoirs. 

 

4.2 Study Site and Materials 
 

4.2.1 Research Domain 

Tingalpa Reservoir is in South-East Queensland, Australia (153.18°E, 27.53°S), and is bounded 

by Leslie Harrison Dam. The earth-fill dam structure, which was completed in 1968, is 25 m 

high and 535 m long. It was upgraded in 1984 to provide approximately 20% of the water 

supply to Redland City, which has a population of around 150,000 inhabitants. The shallow 

reservoir, with a mean depth of 5.3 m, has a mean water residence time of 4.5 years (Burford et 

al., 2007). The main inflows are the Tingalpa Creek from a southwestern direction and the 

Stockyard Creek from a southeastern direction (Figure 4.1). An intake tower, located in the 

northeastern side of the reservoir, withdraws the raw water and redirects it to the Capalaba water 

treatment plant (WTP). The catchment area is 87.5 square kilometers and contains a large 

portion of the Venman Bushland National Park; the reservoir’s surface area at full capacity is 

470-hectare. The dam was initially managed by the Redland City Council, but its management 

was transferred to Seqwater in July 2008. In order to ensure the region’s dams, continue to meet 

national standards, Seqwater commenced dam improvement programs in 2014 and the dam’s 

capacity decreased from the full capacity (24,868 ML) to 13,206 ML on 1 August 2014. 

Previous studies (Lu et al., 2017) found that longer seasonally dry spells in Tingalpa Reservoir 

increased organic matter content, and affected water quality after the subsequent rainfall events. 
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Figure 4.1. Monitoring sites in Tingalpa Reservoir. In the background the bathymetry [m AHD] 

of Tingalpa Reservoir is presented. 

4.2.2 Data Collection and Analysis 

Since 2013 a VPS was installed in Tingalpa Reservoir 500m from the dam wall as shown in 

Figure 4.1. Such systems consist of a YSI (Yellow Springs, OH, USA) EXO2 multi-probe 

system connected to a set of water quality probes underneath, which are automatically winched 

up and down the water column and measure water quality variables, including water 

temperature, pH, dissolved oxygen, conductivity, turbidity and fDOM. In Tingalpa reservoir, 

the VPS can collect such water quality data for the full vertical profile every hour at 1 m depth 

intervals and transmit the collected data via telemetry to the Seqwater dataset. The location 

where the VPS is placed has a maximum depth of 13m. The fDOM was measured using an 

EXO2 fDOM Smart Sensor (YSI, USA) and reported as relative fluorescence units (RFU) and 

quinine sulfate units (QSU). This fDOM probe has an excitation/emission pair of 365±5 

nm/480±40 nm to estimate the quantity of fluorescent, humic-like DOM (peak C)(Coble, 1996). 

When monitoring the fDOM concentration, the optical signal of the fDOM probe is affected 

and distorted by temperature, turbidity, pH, salinity and inner filter effects. The type of turbidity 

also is important, with the magnitude of fDOM signal bias being related to the shape and size 

of suspended particles (De Oliveira et al., 2018; Saraceno et al., 2017). Sequential compensation 
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models were recently developed to investigate such environmental interferences on a fDOM 

probe for its calibration in the Tingalpa Reservoir (De Oliveira et al., 2018). Such models were 

applied to the raw fDOM historical data collected for this study, in order to achieve more 

reliable fDOM readings. In this study, the compensated fDOM is calculated based on the 

sequential compensation model (De Oliveira et al., 2018). The uncompensated fDOM is the 

original amount of fDOM in the probe reading. 

For the determination of DOM concentrations, DOC and UV absorbance historical data from 

2013 to 2017 were collected from Seqwater. These were originally measured from water 

samplings, following filtration. The sampling points are shown in Figure 4.1. DOC 

concentration was measured by high-temperature catalytic oxidation TOC-L CPH Total 

Organic Carbon Analyser (Shimadzu Corporation, Japan). UV absorbance was measured using 

an UV-1800 UV-Visible Spectrophotometer (Shimadzu Corporation, Japan), with results given 

in cm-1. Specific absorbance or SUVA (the ratio of absorbance at 254mm/m to DOC 

concentration) was determined at the raw water inlet. The time interval of the water samplings 

is approximately one month. Historical weather conditions, such as air temperature, wind speed 

and direction, solar radiation and precipitation, were collected from the BoM from 2013 to 2017 

with a daily interval. Outflow discharge was obtained from Seqwater with a daily interval, 

including the outflow volume to the Capalaba Water Treatment Plant (WTP) and spilled amount 

of water from Leslie Harrison Dam during a period from 2013 to 2017. Seqwater also monitored 

the daily inflow water level and the monitoring station shown in Figure 4.1 in Tingalpa Creek 

from 2014 to 2017. 

The collected data for the 2013 to 2017 period was quality assured before including in any data 

analysis to make sure the current results are reliable and reflect the dynamics observed in 

Tingalpa Reservoir. Thus, all data was checked for completeness, inconsistencies and anomalies. 

The collected dataset was checked for outliers and missing data. For the missing hourly VPS 

data, nearest-neighbours linear interpolation was performed, but for periods with longer gaps 

in data collection, (e.g. missing from 06 April 2015 to 05 May 2015), the interpolation was not 

implemented since it would be too unreliable. In this situation, when the vertical profiles are 

plotted in a time series format, unavailable data are shown in a white colour. Scatter plots of 

each variable against each other helped to visually identify any linear or nonlinear correlation. 

All of these analyses enabled the understanding of the relationships between the physical and 

chemical variables and mixing processes in the reservoir. 
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4.3 Model Development 

A one-dimensional model was developed to calculate the mixing coefficients using the VPS 

data and solving a continuity equation and an advection-diffusion equation. Regarding this 

vertical mixing model, water temperature and conductivity are inputs as the boundary 

conditions. According to Bertone et al. (2015), this model outputs the vertical velocity and 

diffusion coefficients, which can be used for analyzing the mixing processes in lakes when VPS 

data is available. 

When the inflow and outflow conditions are neglected, the differential equation for the 

conservation of mass can be derived from Eq. (4.1) as 

 
𝜕𝜌

𝜕𝑡
+ 𝛻 ∙ (𝜌�⃗�) = 0 

 

(4.1) 

             

where 𝜌 = density of water, �⃗� = velocity vector and  ∇ = gradient operator. 

Equation (4.1) is also called the continuity equation. The continuity equation was discretised as 
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where the superscript n is an index for time and subscript i is an index for depth (i=1 indicates 

the bottom depth); 𝜌 and w are the density of the water and the vertical velocity; 𝐴𝑖 is the lake 

cross area in the layer i, which is assumed to change with depth, but not over time; ∆𝑡 is the 

time step;  ∆𝑧 is the distance between two adjacent depths. The water column was discretized 

with ∆𝑡=3600s and ∆𝑧=1m. The initial condition 𝑤1
𝑛=0, 𝑤𝑖+1

𝑛  can be calculated using Equation 

(4.2). In the present study, the VPS collected water temperature and conductivity in the water 

column. The density can be calculated as in Millero and Poisson (1981): 

 𝜌 = 𝜌0 + 𝐴 ∗ 𝑆 + 𝐵 ∗ 𝑆
3 2⁄ + 𝐶 ∗ 𝑆2 

 

(4.3) 

             

where  𝜌 is the water density [kg/m3]; 𝜌0 is the density of pure water [kg/m3], function of the 

water temperature; 𝑆  is the salinity of water [psu], which can be calculated by function of 

conductivity (Association & Association, 1989); 𝐴, 𝐵  and 𝐶  are coefficients which are 

calculated by function of water temperature. 

The advection-diffusion equation for heat transport is: 
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𝜕𝑇(𝑡, 𝑧)

𝜕𝑡
=
𝜕

𝜕𝑧
(𝐷(𝑡, 𝑧)

𝜕𝑇(𝑡, 𝑧)

𝜕𝑧
) − 𝑤(𝑡, 𝑧)

𝜕𝑇(𝑡, 𝑧)

𝜕𝑧
+
1

𝐶𝑤

𝜕(𝐻(𝑡, 𝑧))

𝜕𝑧
= 0 

 

(4.4) 

where 𝑇(𝑡, 𝑧) is the water temperature at time 𝑡 and at depth z; 𝐷(𝑡, 𝑧) is the vertical diffusion 

at time 𝑡 and at depth z; 𝐶𝑤 is the volumetric heat capacity of water;  𝐻(𝑡, 𝑧) is the heat source 

term due to heat exchange with external environment, which is ignored in the present study. 

The advection term in Equation (4.4) can be discretized as 

 

𝑤(𝑡, 𝑧)
𝜕𝑇(𝑡, 𝑧)

𝜕𝑧
=
1

2
(𝑤𝑖

𝑛 − |𝑤𝑖
𝑛|
𝑇𝑖+1
𝑛 − 𝑇𝑖

𝑛

∆𝑧
+ 𝑤𝑖

𝑛 + |𝑤𝑖
𝑛|
𝑇𝑖
𝑛 − 𝑇𝑖−1

𝑛

∆𝑧
) 

 

 

(4.5) 

             

The diffusion term in Equation (4.4) can be discretized as 

 
𝜕

𝜕𝑧
(𝐷(𝑡, 𝑧)

𝜕𝑇(𝑡, 𝑧)

𝜕𝑧
) = [

𝐷𝑖+1
𝑛 (𝑇𝑖+2

𝑛 − 𝑇𝑖+1
𝑛 )

∆𝑧
−
𝐷𝑖
𝑛(𝑇𝑖+1

𝑛 − 𝑇𝑖
𝑛)

∆𝑧
] 

 

(4.6) 

             

Using Equation (4.5) and Equation (4.6), the vertical velocity 𝑤(𝑡, 𝑧) and the diffusion 𝐷(𝑡, 𝑧) 

for each layer at each time can be calculated by applying all VPS data, in particular water 

temperature and conductivity. 

4.4 Results and Discussions 
 

4.4.1 Analysis of Collected Data 

Daily averaged air temperature, sum of daily rainfall, weekly wind condition (wind speed and 

wind direction), daily reservoir water level and hourly water temperature at depth 1m and 10m 

and column temperature differential are presented in Figure 4.2. 

 



Chapter 4 The Mixing Processes in the Tingalpa Reservoir 

 

54 

 

 
Figure 4.2. Time series of: (a) Air temperature; (b) column water temperature differential 

between depth 1m and 10m; (c) rainfall; (d) wind condition and (e) water level in Tingalpa 

Reservoir from 2013 to 2017. 

The air temperature varied seasonally within the range of 11.1 – 30.1 ℃ with the highest air 

temperature from December to February (January is the warmest month with a monthly mean 
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air temperature above 24.0℃ from 2014 to 2016) and the lowest in June to August (July is the 

coldest month with a monthly mean air temperature of 15.3℃ from 2014 to 2016). The monthly 

mean minimum and maximum temperatures for summer and winter months during the 

monitoring period were within the range of 24.1-26.9℃ and 14.6-17.2℃ respectively. Thus, the 

Tingalpa Reservoir is characterized by having warm summer and mild winter which is 

consistent with its location (subtropical climate zone). In Figure 4.2(a) and Figure 4.2(b), the 

relationships are given between air temperatures and the column temperature differential, 

besides other variables. It illustrates that air temperature has larger fluctuation ranges than water 

temperature. For most of the summer seasons, the water temperature at the surface was higher 

than that of water at the bottom layers. However, when the air temperature decreased to the 

lowest value, the temperature in both layers of water reached the same level, thus achieving full 

thermal destratification. 

During the period from July 2013 to July 2017, the precipitation distribution amongst seasons 

was 46.7% in summer, 21.7% in autumn, 20.0% in spring and 11.6% and winter. Heavy rainfall 

events caused by storms are most likely to occur during the summer months (Figure 4.2(c)). 

The mean of the daily average of the wind speed and wind direction were 5.9 m s-1 and 145.9° 

(i.e., S/SE) respectively. The daily averaged wind speed varied between 0.8 -18.3 m s-1 and the 

daily averaged wind direction varied between 36° – 282.5°. To clearly show the wind variation, 

the wind condition with a weekly interval is plotted in Figure 4.2(d). It is obvious from the 

charts that heavy rainfall events were often associated with high wind speeds, and the dominant 

wind direction during storm events was NNW. 

Figure 4.2(e) shows the water level variation during the monitoring period from 2013 to 2017 

and presents a declining trend from highest level (18.1 mAHD) to lowest value (14.2 mAHD). 

It is obvious from the charts that heavy rainfall events lead to increases of water level in 

Tingalpa Reservoir and decreases of water temperature in both surface and bottom layers.  

 

4.4.2 Diurnal Variations of Thermal Stratification and Vertical Water Velocity in Summer 

and Winter Seasons 

Vertical water velocity in winter from 3 July 2015 to 9 July 2015 was calculated using the 1D 

hydrodynamic model as shown in Figure 4.3(c). It shows the diurnal mode in the Tingalpa 

Reservoir and that the average vertical velocity values are in the order of 10-9 to 10-8 m/s. Figure 

4.3 shows that the diurnal mode of vertical velocity, especially the top layers of water, is 
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dominated by the force of the wind in winter (e.g. 3-9 July 2015). During this period, diurnal 

variations of thermal stratification were typical in winter. Figure 4.3(a) and Figure 4.3(b) show 

the air and water temperature and wind conditions. The results of the vector plot of vertical 

velocity indicate that high wind speeds contribute to an increase of vertical velocity in the 

surface of the water, leading to destratification and water mixing in the water column. During 

the selected period (3-9 July 2015), the wind speed was generally relatively low (less than 2 

m/s) during night and early morning, except the night of 6 July 2015. The wind condition shows 

that from 7 July to 9 July 2015, prolonged strong winds persisted and removed heat, 

contributing to fewer changes of the water temperature gradients during this period. The wind 

speed peaked when air temperature increased to the maximum value around 11AM to 3PM. 

The water temperature profile (Figure 4.3(b)) showed the thermal stratification in the daytime 

gradually declined and there was very little stratification over these last two days. The thermal 

gradients occurred when air temperature increased, and relatively large gradients were limited 

to the top 4m. The wind blowing at night led to destratification in the top layers of water.  
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Figure 4.3. Time series of (a) air temperature and wind conditions; (b) the vertical profile of 

water temperature; (c) vector plot vertical velocity for the top 9 meters in winter from 3 July 

2015 to 9 July 2015 for Tingalpa Reservoir. 

The vertical water velocity as well as the water temperature in summer from 11 Jan 2014 to 17 

Jan 2014 are presented in Figure 4.4. The air temperature and wind conditions are also presented 

in Figure 4.4.  The range of water temperatures (26.5℃ to 27.5℃) was less than that of air 

temperatures (20℃ to 30℃).  Regarding the wind condition, the figure indicated that during 

this period, the wind speed was generally low at midnight and increased in the daytime. Low-

speed wind was from northern or southern direction and the relatively high-speed wind was 

from an easterly direction. The diurnal regimes over these 6 days were almost similar. The 

surface water started to heat between 9AM to 11AM and the thermal stratification extended 

into the night. Although a prolonged easterly wind blew, the thermal gradients were preserved 

within the top 4 meters through to night. 

Overall, higher thermal gradients occur at the top layers of water (limited to 6 m). The 

prolonged wind cannot influence the progress of the water temperature being heated in summer. 

However, in winter, the strong wind contributes to water mixing and destratification in the water 

column. In the Tingalpa Reservoir, due to the shallow reservoir’ depth, thermal stratification 

cannot continue for a long time and water is always mixed in the vertical direction at night. It 

seems feasible to develop a model that, given the existing thermal stratification and air 

temperature, predicts the minimum wind speed and direction necessary to fully destratify the 

reservoir.  
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Figure 4.4. Time series of (a) air temperature and wind conditions; (b) the vertical profile of 

water temperature; (c) vector plot vertical velocity for the top 9 meters in summer from 11 Jan 

2014 to 17 Jan 2014 for Tingalpa Reservoir. 

 

4.4.3 Seasonal Variations of DOM Concentration and Compositions 

The concentrations of DOC in Tingalpa Creek and the reservoir are shown in Figure 4.5(b).  It 

shows there is a clear correlation between DOC and rainfall intensity. Heavy rainfall led to the 

highest DOC concentrations (monthly mean value: 14.3 mg/L) occurring in the wet period 

(March-May) in 2015. This parameter showed a similar trend in 2013 and 2015, with a peak in 

the wet period in 2013 (mean value of 13.93 mg/L). The peak value always occurred in the wet 

period, which agrees with the findings from Evans et al. (2005) and Saraceno et al. (2009). They 

reported DOM concentration increasing in stream waters during storm events.  

DOC concentrations in reservoir waters in 2013, 2014 and 2015 showed a similar seasonal 

variation trend to that in river waters, decreasing in dry periods and increasing in the wet period 
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in Figure 4.5(b). In contrast, this parameter had a different trend to river waters in 2016, 

especially the period from July to August 2016. DOC concentrations increased from 10.2 mg/L 

to 15.6 mg/L in Tingalpa Creek. However, DOC concentrations decreased from 9.18 mg/L to 

7.4 mg/L in reservoir waters. The different variations can be attributed to a longer residence 

time in Tingalpa Reservoir in this period (mean 23.2 days). Compared to a smaller residence 

time (mean 0.2 days) in spring 2015, a longer residence time can help to dilute the DOC 

concentrations.  

Figure 4.5(c) shows that SUVA values were less than 5 L mg‐C−1 m-1 in most of the seasons. 

Mean SUVA levels in the reservoir waters were lower in summer than other seasons, especially 

in 2016. In 2016, the mean SUVA value was 2.93 L mg‐C−1 m-1 in summer and mean SUVA 

values were higher than 4 L mg‐C−1 m-1 in other seasons in this year which means that reservoir 

water contains hydrophobic, high molecular-weight aromatic humic substance (Van 

Nieuwenhuijzen & Van der Graaf, 2011). The difference in SUVA levels between summer 

season and other seasons was statistically significant (p-value=0.0053). This variation is due to 

increasing UV irradiation levels from spring to summer, leading to colored aromatic DOM 

being degraded by sunlight (Awad et al., 2016). Figure 4.5(d) indicates that the fDOM had a 

similar variation trend to DOC concentration in reservoir water, i.e. an increase from July 2014 

to April 2015 and a decline after April 2015. 
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Figure 4.5. Time series of (a) daily precipitation, (b) monthly DOC concentration in creek water 

and reservoir water (station b), (c) monthly SUVA in reservoir water and (d) hourly fDOM 

concentration (unit: RFU), 2013-2017 for Tingalpa Reservoir. 

4.4.4 Effects of Extreme Events in Mixing Processes 

The rainfall, the storage volume and the outflow which comprises water withdrawal and 

overflow via the spillway are presented in Figure 4.6 together with the water quality (turbidity 

and compensated fDOM) variations in Tingalpa Reservoir. 
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Figure 4.6. (a) Daily rainfall (mm d-1) and daily storage volume (ML), (b) outflow (withdrawal 

and overflow via spillway) (ML d-1),(c) residence time (Days), (d) hourly turbidity (FNU) and 

compensated fDOM (RFU) at the depth of 10m for the period 1 January 2015 – 1 April 2015 

for  Tingalpa Reservoir. 

During the period 1 January 2015 – 1 April 2015, three heavy storm events occurred and caused 

increases in the storage volume. The average water withdrawal is approximately 6.45 ML d-1 

and varied between 0.7 – 8.98 ML d-1. The overflow over the spillway varied in accordance 

with the storage volume, specifically between 0 – 10,370 ML d-1. Based on the ratio between 



Chapter 4 The Mixing Processes in the Tingalpa Reservoir 

 

62 

 

the storage volume of the reservoir and the total outflow, the variations in hydraulic residence 

time was estimated (Figure 4.6(c)).The hydraulic residence time represents the average length 

of time that water resides in a reservoir, which significantly influences water quality (Ji, 2017). 

The results show that the residence time in Tingalpa Reservoir decreased from approximately 

17,000 days to 5 days during these extreme events. It is obvious that the short residence time 

led to increases of turbidity and compensated fDOM. Four storm events generated between 

2015 and 2017 were selected (Table 4.1). The duration of turbidity is defined as the time period 

from the start of rainfall to the time when turbidity varied less than 5%/hour; it can be seen in 

Table 4.1 that the duration of extreme events exceeded 100 hours; for Event 3, the duration of 

the turbidity event was only 57 hours. The reason for a shorter time in storm event 3 is that it is 

closer to the time of storm event 2. After event 2, the reservoir was still recovering and had a 

short response time to the storm event 3.  The lag time of each parameter is relative to time of 

the peak rainfall. Lastly, it should be noted that these four events follow the reduction in the 

dam’s capacity. Therefore, decreasing dam level and heavy rainfall are the two significant 

factors causing not only very high turbidity levels, but long event durations. There was no 

obvious post-rainfall variation in the turbidity levels before decreasing the dam level. Previous 

studies (Bertone & O’Halloran, 2016) in fact showed a two-fold increase in average raw water 

turbidity following the approximately 50% reduction in storage volume for Tingalpa reservoir. 

These results suggest that before decreasing dam levels, Tingalpa reservoir had enough volume 

to dilute the turbidity inflows so that no significant impact on the water quality was observed. 

Event 2 and Event 4 experienced intense rainfall, so the following paragraphs focus on these 

two events. 

 

Table 4.1. Relevant parameters in Tingalpa Reservoir in extreme events 

 

Parameter Event 1 Event 2 Event 3 Event 4 

Time period 
19/01/2015-

29/01/2015 

20/02/2015-

26/02/2015 

22/03/2015-

27/03/2015 

30/03/2017-

03/04/2017 

Total Rainfall (mm) 66.6 288.8 74.4 214 

Storm duration (Hour) 96 70 47 48 

Duration of turbidity (Hour) 103 117 57 103 

Max turbidity (FNU) 67.87 104.75 92.90 111.90 

Lag time of turbidity (Hour) 17 16 18 20 

Average increasing rate of turbidity 

(FNU/hour) 
9.8 7.22 5.59 3.87 

Max compensated fDOM 242.13 297.86 241.95 244.38 

Lag time compensated fDOM (Hour) 17 16 18 20 
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3.4.4.1 Storm Event 2 – Cyclone Marcia 

Severe tropical Cyclone Marcia crossed Southeast Queensland and was accompanied by heavy 

rainfall from 20 February to 22 February 2015. Figure 4.7 shows the effects of such rainfall 

events on the reservoir’s water quality. 

 

Figure 4.7. Precipitation and ancillary in situ VPS from 15 February to 26 February 2015 

including (a) half hourly rainfall (mmd-1), (b) hourly temperature (℃), (c) hourly turbidity 

(FNU), (d) hourly original fDOM and compensated fDOM (RFU) at the depth of 1m and 10m 

in storm event 2. 

In situ turbidity at the bottom layer increased from 6.78 NTU to the peak value of 104.75 NTU 

in 15 hours between 20 and 21 February 2015. Turbidity at the depth of 10m returned to a stable 

value (40 NTU) after 3 days. Comparing the turbidity levels at other depths, the variation of the 
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level of the bottom water was more dramatic. However, the turbidity level in different layers 

returned to the same value after this event. Water temperature in each layer decreased rapidly 

during the heavy rainfall and the decreasing rate in the deeper layers (2.66 ℃/day) was higher 

than that in surface water (1.07 ℃/day). After the heavy rainfall, the surface water temperature 

exhibited diurnal variability, but the temperature in the bottom layers didn’t have such diurnal 

variation. The fDOM response to Cyclone Marcia resulted in a large increase in fDOM values 

in the vertical direction and differences in the magnitude of changes in both compensated and 

original fDOM concentrations. Compensated fDOM at the depth of 10m reached the peak value 

(280 RFU) on 22 February. Uncompensated fDOM at the depth of 1 and 10 meters and 

compensated fDOM at a depth of 1m increased between 21 and 24 February and remained 

stable after 24 February. The range of compensated fDOM (90 RFU – 280 RFU) was 

significantly larger than that of uncompensated fDOM (90 RFU-140 RFU), thus highlighting 

the importance of appropriately adjusting the sensors’ readings for interferences to allow for 

robust, reliable measurement. Before the storm event 2, the average vertical velocity in the 

water column was in the order of 10-9 to 10-8 m/s and the diffusivity values were in the range of 

10-5 – 10-3 m2/s. During storm event 2, the vertical velocity and diffusivity increased up to 10-7 

m/s and 0.08 m2/s respectively and the value of both vertical velocity and diffusivity were larger 

at the surface layer of water. This implies the storm event enabled short-term vertical water 

mixing and promoted surface waters sinking down towards deeper layers. 

 

 

3.4.4.2 Storm Event 4 – Cyclone Debbie 

Ex tropical cyclone Debbie impacted over Tingalpa Reservoir during the afternoon and evening 

of Thursday, 30th March 2017. Damaging wind gusts of up to 131 km/h were observed along 

with widespread rainfall in excess of 150 mm. Figure 4.8 shows the impact of such event on 

the reservoir’s water quality.  
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Figure 4.8. Precipitation and ancillary in situ VPS from 15 February to 26 February 2015 

including (a) half hourly rainfall (mmd-1), (b) hourly temperature (℃), (c) hourly turbidity 

(FNU), (d) hourly original fDOM and compensated fDOM (RFU) at the depth of 1m and 10m 

in storm event 4. 

In situ turbidity increased during the heavy rainfall and the turbidity level at the bottom layer 

was higher than that of top layers. The turbidity level in different layers returned to the same 

value (22 NTU) four days after this event. The water temperature in each layer decreased 

rapidly during the heavy rainfall from 26 ℃ to 22.5 ℃. The temperature had diurnal variabilities 

before and after the heavy rainfall, but this diurnal fluctuation decreased during the storm event. 

It is a similar behaviour to that for storm event 2, where the peak values of vertical velocity and 

diffusivity were in the range of 10-2 m/s and 10-7 m2/s respectively.  

During ex tropical cyclone Debbie, there were many differences between compensated fDOM 

and uncompensated fDOM between the top and bottom layers of the water. Compared to 

compensated fDOM at the depth of 1m, uncompensated fDOM in this layer increased more 
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uniformly from 32 RFU to 110 RFU. Peak compensated fDOM at the depth of 10m reached 

230 RFU at 1st April, which is less than the peak value during Cyclone Marcia. It is noted that 

both compensated and uncompensated fDOM decreased sharply on 3 April and the decrease 

continued for 7 hours. After 4 April, the fDOM concentration remained in a stable state. 

4.5 Conclusions 

The mixing processes in Tingalpa reservoir, Queensland, Australia have been investigated in 

this study using, among others, high frequency VPS data. A one-dimensional model was 

developed and implemented for analyzing the vertical mixing of waters in the Tingalpa 

Reservoir. 

Heavy rainfall events accompanied by higher wind speeds, which were significant in summer 

seasons led to increases of water level in Tingalpa Reservoir and decreases of water temperature 

in both surface and bottom layers. When the water level remained stable and there was little 

rainfall, a prolonged thermal stratification occurred. DOC concentration both in reservoir water 

and inflow river water always peaked in wet periods and decreases in dry seasons. The longer 

residence time in Tingalpa Reservoir can provide enough time to dilute DOC concentration in 

reservoir water. For the diurnal thermal stratification in Tingalpa Reservoir, most of the 

stratification is restricted to the upper layers of water in both summer and winter in the absence 

of precipitation. The duration of thermal gradients within the top meters is longer in summer 

than in winter, and often persists until the early morning in summer, while in winter night winds 

are able to break it down. The implemented vertical mixing model, which is based on vertical 

profiles of water temperature and conductivity collected from the VPS, can be applied in real 

time to calculate the vertical velocity and diffusivities. The model enables a better 

understanding of mixing processes affecting the reservoir and adds value to the VPS 

instrumentation. 

For the water quality data analysis, the lag time between peaks in turbidity and compensated 

fDOM relative to the rainfall event was between 17 to 20 hours during a number of analysed 

storm events. The VPS data in each storm event showed that before decreasing the dam level, 

Tingalpa Reservoir had enough dilution capacity to keep turbidity and DOM levels to much 

lower levels. However, after lowering the dam level, storm events led to much higher increases 

in turbidity and fDOM.  

This study provides useful insights on the effects of extreme weather events on mixing 
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processes and water quality of shallow sub-tropical reservoirs. Future work will focus on the 

development of a fDOM-based hybrid (data-driven and process-based) decision support tool 

for Capalaba water treatment plant, able to simulate the effects of extreme weather events (e.g. 

heavy storms, drought) on reservoir DOM concentration, thus assisting with its removal. 
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Numerical Study of the Hydrodynamic and Sediment Transport 

Process in a Subtropical Water Reservoir: the Impacts of Storms 

and Winds. 

Overview of Chapter 

A three-dimensional (3D) numerical model was developed to investigate the thermodynamic 

and sediment processes in a subtropical drinking water reservoir. Data-driven models were also 

established to generate the inflow conditions. The modelling outputs revealed that climatic 

forces such as storms and winds significantly impact lake stratification and mixing processes. 

The sediment transport is driven by storm events, during which sediment delivery to the 

reservoir is dominated by allochthonous flux. The sediments are transported from riverine zones 

to transition zones and finally to lacustrine zones. It is estimated that sediment accumulation 

could have reached 100,000 kg during the largest storm event in February 2015. The winds can 

lead to a strong vertical water cycle, especially at the centre of the reservoir, and strong winds 

result in bed erosion in shallow regions. The outcomes of this paper benefit future research by 

providing a modelling approach for understanding the hydrodynamics of lakes and reservoirs 

under a variable climate, and also the local water utility by providing insights for an improved 

management of the reservoir of this study. 
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5.1 Introduction 

Aquatic systems in reservoirs are dynamic, complex and influenced by both internal and 

external forces and processes. The interaction between meteorological, hydrological, 

hydrodynamic, thermodynamic and ecological processes may influence water quality within a 

reservoir temporally and spatially, in both horizontal and vertical directions (Leon et al., 2006; 

Missaghi & Hondzo, 2011). Water temperature and sediment concentration are two important 

parameters that influence water quality in aquatic ecosystems (Gooseff et al., 2005; Jin & Ji, 

2005; Weinberger & Vetter, 2012; Yu et al., 2017; Zhang & Chan, 2003). Water temperature in 

lakes affects chemical reaction rates, the dissolved oxygen (DO) content of water, aquatic flora 

and fauna growth rates and mortality (Gooseff et al., 2005). Sediments in water, on the other 

hand, can affect the physical and chemical environments of the water column through their 

transport (Ji et al., 2002). Sediment transport also influences the cycling of nutrients through 

the adsorption and desorption of dissolved nutrients in the water column (Cerco & Cole, 1993). 

Achieving and maintaining constant high water quality standards is an essential requirement to 

fulfil various demands in relation to reservoirs (Bertone et al., 2015). The variation in water 

temperature and sediment concentration not only affects the water quality but also results in 

spatial and temporal gradients in a number of physical processes, such as sediment erosion and 

deposition(Sokolova et al., 2013; Yu et al., 2017). It is necessary to understand the spatial and 

temporal variation of the thermal structure and sediment transport processes, especially during 

and after storm events, since during these events there is more disruption to the lake systems 

(Hodges, 2000; Schernewski, 2003; Wu et al., 2019). Complex numerical models are often 

applied to fully capture these changing dynamics (Hodges, 2000; Missaghi et al., 2013). With 

decreased computational costs and improvements in computational power, coupled three-

dimensional (3D) hydrodynamic and water quality models are increasingly being used (Ji, 

2017).  

Several studies have been conducted to simulate the thermal structure and sediment transport 

processes using numerical models in recent years. Weinberger and Vetter (2012) calibrated and 

validated a hydrodynamic model to simulate the vertical thermal distribution in Lake Ammersee, 

Germany. The simulated results indicated that climate change had led to an extended duration 

of stratification and a lack of mixing as a result of higher water temperatures in line with other 

recent studies (Bertone et al., 2014).  Jin et al. (2000) used a hydrodynamic and sediment 

transport model to simulate the sediment resuspension and transportation caused by wind-
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driven currents and waves in Lake Okeechobee, United States, during storm events and 

hurricanes among others. The simulation indicated that near surface velocities were affected by 

the wind conditions and they matched the predominant wind directions. Li et al. (2013) 

developed a hydrodynamic model and a distributed catchment hydrological model to simulate 

spatial water level differences in Poyang Lake, China. The results revealed a satisfactory 

agreement with field observations, and both models accurately simulated seasonal changes in 

the lake surface area. Such models extend the understanding of reservoir systems and enhance 

the interpretation of spatially and temporally incomplete field measurements. Models are an 

essential tool to support decision making, especially in lakes or reservoirs that supply drinking 

water (Ali et al., 2013; Arhonditsis, 2009; Bedri et al., 2014; Ji, 2017). 

In Tingalpa reservoir, that is a small subtropical Australian reservoir, previous studies found 

that heavy rainfall, especially occurring after a dry period, led to dramatic accelerated water 

mixing and significantly influenced water quality (Wang et al., 2019). The water temperature 

and turbidity variation in the vertical direction were also studied in this reservoir as part of the 

same study. However, the 3D hydrodynamic characteristics of the thermal structure and partial 

sediment processes, such as sediment deposition and erosion, remain unknown.  Therefore, in 

the present study, a complex 3D hydrodynamic and sediment transport model was developed to 

evaluate the seasonal variation of water temperature and sediments and to assess the impact of 

storm events on the reservoir. Such a 3D model would enable to understand the impact of storm 

events and winds on thermal structure and sediment transport over time and discover the 

variation of water temperature and sediment in different locations of the reservoir. 

5.2 Study Site and Monitoring Data 

Tingalpa Reservoir is a subtropical reservoir located in South-Eastern Queensland, Australia 

(153.18°E, 27.53°S), as displayed in Figure 5.1. This reservoir provides approximately 20% of 

the water supply to Redland City, which currently has a population of around 150,000 

inhabitants. The reservoir is bounded by the Leslie Harrison Dam (LHD), which was completed 

in 1968. The surface area is 470 ha at full capacity, and the catchment area covers 87.5 km2. 

The main inflows are from Tingalpa Creek from a south-eastern direction and Stockyard Creek 

from a south-western direction. An intake tower, located on the north-eastern side of the 

reservoir, withdraws the raw water and redirects it to the Capalaba Water Treatment Plant 

(WTP). The dam is managed by Seqwater, the main bulk water supplier in the South-East 

Queensland region. Seqwater commenced a dam improvement program in 2014 and reduced 
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the water level in Tingalpa Reservoir to ensure the upgrade works could be completed. After 

the reduction of the water levels, the full supply capacity in August 2014 was lowered from 

24,868 ML to 13,206 ML, with a water level of 16 mAHD. 

 

Figure 5.1. Monitoring sites in the Tingalpa Reservoir. In the background, the bathymetry 

(mAHD) of the reservoir is presented. 

The bathymetry of the lake was measured using a Tritech SeaKing Dual Frequency Profiler, 

and is presented in Figure 5.1. The water depth varies from 2m to 16m. A vertical profiling 

system (VPS) was installed in the Tingalpa Reservoir 500 m from the dam wall in 2013, as 

depicted in Figure 5.1. Such systems consist of a buoy, with a probe system connected to a set 

of water quality sensors that are automatically winched up and down the water column to 

measure water quality variables, including water temperature, DO, turbidity, pH, conductivity, 

chlorophyll A, fluorescent dissolved organic matter and blue-green algae counts. The VPS 

collects these water quality data for the full vertical profile from the surface to the depth of 13m 

and transmits the collected data via telemetry to the Seqwater datasets. This situ measurement 

is made at a 1-hour interval and data stored every 1m. 

Daily outflow discharge data from 2014 to 2016 were also obtained from Seqwater, including 

the outflow volume to the Capalaba WTP and the water from the LHD. Water samples for the 

determination of suspended solid concentrations were collected on a monthly basis by Seqwater. 

Suspended solid sediment concentrations during the period from 2014 to 2016 were measured 

at two sampling points (marked as ‘a’ and ‘b’ in Figure 5.1) and at the inflow monitoring station 
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(marked as ‘c’ in Figure 5.1). In addition, daily water level data from 2014 to 2016 were 

collected near the dam wall from Seqwater. Weather conditions, such as the hourly air 

temperature, hourly wind speed and direction, hourly relative humidity, hourly evaporation and 

daily precipitation, were collected from the Australian Bureau of Meteorology from 2014 to 

2016.  

5.3 Methodology 

This study employed a modelling framework consisting of both hydrodynamic and sediment 

transport models, which are enforced by the inflow conditions predicted by data-driven models. 

The hydrodynamic model was first used to simulate flow and temperature variation in the lake. 

The coupled sediment model was then applied to estimate the distribution of sediment 

concentration along the lake from extreme events. 

5.3.1 3D Hydrodynamic Model 

To investigate the hydrodynamics and thermal structure in the Tingalpa Reservoir, a 3D time-

dependent hydrodynamic model  MIKE 3 FM (DHI, 2017), was applied. The MIKE 3 FM 

model is based on the numerical solution of the 3D incompressible Reynolds-averaged Navier-

Stokes equations under the Boussinesq and hydrostatic assumptions (DHI, 2017). The model 

included continuity, momentum, temperature, salinity and density equations and utilised a 

turbulence closure scheme. A horizontally unstructured and flexible grid was applied, with 

larger cells in flat areas and smaller cells in narrow channels. The grid cells were triangular, 

ranging in area from 3,000 to 4,000 m2 and totalling 1,204 in the study domain. In the vertical 

direction, the variable sigma co-ordinates formulated by Song and Haidvogel (1994) were 

adopted. The top 10 m in the vertical direction were divided into five levels with uniform 

interval. The bottom layer was discretised into z-levels with a 1-m interval. To guarantee the 

stability of the numerical simulation, the time step was determined to be 12 s to ensure that the 

maximum Courant number was less than 5 (MIKE, 2010). 

The model was set up to simulate the flow and the variations of the water temperature in 

Tingalpa Reservoir continuously over the period 2014–2016. Initially, a uniform distributed 

temperature of 28.28℃ was assumed along the whole Reservoir. The daily discharge rates were 

specified as the boundary condition at the dam, located in the northeast of the reservoir, as 

depicted in Figure 5.1. The model was driven by hydrometeorological conditions (wind and 

precipitation on the lake surface) and the heat exchange between the atmosphere and the lake. 

The bed resistance was described by a constant roughness height of 0.05 m, which was obtained 
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from the results reported previously (Sokolova et al., 2013). The horizontal and vertical eddy 

viscosities were simulated using the mixed Smagorinsky and k- formulation (DHI, 2017).  

 

5.3.2 Sediment Transport Model 

To investigate sediment transport in the Tingalpa Reservoir, a mud transport model was coupled 

with the hydrodynamic model. The sediment model includes the transport and deposition 

processes of fine-grained materials. The suspended sediment is divided into a number of size 

classes, for size k, the following sediment transport equation is solved: 

𝜕𝑐𝑘
𝜕𝑡

+ 𝑢
𝜕𝑐𝑘
𝜕𝑥

+ 𝑣
𝜕𝑐𝑘
𝜕𝑦

+ (𝑤 − 𝑤𝑘)
𝜕𝑐𝑘
𝜕𝑧

=
𝜕

𝜕𝑥
(𝐷𝐻𝑘

𝜕𝑐𝑘
𝜕𝑥
) +

𝜕

𝜕𝑦
(𝐷𝐻𝑘

𝜕𝑐𝑘
𝜕𝑦
) +

𝜕

𝜕𝑧
(𝐷𝑉𝑘

𝜕𝑐𝑘
𝜕𝑦
) (5.1) 

where, subscript k designated the variable associated with sediment size class k, 𝑐𝑘  is the 

sediment concentration (g/m3); 𝑡 is time (s); (x, y, z) are the Cartesian coordination; u, 𝑣 and w 

are the velocity components (m/s) along the Cartesian coordinates x, y, z, respectively; wk is the 

settling velocity (m/s); DHk and DVk are horizontal and vertical diffusivities (m
2/s). 

The suspended sediment concentration (SSC) measured at point b (in Figure 5.1) in January 

2014 was used as the initial value. The sediment transport model was utilised to simulate 

cohesive and fine sand sediments. According to the field measurement, the cohesive sediment 

in the Tingalpa Reservoir typically has grain sizes of 0.035 mm, which account for 94% of total 

sediment. Based on Stokes’ law, the settling velocity of the cohesive sediment is roughly 1.09 

× 10-5 m/s, which is so small that sediment settling can be neglected. The fine sand sediment 

has a grain size of 0.081 mm with a settling velocity of 5.71 × 10-4 m/s. Time dynamic sediment 

concentrations were used at the open boundary of Tingalpa Creek and Stockyard Creek and at 

the sink point, as described in Section 5.3.4. The proportion of the cohesive and fine sand 

sediments in the reservoir water was assumed to be the same as that in the creek water. In terms 

of the total sediment concentration at the boundary, it was assumed that 94% of the sediments 

were cohesive sediments and 6% of the sediments were fine sand sediments. The initial bed of 

sediment was defined as one layer with a 1-m bed thickness and consisted of 90% fine sand 

sediments and 10% cohesive sediments. 

 

5.3.3 Data-Driven Model for Inflow Conditions 

The inflow from Tingalpa Creek, located at the upstream of the Tingalpa Reservoir (Figure 5.1), 
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is the major open boundary condition.  The only available monitoring data close to this site 

include the volume flow rate (q), water level (h), water temperature (T), turbidity (Ct), DO, pH 

and conductivity collected by the Queensland Department of Environment and Resource 

Management at an hourly interval from 2009 to 2012. The stream-monitoring site is upstream 

of the Tingalpa Creek and is about 2 km from point c in Figure 5.1. The creek water quality was 

measured by probes at the surface layer of the water. Rainfall is daily data, while water level in 

the creek is hourly data. In order to analyse the regression between rainfall and water level, 

daily water level data (mean daily water level) is used in this study. Figure 5.2 indicates that 

heavy rainfall led to the increase in the water level in the Tingalpa Creek catchment. 

 

Figure 5.2. Daily water level and rainfall in the Tingalpa Creek catchment. 

The available measurements of rainfall and the observed daily water level from 2009 to 2012 

were applied to develop a regression involving the rainfall and water level following: 

ℎ𝑖 = 𝑎1𝑅𝑖 + 𝑏1𝑅𝑖−1 + 𝑐1𝑅𝑖−2 + 𝑑1 (5.2) 

where R is the rainfall (mm), i represents the current day, i–1 represents 1 day earlier, i–2 

represents 2 days earlier, and a1, b1, c1, d1 are regression coefficients. It was found that the best 

multivariate linear regression was based on the factors a1 = 2.72 × 10
-4, b1 = 6.80 × 10

-5, c1 = 

1.69 × 10-5 and d1 = 0.14, with an R2 of 0.55 and RMSE of 0.06 m during the period 2010–2012. 

Chowdhury et al. (2010) developed a rating curve to convert the continuous water level from 

the pressure transducers into discharge in Tingalpa Creek. According to the data analysis, an 

exponential relationship (Figure 5.3(a)) was found to estimate the stream discharge as a 

boundary condition which can be applied in the hydrodynamic model, the relationship can be 

written as : 

𝑞 = 𝑎2𝑒
𝑏2ℎ + 𝑐2𝑒

𝑑2ℎ (5.3) 
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where 𝑞 is the volume discharge rate (m3/day) in Tingalpa Creek, h is the water level (m) in 

Tingalpa Creek, and a2 , b2, c2 , d2 are regression coefficients. The best fitted factors are a2 =  

69,090, b2 = 1.098, c2 = –83,350 and d2 = –0.39, with R2 = 0.94 and RMSE of 20,900 m3/day.  

 

Figure 5.3. (a) The exponential regression between the daily water level and daily flow 

discharge in the Tingalpa Creek catchment and (b) the linear regression between the minimum 

air temperature and mean water temperature in a daily interval. 

 

A strong correlation between the air temperature and creek water temperature was also found. 

The linear regression models between the air temperature (daily minimum, daily maximum and 

daily mean) and water temperature were developed. The correlation between the minimum air 

temperature and the water temperature was stronger in Figure 5.3(b), so the minimum air 

temperature (Tair) data in ℃ and estimates of the daily water temperature (Twater) in ℃ in 

Tingalpa Creek were applied according to Eq. (5.4): 

𝑇𝑤𝑎𝑡𝑒𝑟 = 𝑎3𝑇𝑎𝑖𝑟 + 𝑏3 (5.4) 

in which the regression coefficients a3 = 0.75 and b3 = 7.13, with R2 of 0.88 and RMSE of 1.42 ℃. 

The SSC at inflow locations was measured and recorded monthly by Seqwater. However, the 

monthly measured data were not frequent enough to describe the sediment variations during 

storm events. The sediment rating curve was therefore developed using Eq. (5.5) 

𝐶𝑠 = 𝑎4 × 𝑞
𝑏4  (5.5) 

in which a4 is the rating coefficient, and b4 is the rating exponent. It was found that the best 
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rating curve was obtained with an R2 of 0.75 and RMSE of 4.2 mg/L, based on the factor a4 = 

0.46 and b3 = 0.36, which was close to a value of 0.4, as suggested by Ciesiolka et al. (1995). 

The sediment rating curve was applied to estimate the SSC of inflow conditions during storm 

events in 2015, as demonstrated in Figure 5.4.  

The water turbidity, 𝐶𝑡, at the VPS station (as marked in Figure 5.1) was measured hourly and 

recorded in nephelometric turbidity units. The SSC (𝐶𝑠  in mg/L) at a water depth of z is 

estimated using 

𝐶𝑠 = 𝑎5 + 𝑏5𝑙𝑜𝑔(𝐶𝑡) + 𝑐5𝑧 (5.6) 

where 𝐶𝑠 is the SSC (mg/L) at VPS station, 𝐶𝑡 is the water turbidity (NTU) at the VPS station, 

𝑧 is the water depth (m), z = 1 means the water depth of 1m and z = 10 is the water depth of 

10m. When the regression coefficients a5 = 1.60, b5 = 1.78 and c5 = 0.049, the model achieved 

the best regression with an R2 of 0.62. 

 

Figure 5.4. The relationship between flow discharge and sediment concentration in the Tingalpa 

Creek. 

 

The overall model structure was composed by data-driven models for inflow conditions, a 

hydrodynamic model and a sediment model. The overview of the models and their inputs and 

outputs are presented in Figure 5.5. Figure 5.5 shows that the hydrodynamic model simulated 

the surface elevation, flow velocity and water temperature in Tingalpa Reservoir. These outputs 
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from the hydrodynamic model were regarded as inputs to the sediment model. The simulated 

velocity components (u, 𝑣 and w) along the Cartesian coordinates x, y, z was inputted to the 

sediment model. According to the calculation in Eq. (5.1), the concentration of suspended 

sediment with different sizes was simulated. 

 

Figure 5.5. The integrated model structures. 

 

5.3.4 Atmospheric Conditions and Other Boundary Conditions 

The hourly air temperature, sum of daily rainfall and weekly wind conditions (wind speed and 

wind direction) are presented in Figure 5.6. Figure 5.6(a) reveals that the air temperature 

exhibited seasonal variation during the study period: the maximum air temperature was 38℃ in 

the summer, and the minimum air temperature was 8℃ in the winter. During a period of 

February 2015, heavy rainfall in excess of 100 mm per day occurred at the Tingalpa Reservoir. 
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Figure 5.6(c) indicates that northeast and southwest winds are dominant; such winds have the 

longest wind fetch.    

 

 

Figure 5.6. Time series of meteorological parameters in the Tingalpa Reservoir from 2014 to 

2016: (a) hourly air temperature, (b) daily rainfall and (c) weekly wind conditions (blue vector 

represents wind direction). 

The SSCs measured in Tingalpa Creek were input as boundary conditions in Tingalpa Creek 

and Stockyard Creek, and the simulation period in this study was 1 January 2014 to 1 January 

2016. The sediment rating curve following Eq. (5.5) was applied to estimate the SSCs in the 

creeks during storm events in 2015. Figure 5.7 indicates the SSCs in Tingalpa Creek (measuring 

point c) and at measuring station d. The SSCs at point b are assumed to be the same as that at 

the outflow water of the reservoir. 
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Figure 5.7. Measured suspended solid concentrations in Tingalpa Creek and at measuring point 

b. 

 

5.3.5 Model Calibration 

The model was calibrated for both the hydrodynamic and sediment transport modules. The 

simulation ran from 2014 to 2016 based on the model configuration described above. The heat 

exchange coefficients for the evaporative heat loss were determined, and the constant and wind 

coefficients in Dalton’s law were calibrated at 1.5 and 0.9, respectively, based on the measured 

evaporation data. It is noted that the increase of the light extinction coefficient leads to the 

decline of the radiative intensity. To accurately reproduce the water temperature of the surface 

layer, the light extinction coefficient in the heat exchange module was calibrated at 3.0 m-1. The 

increase of critical bed shear stress for deposition causes the high probability of deposition, so 

the critical shear stresses can be adjusted to get more accurate simulation results of suspended 

sediment concentration. The critical shear stresses of deposition for cohesive sediments and 

fine sand sediments were 0.03 N/m2 and 0.10 N/m2, respectively, and the shear stresses of 

erosion for different types of sediments were calibrated at 0.3 N/m2. The simulated results were 

validated in terms of the water level, temperature and SSC. The statistical errors were estimated, 

as defined in the following equations: 

𝑅𝑀𝑆𝐸 = √
∑(𝜂𝑜𝑏𝑠 − 𝜂𝑠𝑖𝑚)2

𝑛
  

 

(5.7) 

𝑅2 = (
∑(𝜂𝑜𝑏𝑠 − 𝜂𝑜𝑏𝑠)(𝜂𝑠𝑖𝑚 − 𝜂𝑠𝑖𝑚)

√∑(𝜂𝑜𝑏𝑠 − 𝜂𝑜𝑏𝑠)2√∑(𝜂𝑠𝑖𝑚 − 𝜂𝑠𝑖𝑚)2
)

2

 (5.8) 

where 𝜂𝑜𝑏𝑠 and 𝜂𝑠𝑖𝑚 represent the observation and simulation data, respectively; 𝑅𝑀𝑆𝐸 is the 

root mean square error; R2 is the coefficient of determination; 𝑛 is the number of the record; 

and 𝜂𝑜𝑏𝑠 and 𝜂𝑠𝑖𝑚 represent the observed and simulated mean values. 
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A comparison between the simulated and measured daily water levels at the LHD is provided 

in Figure 5.8. The comparison displays reasonable agreement. The RMSE between the 

simulated and observed water levels was 0.04 m. The simulated water level generally matched 

the observed water levels with R2 = 0.99. The variations in water levels indicate that the model 

was able to effectively reflect the varying flow conditions in Tingalpa Reservoir. 

 

 

Figure 5.8. Simulated versus observed water levels 2014–2015. 

  

Figure 5.9. (a) Comparison of the simulated and observed temperatures and (b) validation of 

the vertical SSC profiles between the numerical model and field measurement at the VPS station 

(blue: 10 August 2014, yellow: 25 January 2015). 

The time series of the water temperature (Figure 5.9(a)) depicts the temperature comparison 
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between the observation and simulation for 2014–2015 at the surface layer of the water. The 

seasonal trend of the measured data was readily recognisable. The simulated and measured 

water temperatures revealed that the hydrodynamic model overestimated the water 

temperatures during early summer at the surface. To assess the performance of the model, the 

RMSE and R2 of the temperature were calculated with the values of 1.31℃ and 0.96 respectively, 

which show a good agreement. The simulated vertical profiles generally agreed with those 

observed at the VPS station (Figure 5.9(b)). 

The model produced reliable results during storm events in 2015 (Figure 5.10(a)), and the 

simulated and observed SSCs matched. In addition, there was a slight difference between the 

simulated and measured SSCs in May, although the magnitude was similar. The slight 

difference between the simulated and measured data may have resulted from the long intervals 

between the field measurements, for example, because the monthly measured data may miss 

peaks in the SSC during storm events at the outflow conditions. The vertical profiles of the SSC 

are depicted in Figure 5.10(b). The simulated vertical profiles matched the observed profiles at 

the VPS station. Overall, the numerical model used in the study made reasonable predictions 

regarding the water level, SSC and vertical distribution of the temperature.  
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Figure 5.10. (a) The simulated and measured SSC (mg/L) in the period January 2015–July 2015 

at sampling point a; (b) the validation of the vertical SSC profiles between the numerical model 

and field measurement. 

 

5.4 Results 
 

5.4.1 The Influence of Storm Events on the Water Temperature 

In the Tingalpa Reservoir, the storm season lasts from January to May. During the study period, 

four storm events were analysed (Table 5.1). As displayed in Table 5.1, the rainfall intensity 

varied from 0.31–2.41 mm/h. The rainfall was the most intense during the second storm, and 

the third storm had the longest rainfall duration. 
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Table 5.1. The meteorological characteristics of the storm events during the study period 

 

Parameter Event 1 Event 2 Event 3 Event 4 

Time period 19/01/2015–

29/01/2015 

20/02/2015–

26/02/2015 

22/03/2015–

03/04/2015 

30/04/2015–

03/05/2015 

Rainfall magnitude 

(mm) 

66.6 288.8 162.4 223.4 

Storm duration (h) 216 120 312 94 

Rainfall intensity 

(mm/h) 

0.31 2.41 0.52 2.38 

 

To analyse the influence of the storms on the hydrodynamics, the numerical model was 

established to simulate the thermal structure of the reservoir in the four storm events in 2015. 

The February storm featured high rainfall intensity, so the simulation results during this period 

are representative of the storm’s influence on the thermal variations. The simulation results 

indicate that the surface water temperatures during the storm (Figure 5.11(b) and Figure 5.11(c)) 

were much lower than those before and after the event (Figure 5.11(a) and Figure 5.11(d)). As 

displayed in Figure 5.11(a), the overall horizontal water temperatures measured between     

28.46℃ and 28.98℃ before the storm. Figure 5.11(b) reveals that the colder water from the 

Tingalpa Creek and Stockyard Creek led to decreases in the water temperature near the 

southeast and southwest. The cold inflow plume from the creeks mainly spread towards the east 

and west sides of the lake because of the effects of the large river runoff and short residence 

periods. The temperature at the centre of the reservoir was 28℃, and the water temperature near 

the inflow boundary declined to less than 27℃, as indicated in Figure 5.11(c). After the peak 

inflow discharge, the water temperature returned to the initial state, as displayed in Figure 

5.11(d). Therefore, as illustrated in Figure 5.11, the water temperature decreased because of the 

large runoff and colder inflow plume. After the storm, under the influence of the air temperature, 

the surface water temperature returned to its original state before the storm.  
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Figure 5.11. The simulated horizontal variation of the surface water temperature and velocity 

distributions during Cyclone Marcia in Tingalpa Reservoir on 18 (a), 21 (b), 22 (c) and 24 (d) 

February 2015. The colour contours represent the degrees Celsius (℃). 

To indicate the thermal reaction to the cold plume during the storm, three locations were chosen 

to represent the lacustrine, transition and riverine zones in the reservoir (see Figure 5.12). The 

coordinates of the three locations are 27°33'32.4''S, 153°11'26.16''E; 27°32'33.3816''S, 

153°10'53.094''E; and 27°31'52.014''S, 153°10'35.7888''E. The time series of the water 

temperatures at these three locations are displayed in Figure 5.12. This figure indicates that the 

surface and bottom water temperatures at three locations ranged between 27℃ and 29℃, and 

the vertical temperature differences between the top and bottom layers were the same at three 

locations before the storm on 18 February 2015. Because the riverine zone was close to the cold 

plume, the water temperature at this zone decreased first on 19 February. Figure 5.12(a), Figure 
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5.12(b) and Figure 5.12(c) demonstrate that the transition location was influenced by the cold 

plume 1 day after 19 February, and the water temperature at the lacustrine location started to 

decrease 2 days after 19 February. It is noteworthy that the water temperature decreased from 

above 28℃ to approximately 26.5℃ in the surface water at the lacustrine zone, and the bottom 

layers of the water decreased from 27.5℃ to approximately 25℃ in this area. Figure 5.12 

depicts when the flood runoff flowed into the reservoir with small amounts of discharge on 24 

February; the water temperature in the top and bottom layers at the riverine and transition zones 

gradually increased, resulting in the re-establishment of the initial thermal structure. However, 

the bottom water temperature at the lacustrine zone required a long time to increase back to the 

original status. The recovery times of the bottom water temperatures at the riverine, transition 

and lacustrine zones were 4, 8 and 12 days, respectively. After the storm, the thermal structure 

in the reservoir was controlled by the atmospheric conditions; after 3 March, the surface water 

exhibits diurnal variations. 

 

Figure 5.12. The simulated surface and bottom water temperatures at the riverine zone (a), the 

transition zone (b) and the lacustrine zone (c) of the Tingalpa Reservoir from 17 February 2015 

to 10 March 2015. 

 

The above analysis demonstrated that the inflow plume played a vital role in the heat exchange 
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of the reservoir during the storm. The cold inflow plume with a higher density tends to move 

downwards and decrease the water temperature in the deep waters. The cold inflow plume was 

determined by the heavy rainfall and the decrease in the air temperature. As visible in Figure 

5.13(b), the water temperature in Tingalpa Creek and Stockyard Creek decreased from 25.3℃ 

to 24.0℃. Additionally, high inflow and outflow current speeds can accelerate the horizontal 

mixing and transport processes, especially in shallow areas. Figure 5.13(c) reveals how the 

current speeds near the inflow and outflow locations increased during the storm. 

 

Figure 5.13. Hourly rainfall (mm) and hourly simulated surface elevation (m), (b) hourly air 

temperature and inflow water temperature (℃) and (c) hourly simulated current speed in the 

Tingalpa Creek (TC) and Stockyard Creek (SC) and near the dam (m/s). 

 

5.4.2 Simulation Results for the Suspended Sediments During the Peak Inflow Conditions 

The rainfall amount during the main storm events is displayed in Figure 5.14(a). The start times 

of these storms were 19 January, 20 February, 22 March and 30 April (Table 5.1). The suspended 

sediment loads from the LHD from January to July 2015 were calculated using 𝛾(𝑡) =

𝐶𝑠(t)𝑄(𝑡), where 𝛾 is the suspended sediment release and loads, 𝐶𝑠 is the SSC, and Q is the 

flow discharge rate. 
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Figure 5.14. (a) Hourly rainfall (mm), (b) hourly sediment loads from Stockyard Creek and 

Tingalpa Creek and the daily sediment releasing from the LHD (kg) and (c) simulated 

suspended sediment concentration at the riverine, transition and lacustrine zones, Tingalpa 

Reservoir, January-July 2015. 

 

Figure 5.14(b) depicts the daily suspended sediment loads from Tingalpa Creek and Stockyard 

Creek and the sediment release from the LHD, which were simulated in the sediment model. 

These four storms were primarily caused by heavy rainfall, with large quantities of sediments 

flowing into Tingalpa Creek and released from the LHD. Table 5.2 demonstrates that the 

sediment loads from the inflow creeks are 7.17 × 104 kg during the first storm and more than 

2.0 × 105 kg in the other three storms. As depicted in Figure 5.14, the SSC revealed significant 

variation in spatial distribution. The SSC at the riverine zone experienced an earlier and larger 

increase during storm events than those in the transition and lacustrine zones. This observation 

can be explained by the influence of the inflow conditions; the riverine zone is close to the 

inflow boundary and more likely to be influenced by the SSC from the inflow creeks. The 

transport of the sediments occurred from the riverine zone to the transition zone and finally to 

the lacustrine zone. From Figure 5.14(c), it was found that the SSCs at the transition and riverine 

zones sharply declined after the peak of the second storm event. The reason for this decline is 
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that the peak of the SSC sinking from the LHD was later than that of the SSC loading from the 

inflow creeks. Combined with Table 5.2, it can be demonstrated that the average increasing rate 

of the SSC in the reservoir water correlates with the rainfall intensity. The correlation is because 

the runoff with high SSC, produced by the heavy rainfall, flows into the reservoir, and leads to 

the higher increasing rate of SSC in the reservoir water. Table 5.2 demonstrates that the lag time 

from the rainfall peak to the SSC peak was 18 hours in the second storm, which indicates that 

an intense storm also led to the short lag time from the rainfall peak to the SSC peak in the 

lacustrine zone. Moreover, during the third storm, due to the long rainfall duration, the SSC at 

the riverine zone continuously increased, and its peak was late to the SSC in the lacustrine zone. 

In addition, due to the large accumulation of sediment during the four storms, the SSC in the 

lacustrine zone exhibited a growing trend over the whole period. Finally, after May 2015, the 

atmospheric and hydrologic conditions tended to be stable, so the SSCs at different points 

became consistent following these storms. 
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Table 5.2. Relevant parameters in Tingalpa Reservoir during four storm events 

 

Parameter Event 1 Event 2 Event 3 Event 4 

Sediment loads from inflow 

creeks (kg) 

7.17 × 104 2.11 × 105 2.14 × 105 2.18 × 105 

Accumulation of sediment 

loads (kg) 

3.69 × 104 1.04 × 105 9.71 × 104 1.05 × 105 

Average increasing rate of 

sediment concentration in the 

lacustrine zone (mg/L/hour) 

2.69 × 103 1.69 × 102 4.61 × 103 9.06 × 103 

Peak of sediment 

concentration in the lacustrine 

zone (mg/L) 

5.15 8.10 7.84 9.37 

Lag time from the rainfall 

peak to the SSC peak in the 

lacustrine zone (h) 

156 18 72 24 

Lag time from the SSC peak 

in the riverine zone to the SSC 

peak in the lacustrine zone 

90 41 –288 66 

 

The numerical model described previously was utilised to characterise the dynamics of the 

sediments within the lake and thus to assess the contribution of the storms. As revealed in Figure 

5.15(a), high concentrations (red) occurred only in the vicinity of the creek mouth. Because of 

the large amount of runoff into the reservoir, the high concentration occurred approximately 

2,000 m away from the Tingalpa Creek after 16 hours (Figure 5.15(b)). However, the sediment 

concentrations did not change from IP5 to IP7 between 6 a.m. and 10 p.m. Figure 5.15(c) 

depicts that at the peak water level, the SSC near Tingalpa Creek (IP2–IP4) decreased to 

0.095 kg m-3 and the SSC near the LHD (IP6–IP7) increased to 0.090 kg m-3. The water column 
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was well mixed after the event, and the SSC ranged from 0.091 kg m-3 to 0.097 kg m-3 in the 

whole vertical direction. The model results for the flow velocity support that advection is the 

main process of sediment transport within the Tingalpa Reservoir during storm events. Overall, 

the modelling results also reveal that catchment runoff was the main source of the SSC during 

this period. 

 

Figure 5.15. The simulated vertical variation of the total suspended sediment concentration in 

the fourth storm event from IP1 to IP7. The vertical transection represents the contour of the 

sediment concentration and the vector of the flow velocity (a) at 6 a.m. on 30 April, (b) at 10 

p.m. on 30 April, (c) at 3 a.m. on 2 May and (d) at 9 a.m. on 4 May. 

 

To analyse the variation in the water temperature and suspended sediment during peak discharge, 

the vertical distribution of the simulated temperatures and SSCs on 21 February are plotted in 
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Figure 5.16. 

 

Figure 5.16. The simulated vertical variation in temperature in the second storm event (a) at 8 

a.m. on 21 February and (b) at 12 p.m. on 21 February from IP5 to IP6. The simulated vertical 

variation of the suspended sediment in the second storm event (c) at 8 a.m. on 21 February and 

(d) at 12 p.m. on 21 February. The vectors represent the flow velocity. 

 

A sudden decrease in water depth was observed between IP5 and IP6, when the water in the 

upper layers rapidly flowed up to the surface and the water in the lower layers flowed to the 

bottom. This water was cold with high concentrations of suspended sediment. Because this 

water had transported the sediment to adjacent areas of deep depth, the water in these areas 

decreased in temperature. The cold water led to a decrease in water temperature at the bottom 

layer; at the same time, this water brought suspended sediments to the deep layer. As depicted 

in Figure 5.16(c) and Figure 5.16(d), the transported sediment led to an increase in suspended 

sediments at every depth during the peak discharge. It was also observed that the deep-water 

temperature decreased under the influence of cold flows. However, only the water temperature 

of the surface layer increased because of the increase in air temperature from 8 to 12 p.m. 
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5.4.3 The Influence of Wind Conditions 

To indicate the thermal reaction to the wind conditions, the simulated horizontal and vertical 

variations of the thermal structure under the east wind were analysed. The continuous east wind 

blew from 9 a.m. to 6 p.m. on 28 November 2014, with the wind speed varying from 1 m/s to 

5 m/s. The simulated lake-wide circulation patterns varied between the top and bottom layers 

of the water column (Figure 5.17). The water temperatures at the northeast, southeast and 

southwest edges were high, suggesting that the shallow areas were well mixed. The velocity 

magnitude of the bottom currents was less than that of the surface currents, and the bottom 

currents in the lake’s centre moved in different directions. This behaviour suggests there was a 

water transport cycle present in the vertical direction of the lake, with water moving from the 

east to west areas and then being transported to the bottom. Water in the bottom layers moved 

from west to east, and the water temperature in the west littoral zone was higher than in the 

middle of the lake. However, vertical water transport did not mix water well in these areas. The 

bottom layer velocities were reduced in a vortex that occurred in the littoral zone. Water 

withdrawals near the dam wall influenced the circulation pattern at the top and bottom of the 

water column.  

 

Figure 5.17. (a) Simulated top cell-averaged velocity and temperature field (10 a.m. to 1 p.m.) 

on 28 October 2014 and (b) the simulated bottom cell-averaged velocity and temperature field 

(10 a.m. to 1 p.m.) on 28 October 2014; the vectors represent the flow velocity. 

Figure 5.18 presents the vertical thermal variance from IP8 and IP9 on 28 November 2014. The 

water temperature at IP8 is higher than at IP9 at the same depth. For the flow direction, the 

surface water to the water depth of 2 m flowed in the same direction as the wind direction, and 

the water below 2 m flowed in the reverse direction. Moreover, the water temperature at the 
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bottom layers of the water, below a depth of approximately 6 m, was not affected by the wind-

induced flow. 

 

Figure 5.18. (a) The simulated vertical variation of temperature at 10 a.m. on 28 November 

2014 and (b) the simulated vertical variation of temperature at 3 p.m. on 28 November 2014. 

 

Models with constant strong wind conditions (southwest wind with a 20 m/s wind speed and 

northeast wind with a 20 m/s wind speed) and no wind condition were built to understand the 

strong wind’s effects on the sediment transport during storm events, especially at the riverine 

zone, and the difference in sediment variations between the monitored wind and no wind 

conditions. For the strong wind condition, the average recurrence interval for 20 m/s wind speed 

with a 24 h interval is 1%.  The strong wind occurred from the beginning of the simulation and 

continued 24 h in the model and after 24 h, the observed wind condition was used in the 3D 
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hydrodynamic and sediment transport. The simulated result (Figure 5.19) reveals that the SSCs 

at the VPS station without wind conditions were roughly the same as those with observed wind 

conditions. The result also indicates that before and after the storm event, the simulated total 

SSC sharply increased under the strong northeast and southwest wind conditions. The main 

source of the increased sediment was bed erosion in the shallow terrain. Figure 5.20 

demonstrates that the bed at the shallow terrain (southwest of the reservoir) was eroded under 

the strong winds, which contributed to the increase in suspended sediment. This shallow area 

had a water depth of 1 m on 17 February 2015, so the sediment could easily transfer from the 

bed to the water column in this area. The maximum simulated erosion of the shallow areas of 

the reservoir was up to 3.29 × 10-4 kg/m2/s. During the storm, due to the relatively low SSC 

flowing into the reservoir, the simulated total SSC at the VPS station decreased to the minimum 

value of 1.29 × 10-2 kg/m3 to 1.42 × 10-2 kg/m3. 

 

 

Figure 5.19. The time series of the modelled total sediment concentration under the observed 

wind, no wind, northeast wind and southwest wind conditions at the VPS station (the total SSC 

under observed wind was the same as that under no wind, the blue line is overlapped under the 

red line). 
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Figure 5.20. (a) The simulated surface distribution of total SSC at 8 a.m. on 17 February 2015 

under northeast winds and (b) simulated horizontal variations of the total SSC at 8 a.m. on 17 

February 2015 under southwest winds; the vectors represent the flow velocity. 
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5.5 Discussion 

By comparing the water temperature during the storm events to the thermal variations before 

and after the storm, the simulated results depicted in Figure 5.11 and Figure 5.12 indicate that 

the inflow plume significantly affects the thermal structure in the Tingalpa Reservoir. The cold 

plume causes a decrease in the water temperature of the reservoir. The water in the shallow 

basin could return to the original state within 4 days of the storm. However, the water 

temperature in the deeper basin required approximately 12 days to return to its original structure. 

This phenomenon can be explained because during the storm event, the cold inflow plume with 

a relatively higher density underflows to the deepest basin. The long duration of the thermal 

stratification hinders vertical mixing, so the deep water needs a long period to recover. The 

same phenomenon was also described by Irwin and Pickrill (1982). 

The time series of the suspended sediment load (Figure 5.14) reflects that the sediment 

delivered to the reservoir was dominated by the allochthonous flux during the storm events 

(Braun et al., 2000). The temporal pattern of the sediment loads closely resembled that of 

discharge, as fluctuation mainly depends on streamflow variability. The storm events have 

considerable effects on sediment transport (Cogley & McCann, 1976), as a high-intensity 

rainfall event could transport the bulk of the sediment load to the lake. In addition, a linear 

regression (Figure 5.21) was conducted between the rainfall intensity and the average 

increasing rate of the SSC in the reservoir water during the four storm events. 
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Figure 5.21. The relationship between the rainfall intensity and the gradients of SSC variation 

in Tingalpa Reservoir from January 2015 to May 2015. 

 

The near-surface velocities mostly matched the predominant wind direction (Jin et al., 2000), 

and a water cycle in the vertical direction of the lake was identified. To analyse the extent of 

the monitored wind conditions’ influence on the sediment concentration variance during storms, 

a model without wind conditions was established. The simulated results reveal that the SSCs at 

the VPS station without wind conditions were roughly the same as those with wind conditions 

from Figure 5.19. The results indicate that the sediment concentrations were primarily 

influenced by the sediment loads from the inflow creeks and less affected by the wind 

conditions during the storms. Moreover, the models with constant strong wind conditions 

(southwest wind with a 20 m/s wind speed and northeast wind with a 20 m/s wind speed) were 

also built. The results (Figure 5.20) revealed that the current directions were the same as the 

wind directions at the surface layer. The main source of the increased sediment is the bed 

erosion, and the strong winds result in the transport of sediment from the bed to the water 

column in the shallow regions. 

The hydrodynamic model coupled with the sediment model is used to investigate the lake 

dynamics and the water quality in a water source (e.g., to estimate the sediment concentrations 

at the drinking water intake and to identify periods of high risks). This modelling approach can 

be used to test various scenarios to examine, for example, the influence of different storm 

conditions or wind conditions on sediment transport and even to provide short-term forecasts. 

The ability to reliably estimate the thermal stratification and sediment concentrations is highly 

beneficial for the Tingalpa Reservoir water operators, as it can lead to a more proactive raw 

water management. 

5.6 Conclusion 

In this study, a 3D hydrodynamic model coupled with a sediment transport model was 

developed to investigate the thermal structure and sediment transport in the Tingalpa Reservoir. 

To improve the accuracy of the inflow conditions, data-driven models were used to define the 

boundary conditions of the 3D model. After the model calibration, acceptable performance was 

achieved in simulating the water temperature and sediment concentrations both temporally (i.e. 

through time series analysis) and spatially (i.e. throughout the water column). 

Through the validated 3D numerical model, the analysis of the thermal structure and sediment 
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transport in the reservoir extended from observation points to the entire reservoir, and both the 

spatial and temporal variations were analysed and discussed. The simulation results indicated 

that the inflow plume significantly affects the thermal structure during storm events. The 

comparison of the simulated water temperature during and after the storms revealed that the 

cold inflow plume can mix the shallow water and underflow to the deep water, cooling deeper 

waters for a long time (approximately 14 days). After the storm, the thermal structure in the 

upper layers of water quickly returned to the previous ranges within 4 days. However, deeper 

waters required relatively longer periods (12 days) to return to the original state. The study also 

found that storm events have considerable effects on sediment transport. During storm events, 

sediment delivery to the reservoir was dominated by allochthonous flux, and the sediment 

accumulation could have reached 100,000 kg in the largest storm event. Sediments were 

transported from the riverine zone to the transition zone and finally to the lacustrine zone during 

the storms. An analysis of the influence of wind on water movement was also conducted. Due 

to the prolonged easterly wind conditions, the surface water flowed towards western areas of 

the lake. However, the bottom water was less affected by the prolonged wind. Moreover, strong 

wind affects the surface currents and leads to bed erosion in shallow regions. Overall, the results 

shed light on the thermodynamics and sediment processes in the Tingalpa Reservoir and 

provided immediate estimates of the sediment state during extreme events. These model results 

provide a range of time-saving benefits for water quality operational management and decision 

making. 
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Coupled Data-driven and Process-based Model for Fluorescent 

Dissolved Organic Matter Prediction in a Shallow Subtropical 

Reservoir. 

Overview of Chapter 

Monitoring and understanding the dissolved organic matter (DOM) cycle in a drinking water 

reservoir is crucial to water authorities, since most water treatment practices aim to remove 

DOM to prevent the formation of potentially harmful disinfection by-products. A vertical 

profiling system (VPS) installed in reservoirs can continuously detect the fluorescent DOM 

(fDOM) and determine the fDOM transport process. Although the VPS collects the fDOM 

concentration, water treatment operators ensure a comparable and continuous DOM data set by 

manually water sampling throughout the year. A long-term historical database provides an 

opportunity to develop a three-dimensional fDOM prediction model. In the present study, we 

collected and analysed VPS and sampling data and developed and assessed an innovative 

coupled data-driven and process-based model. These models were able to forecast future fDOM 

in both calm and storm conditions. Given the scenario analysis of the modelling results, we 

have concluded that deeper layers of the reservoir had higher fDOM concentrations during 

storm events and the area close to the riverine zone had a sharper increase in fDOM 

concentrations than any other zone during storm events. Simulated fDOM can be a proxy for 

dissolved organic carbon concentration. It is also found that fDOM sources were from inflow 

creeks during storm events and continuing winds transported the fDOM from bottom to surface 

layers of the water. This study has enabled operators to gain a more thorough understanding of 

the DOM cycle in a reservoir and to more efficiently manage DOM removal. 
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6.1 Introduction 

Dissolved organic matter (DOM) is an important component of source water worldwide. With 

variables in biogeochemical environments and water resources (e.g., temperature, pH, 

biological process and organic matter source), the composition of aquatic DOM varies 

considerably in molecular size, molecular weight (from hundreds to millions of daltons), 

solubility, lability and structure (Fabris et al., 2008; Gjessing, 1976; Leenheer & Croué, 2003). 

DOM comprises soluble organic materials, such as organic forms of carbon, nitrogen, sulfur 

and phosphorus, released by the degradation of plants, animals and microorganisms (Zhang et 

al., 2012). In lakes and reservoirs, three major sources of DOM are autochthonous (aquatic), 

allochthonous (terrestrial) and synthetic (industrial or manmade), with seasonally variable 

compositions (Mostofa, 2013). Researchers have found that DOM imparts colour, taste and 

odour (Lambert & Graham, 1995; Worrall & Burt, 2010), pollutes and blocks the membranes 

and filters of water treatment plants (Huber, 1998), decreases the light penetration of water and 

influences biological growth in aquatic systems (Ask et al., 2009; Moran & Zepp, 1997). 

Furthermore, in the process of treating drinking water, if hydrophilic DOM in raw water 

bypasses the treatment processes, by reacting with chlorine in the distribution system it can 

result in the formation of potentially dangerous disinfection by-products, the most common 

being the trihalomethanes (Pagano et al., 2014), which are also considered carcinogenic 

(Palmstrom et al., 1988). Hence, a high DOM concentration in a water system used for drinking 

water is a significant concern. 

A more thorough understanding of the DOM distribution and the variables affecting it would 

allow water authorities to more efficiently manage DOM treatment. Fluorescence spectroscopy 

is a proven technique to characterise the composition of aquatic DOM composition. 

Researchers agree that fluorescence measurements are proxies for chemical and biological 

DOM (Carstea et al., 2019). Probes measuring the fluorescent signal of DOM have recently 

been developed and installed in several Australian reservoirs, providing high-frequency 

estimations of fluorescent DOM (fDOM) in lakes. These probes take in-situ optical 

measurements using long-term and field-deployable fluorometers, which enable researchers to 

collect high-resolution temporal data (Ruhala & Zarnetske, 2017). In-situ submersible fDOM 

fluorometers have been widely used in published field studies to date (De Oliveira et al., 2018; 

Pellerin et al., 2012; Saraceno et al., 2009; Wang et al., 2019). While wavelength scanning 

fluorometers measure emission signals over a range of wavelengths and are more reliable, 
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fDOM fluorometers use a light-emitting diode as a light source and have a single fixed 

excitation-emission wavelength pair (Saraceno et al., 2009; Yoo et al., 2013). Fluorescence 

sensors allow high-resolution measurements of fDOM in rivers and reservoirs during storm 

events (Carstea et al., 2019). However, when monitoring fDOM concentrations using a 

fluorometer, the optical signal of the fDOM probe is interfered and distorted by temperature, 

turbidity, pH, salinity and inner filter effects. Turbidity is an inherent issue for fDOM sensors 

as it fundamentally interferes with light passage and detection (Ruhala & Zarnetske, 2017). The 

type of turbidity is also important, where the magnitude of fDOM signals bias is related to the 

shape and size of suspended particles (De Oliveira et al., 2018; Saraceno et al., 2017). An 

increase of turbidity leads to an increased amount of scattering of the excitation light emitted 

by the fDOM sensor, which causes the decline of the light available in the sampling volume to 

excite fDOM (Downing et al., 2012). On the other hand, the higher temperatures increase the 

probability of an excited electron to return to its ground state by radiationless decay, which 

decreases fluorescence intensity (Henderson et al., 2009). Hence, it is necessary to quantify 

turbidity and temperature interferences to achieve more reliable fDOM readings. Though still 

affecting the readings, previous work showed that pH and salinity have a more minor effect in 

a fDOM sensor accuracy, and inner filtering effect becomes relevant only at very high DOM 

concentrations (De Oliveira et al., 2018).  

In lakes and reservoirs, a fDOM probe can be installed in vertical profiling system (VPS), and 

moves up and down the water column, collecting one-dimensional vertical measurements of 

fDOM, at every 1-3m depth, usually once a hour depending on reservoir depth. Although probes 

measuring fDOM have been widely used in lakes, they are unable to describe the DOM 

distribution in three dimensions. 

In terms of drinking water management, modelling can be used prior to field observation to 

provide information on the contribution of different sources of DOM concentration in the raw 

water intake of a water treatment plant. Water operators are required to establish efficient, 

reliable and safe models to predict and reduce high DOM concentrations in water before it can 

be distributed as a potable supply to consumers. Numerical models are suitable methods for 

water quality prediction, and many numerical models for aquatic systems have been used to 

simulate organic matter concentrations. Sato et al. (2007) established numerical marine 

ecosystem models and simulated the organic matter concentrations in Lake Saroma, Japan. In 

their study, particulate and dissolved organic matter were simulated, and each type was 
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modelled as two degradable fractions (labile and refractory) with various mineralisation rates 

to illustrate the decrease in reactivity over time (Sato et al., 2007). This ecosystem model 

considered the loading of organic matter from rivers and the exudation of phytoplankton (Sato 

et al., 2007). Sato et al. (2007) found that storm events supplied organic matter and nutrients 

into the lake, and typhoons influenced the organic matter settling to the bottom of the lake. 

Furthermore, Druon et al. (2010) modelled the dynamics and export of DOM on the U.S. 

continental shelf. The dissolved organic carbon (DOC) concentrations in this study were based 

on phytoplankton exudation, solubilisation of small and large carbon detritus and 

remineralisation of the semi-labile DOC (Druon et al., 2010). These researchers concluded that 

the DOM was closely linked to the residence time of water masses of its distribution and export 

water masses (Druon et al., 2010). Another model was developed by Liungman and Moreno-

Arancibia (2010) for the Himmerfjärden Estuary, Sweden. The study indicated that sediment 

processes can impact the phytoplankton and detritus that settle and reach the bottom of a body 

of water, and this influences the inorganic matter which is released from sediments. Previous 

DOM models are complex and most of them only consider the biochemical process of DOM, 

such as phytoplankton exudation and remineralisation of labile DOM. They are calibrated and 

verified based on low-frequency water sampling data. Previous DOM models are limited to the 

simulation of horizontal DOM variation and do not fully consider the hydrodynamic and 

sediment transport process effects on DOM transport processes. To date, according to the 

Authors’ knowledge, there has been no attempt to build a three-dimensional (3D) coupled data-

driven and process-based model through high-frequency and in-situ optical DOM 

measurements in the lake systems. Therefore, for this study, after extensive data collection from 

several sources and over several years, we established a coupled data-driven and process-based 

model for fDOM prediction for the Tingalpa Reservoir, Australia. The fDOM prediction model 

considers the effects of hydrodynamic and sediment transport processes and it can be calibrated 

and verified based on high-frequency monitoring data, so the model performed with higher 

accuracy. Moreover, the fDOM prediction model can be used to analyse the fDOM distribution 

in both horizontal and vertical directions and predict the timing and peak concentration, 

especially during extreme events. This innovative model is a general method of understanding 

and predicting 3D fDOM distributions in any reservoir or lake with high frequency fDOM 

monitoring instrumentation in place. 

 



Chapter 6 fDOM Model in the Tingalpa Reservoir 

 

107 

 

 

6.2 Study Site and Monitoring Data 

To prove the feasibility of our comprehensive model, a shallow, subtropical reservoir, i.e. the 

Tingalpa Reservoir was selected as our study site. The Tingalpa Reservoir is located in South 

East Queensland, Australia (153.18°E, 27.53°S). It provides approximately 20% of the water to 

Redland City. The Leslie Harrison Dam is located on the north eastern side of the reservoir. The 

surface area covers approximately 470 hectares, and the catchment area is 87.5 km2. There are 

two main inflows: the Tingalpa Creek from the south east, and the Stockyard Creek from the 

south west. Seqwater, the bulk water supply authority for South East Queensland, manages the 

reservoir treatment operations. To achieve higher risk mitigation for dam safety, Seqwater 

reduced the reservoir water storage to 13,206 ML on 1 August 2014.  Previous studies have 

shown that when rewetting after a long dry period, the organic matter contents in the reservoir 

increased and affected the water quality, which produced from decaying macrophytes in the 

sediment soils and transported to the water (Lu et al., 2017). 

 

 

Figure 6.1. Monitoring sites in the Tingalpa Reservoir and the reservoir’s bathymetry [m AHD]. 

Water quality in the Tingalpa Reservoir is monitored mainly through laboratory analysis of 

monthly manually collected water samples. In 2013, a VPS was installed 500 m from the Leslie 
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Harrison Dam, as shown in Figure 6.1. A set of water quality probes in the VPS automatically 

winches up and down in the water column and measures water quality variables, including 

water temperature, pH, dissolved oxygen, conductivity, turbidity and fDOM. The fDOM was 

measured using an EXO fDOM Smart Sensor (YSI, Yellow Springs, OH, USA) which has 

365±5 nm excitation and 480±40 nm emission wavelength to estimate the quantity of 

fluorescent, humic-like DOM (peak C), and it is reported as relative fluorescence units (RFU) 

or quinine sulphate units (QSU) (Xylem, 2019). 

Seqwater has provided physical and chemical data for the Tingalpa Reservoir, collected both 

through water samplings and by the VPS. Manual water samplings at the raw water inlet are 

taken weekly, while the water samplings at monitoring stations are taken monthly on the lake. 

The water sampling points are shown in Figure 6.1. Moreover, our group (De Oliveira et al., 

2018) conducted water sampling to measure the fDOM and DOC concentration from May 2017 

to September 2017 in the Tingalpa Reservoir. Data from the VPS have been available since the 

VPS was installed (2013), and several types of manual sampling data have been available since 

2010. Other parameters were collected from the Australian Bureau of Meteorology and the 

Commonwealth Scientific and Industrial Research Organization (CSIRO). This organization 

provided the inflow parameters for Tingalpa Creek. Table 6.1 provides a list of the available 

data. 
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Table 6.1. Sources and features of the available data. 

Variable Source Method Frequency Period 

DOC 

Seqwater 
Water sampling in raw 

water inlet 

Weekly 2010-2019 

SUVA Weekly 2013-2019 

UV
254

 Weekly 2010-2019 

TOC Weekly 2010-2019 

Suspended Solids Monthly 2017-2019 

Temperature Weekly 2011-2019 

Turbidity Monthly 2010-2019 

pH Weekly 2010-2019 

Conductivity Weekly 2010-2019 

DOC 

Seqwater 
Water sampling at 

monitoring station 

Monthly 2010-2019 

TOC Monthly 2010-2019 

Suspended Solid Monthly 2010-2019 

Total Dissolved 

Phosphorus 
Monthly 2010-2019 

Total Dissolved Nitrogen Monthly 2010-2019 

DO 

Seqwater 

and VPS
a
 

Water sampling at 

monitoring station, 

VPS 

Monthly, Hourly 2010-2019, 2013-2019  

Temperature Monthly, Hourly 2010-2019, 2013-2019  

Turbidity Monthly, Hourly 2010-2019, 2013-2019  

pH Monthly, Hourly 2010-2019, 2013-2019  

Conductivity Monthly, Hourly 2010-2019, 2013-2019  

fDOM VPS VPS Hourly 2013-2018 

Air Temperature 

BoM
b
 Data with fee 

Hourly 2013-2019 

Wind Speed and 

Direction 
Hourly 2013-2019 

Rainfall Hourly 2013-2019 

Solar Radiation Hourly 2013-2019 

Relative Humidity Hourly 2013-2019 

Outflow Seqwater  Daily 2013-2017 

Inflow Temperature 

  Seqwater  

Hourly 2015-2017 

Inflow Turbidity Hourly 2015-2017 

Inflow pH Hourly 2015-2017 

Inflow DO Hourly 2015-2017 

 

a Vertical Profiling System, Tingalpa Reservoir. 
b Australian Bureau of Meteorology. 
c Commonwealth Scientific and Industrial Research Organization. 
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6.3 Methodology 
 
 

6.3.1 Dissolved Organic Matter Cycle 

Reservoirs are complex biogeochemical systems in which production, transformation and loss 

of organic matter occur simultaneously (Kraus et al., 2011). The net effects of these processes 

are determined by certain factors, including algal and bacterial activity, inflow DOM quantity 

and composition, nutrient availability, storm events, temperature, solar radiation and pH 

(Holland et al., 2018; Kraus et al., 2011; Mash et al., 2004; Zepp et al., 2007). Chromophoric 

DOM is the optically measurable component of DOM, and fDOM refers to the chromophoric 

DOM that fluoresces. The common fluorescence type are peak T (in the ultraviolet absorbance 

fluorescence region, the excitation wavelength is ~230 and ~275 nm and the emission 

wavelength is ~340 nm) and peak C (in the blue and green fluorescence regions, the excitation 

is 300-350 nm and the emission is 400-500 nm) (Coble, 1996; Hudson et al., 2007). Peak T 

refers to the tryptophan-like DOM, and peak C refers to the humic-like DOM. In the literature, 

peak C is a proxy for the broader DOC and relates to the substances with highly aromatic and 

mainly high molecular weight components (Jiang et al., 2017; Ruhala & Zarnetske, 2017). 

The key processes involved in a lake’s DOM cycle are summarised in Figure 6.2. There are 

evident differences in the DOM distribution between the surface and bottom layers of a water 

column. In the surface water, radiation promotes photosynthesis and causes a high level of 

dissolved oxygen (DO) (Tundisi & Tundisi, 2012). The presence of algae means a high pH 

because the algae removes acidic CO2 forms such as HCO3
- (Dubinsky & Rotem, 1974). Algal 

production in surface waters contributes to the amount of DOM present, especially DOM with 

a low molecular weight (Kraus et al., 2011). In the colder bottom water, light cannot penetrate, 

nor can algae develop or produce oxygen through photosynthesis, and the water is typically 

acidic and contains little or no DO for bacteria respiration (Tundisi & Tundisi, 2012). Holland 

et al. (2018) found acidic waters are dominated by DOM that is aromatic and humic-like with 

a high molecular weight. Under stratified conditions, the DOM quantity and composition vary 

in vertical distribution between the surface and bottom waters. The stratification of DOM 

depends on the depth of the reservoir/lake. If the lake is shallow, the stratification of DOM 

quantity and composition in the vertical direction is not obvious. 

The water dynamics of the lake also alters the DOM cycle. Lower water residence times when 

respiration exceeds photosynthesis, provide an opportunity for the environmental consumption 
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process of DOM (Jack et al., 2002; Kraus et al., 2011). Higher water residence times enable the 

mixing of fluent waters and the stabilisation of the DOM’s quality (Awad et al., 2016). Inflow’s 

influence on the DOM cycle occurs mainly during storm events. Rainfall increases the river 

inflow and the terrestrial DOM inputs into the reservoir, leading to high fDOM concentration, 

and the degree of increase varies according to the frequency and quantity of precipitation 

(Bergamaschi et al., 2012; Bertuzzo et al., 2017; Carstea, 2012; Mihalevich et al., 2017; Tunaley 

et al., 2016). There is a delayed input of high DOM concentrations from the surface of the water, 

from shallow flow paths on the hillslope and from riparian sources.  

Many studies have found that fDOM concentration lags behind turbidity and discharge and 

varies from site to site in the river catchment, with a lag ranging from 1 hour (h) to 1 day. 

Pellerin et al. (2012) reported that peak fDOM concentration lagged behind peak streamflow 

by less than 1 h for a 2-day 35 mm rainfall event. Saraceno et al. (2009) study showed that 

during a 4-day 44 mm rainfall event, peak fDOM lagged peak discharge by 9 h. In addition, 

Bergamaschi et al. (2012) found that fDOM concentration lagged a full day behind peak 

discharge in 2-day 80 mm rainfall. These studies found that the lag between peak discharge and 

peak fDOM concentration is correlated with the rainfall amount. The lag of the fDOM peak 

relative to the turbidity peak suggests that the relative importance of shallow soil drainage 

remains elevated for several days after an event (Saraceno et al., 2009).  

The DOM present in the reservoir waters during the wet season has a high percentage of humic-

like and aromatic organic compounds, which makes fDOM readings an accurate representation 

of DOM, since it has been proved that fDOM is related to aromatic and humic-like DOM 

components. (Awad et al., 2016; Carstea, 2012; Stutter et al., 2012). Previous studies have also 

found that measurements of in-situ fDOM are good proxies for the DOM concentration during 

storm events (Saraceno et al., 2009). As a consequence, the focus of this study was on 

understanding the DOM dynamics during wet weather events, as the available fDOM data can 

be considered a good proxy of the overall DOM concentrations during such critical events for 

the DOM cycle.  
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Figure 6.2. Schematisation of the DOM cycle in a reservoir. Green connections: an increase in 

x increases in y; red connections: an increase in x decreases in y; upper box: surface (SURF) 

water; lower box: bottom (BTTM) water; rectangles: variables part of the cycle (green 

rectangles: high concentrations under stratification; red rectangles: low concentrations under 

stratification); ovals: external inputs; curved arrow: the vertical water mixing; Twater: water 

temperature. 

 

6.3.2 Coupled Data-Driven and Process-Based Model 

Three-dimensional hydrodynamic, sediment-transport and data-driven models were developed 

to achieve the 3D fDOM prediction. The inputs to the 3D hydrodynamic and sediment transport 

model were the inflow conditions, weather conditions and bathymetry of the Tingalpa Reservoir. 

The model performed well in simulating the thermal structure and sediment-transport processes 

(Wang et al., 2020). The outputs from the hydrodynamic and sediment-transport models were 

the inputs to the data-driven model. The data-driven model includes a turbidity-fDOM 

compensation model and a model further compensating fDOM for water temperature variations. 

The data-driven model can detect the change in dryness and wetness in the atmosphere and 

relate it to the current rainfall conditions, using the relevant equation. The following sections 

provide detailed information on the model. The structure of the coupled data-driven and 

process-based model is shown in Figure 6.3. 
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Figure 6.3. Coupled data-driven and process-based model structure. 

 

5.3.2.1 Data-Driven Model 

Visually inspection was performed for the time-series graphs of all the related variables to 

determine whether the relationships described in the literature are confirmed in the real data 

from the Tingalpa Reservoir. When a relationship was identified, we performed a statistical 

analysis to quantify the correlation between variables.  

The reading of fDOM is affected and distorted by turbidity, temperature, pH, salinity and inner 

filter effects. The type of turbidity, water temperature and the size of suspended particles are 

the decisive factors in the fDOM signal bias (Saraceno et al., 2017). De Oliveira et al. (2018) 

developed a compensation model to investigate the turbidity and water temperature 

interferences in fDOM readings at the Tingalpa Reservoir. We applied such compensation 

model to obtain more reliable fDOM concentration under the influence of turbidity and the 

water temperature.  

The compensated fDOM data at the VPS location confirmed that storm events could have led 

to peaks of compensated fDOM during the study period from June 2014 to March 2018. To 
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investigate the compensated fDOM variance during storm events, we analysed each storm 

individually for the study period. There was a sharp increase in compensated fDOM from the 

original state, to a peak value, followed by continuous fluctuation and a final decrease to a 

compensated fDOM value that was higher than the value in the original state. Figure 6.4 shows 

the variance in compensated fDOM during one storm event and identifies several points. One 

storm event includes the compensated fDOM’s growth period (T1) from the starting point to 

the critical point, a stable period (T2) from the critical point to the decrease starting point and 

the decline period (T3) from the decreasing starting point to an ending point. 

 
Figure 6.4. The time series of compensated fDOM (RFU) during a storm event. SP: starting 

point, CP: critical point, DSP: decrease starting point and EP: ending point. 

The moving average method was used to smooth the short-term fluctuation of compensated 

fDOM data, and a 10-h period was set to reduce lag by applying the weight to recent 

compensated fDOM. In addition, the gradients of compensated fDOM during T1, T2 and T3 

were calculated for 1 h. According to this analysis, the compensated fDOM’s gradients were 

from 1.49 RFU/h to 11.51 RFU/h in the growth period at the depth of 10m, from 0 RFU/h to 

1.26 RFU/h during the stable period and from 0.08 RFU/h to 4.52 RFU/h in the decline period. 

There is a specific search criterion to define heavy rainfall events. Identifying as heavy rainfall 

events any time there is the total rainfall over 50 mm in less than 2 days. Based on the available 

reliable data, there were five heavy rainfall events during the study period, and the time series 

of daily rainfall, turbidity and compensated fDOM for these five heavy rainfall events are 

shown in Figure 6.5. 
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Figure 6.5. The time series of daily rainfall (mm), compensated fDOM (RFU) and turbidity 

(NTU) at a depth of 10 m at VPS station during Event 1 (a-c), Event 2 (d-f), Event 3 (g-i), Event 

4 (j-l) and Event 5 (m-o). 

Heavy rainfall increases the loading of sediments into the reservoir and accelerates the increase 

of sediment and turbidity. The high growth rate of turbidity results in a long lag between peak 

turbidity and peak fDOM concentration. In the Tingalpa Reservoir, the lag between peak 

turbidity and peak compensated fDOM was correlated with total rainfall during the storms, as 

shown in Figure 6.6(a). Saraceno et al. (2009) found the lag time between peak turbidity and 

peak fDOM was 14 h at the mouth Willow Slough Watershed in Californa with a catchment 

area of 415 km2, which is 4.7 times more than the catchment area of the Tingalpa Reservoir. 

The lag time and rainfall data in the study of Saraceno et al. (2009) are shown as a reference in 

Figure 6.6(a) and these data agree with the correlation between total rainfall and lag time 

between peak turbidity and peak fDOM in the Tingalpa Reservoir. An analysis of the rainfall 

data and compensated fDOM data in Figure 6.5 found that the peak of compensated fDOM 

occurred during the period of intense rainfall during each storm event. For example, the 

intensive rainfall in Storm Event 2 occurred from 20 February to 23 February 2015, and the 

peak of fDOM occurred from 22 to 23 February 2015. Figure 6.6(b) shows the intensive rainfall 

during the prolonged peak period (T2) of compensated fDOM and the correlation between T2 
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and rainfall intensity. For the storm events with the same volume of rain, a high intensity means 

a short duration of rainfall. A short duration of rainfall also shortens the period of the fDOM’s 

variance during the storm (T1 + T2 + T3). Their relationship between mean rainfall intensity 

and T1 + T2 + T3 is shown in Figure 6.6(c). A high intensity of rainfall can accelerate the end 

of a storm and the decline period of fDOM (T3). A shortened T3 leads to a higher decrease in 

the gradients of compensated fDOM during T3. The correlation between this decrease in 

gradients and rainfall intensity is shown in Figure 6.6(d). Figure 6.6 shows the relationships 

between parameters related to rainfall and those related to the changes in compensated fDOM 

at a depth of 10m at the VPS station during five storm events. 

 
Figure 6.6. Scatter plot and regression between parameters related to rainfall and parameters 

related to the changes of compensated fDOM at a depth of 10 m during five major storm events. 

(a)  relationship between total rainfall and lag from peak turbidity to peak compensated fDOM 

and the reference data from Saraceno et al. (2009); (b) relationship between mean rainfall 

intensity and the duration of the stable period of compensated fDOM (T2); (c) relationship 

between mean rainfall intensity and T1 + T2 + T3 and (d) relationship between mean rainfall 

intensity and compensated fDOM decreasing gradient. 

Plotting the compensated fDOM values against all possible predictors showed which type of 
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nonlinearity links the variables. The most relevant results to our study are shown in Figure 6.7, 

representing a clear parabolic correlation between turbidity and compensated fDOM data from 

the growth periods and stable periods of fDOM variances during the storm events. We expected 

these results because of the delayed fluorescence response of fDOM during storms compared 

to the turbidity found in the literature and confirmed in the Tingalpa Reservoir. Figure 6.7(a) 

shows that the fDOM difference (the difference value of compensated fDOM, when turbidity 

equals zero) high for the second and third storm events and resulted from intense rainfall during 

these storms. The lower part of the parabolic correlation represents the compensated fDOM’s 

during its increasing pattern during the period when the turbidity increases, whilst the upper 

part, above the vertex, is representative of the compensated fDOM’s increasing part during the 

lag time between peak turbidity and peak fDOM. The vertex of the parabolic correlation 

represents the compensated fDOM when the turbidity reaches the peak value. 

 
Figure 6.7. Scatter plot of compensated fDOM (RFU) and turbidity (NTU) at a depth of 10 m 

for (a) Storm Event 1, (b) Storm Event 2, (c) Storm Event 3, (d) Storm Event 4 and (e) Storm 

Event 5. 

When the statistical analysis was complete and the features and correlations of the data were 

identified, it was possible to derive the most appropriate model and its key input parameters, 

shown in Figure 6.8. The data-driven model consisted of two parts to ensure accurate and 

reliable compensated fDOM prediction. The second model part needed to be further divided 

into two parts. 
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The three model parts are as follows: 

• Model Part 1: This part includes a determination of whether the heavy rainfall leads to 

the compensated fDOM increase and the prediction of one storm period (T1 + T2 + T3). 

To determine whether the heavy rainfall caused the increase of compensated fDOM, 

two requirements need to be satisfied: 1.the total rainfall in two days is more than 50 

mm and 2. gradients of the simulated turbidity from the process-based model in these 

two days are more than 0.80 NTU/h. One storm event period for compensated fDOM 

includes T1, T2 and T3. T1, T2 and T3 are predicted based on Eq. (6.1), Eq. (6.2), Eq. 

(6.5) and Eq. (6.6). If the studied period is not in the storm event period, it belongs to 

the calm conditions. 

• Model Part 2.1: This part takes the turbidity outputs in the calm category. Using the 

consistent decreasing rate, it yields a prediction of the fDOM in calm conditions. 

• Model Part 2.2: This part takes the turbidity outputs from Part 1 in the storming 

category. Using the parabolic correlation between turbidity and compensated fDOM, 

the compensated fDOM under turbidity’s effect predicted in Ttg and ∆T during storm 

events, shown in Figure 6.7. The prediction of compensated fDOM in T1, T2 and T3 

based on the Eq. (6.3), Eq. (6.4) and Eq. (6.7). 

All models must be validated. In most time-series forecasting studies, this is usually achieved 

by dividing the dataset into a training set and a testing set, where the model is built, and the 

performance of the model is assessed. During this study, the Tingalpa Reservoir experienced 

five storm events during the monitoring period. Therefore, the training set contains the first to 

the fourth storm events from Model Part 2.2. The fifth storm belongs to the testing set to validate 

the model’s accuracy. 

 



Chapter 6 fDOM Model in the Tingalpa Reservoir 

 

119 

 

 
Figure 6.8. Integrated data-driven model structure. 

 

Model part 2.2 can simulate the compensated fDOM’s periods of growth, stability and decline. 

The model was calibrated using the training set of data (i.e., Storm Events 1 - 4) and 

performance was tested on the testing set (i.e., Storm Event 5) for Model Part 2.2. The 

compensated fDOM’s growth period is regarded as the total period of the turbidity’s growth 

and the lag between peak turbidity and peak compensated fDOM, given by Eq. (6.1). The lag 

between peak turbidity and peak fDOM relates to the rainfall, following Eq. (6.2): 

 
𝑇1 = 𝑇𝑡𝑔 + ∆𝑇 (6.1) 

 
∆𝑇 = 𝑎1 𝑙𝑛(𝑅) + 𝑏1 (6.2) 

where 𝑇1 is the compensated fDOM’s growth period [hour], 𝑇𝑡𝑔 is the turbidity’s growth period 

[hour] and ∆𝑇  is the lag between peak turbidity and peak compensated fDOM [hour],  𝑅 

represents the rainfall amount [mm] during this storm event. It was found that the best 

logarithmic regression is based on factors a1 = 8.40 and b1 = -1.85× 101 with a correlation 

coefficient for the test set of 0.85. 

During the compensated fDOM’s growth period, the parabolic regression between compensated 

fDOM and turbidity was accounted for. Eq. (6.3) describes the relationship between turbidity 

and compensated fDOM: 

 

𝑓 =
±√𝑏2

2 − 4𝑎2𝑐2 + 4𝑎2𝐶𝑡 − 𝑏2

2𝑎2
 

(6.3) 

where f is the compensated fDOM concentration [RFU] and 𝐶𝑡 is the turbidity concentrations 

[NTU]. During the period 𝑇𝑡𝑔 , the  -” solution is calculated to get the compensated fDOM 
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concentration and the  +” solution is used during the period ∆𝑇. The coefficients a2, b2 and c2 

determine the fDOM difference [RFU], shown in Figure 6.7(a). The fDOM difference varied 

by storm and water depth. The relation between the fDOM difference for the different water 

depths and storm events was found using Eq. (6.4). 

  

∆𝑓𝐷𝑂𝑀 = (𝑎3
𝑅

𝑇𝑅
+ 𝑏3)𝑧 + 𝑐3𝑅 + 𝑑3 

(6.4) 

where ∆𝑓𝐷𝑂𝑀  represents the fDOM difference in the regression between the turbidity and 

compensated fDOM, 𝑇𝑅 is the rainfall duration [hour] for one storm event and z being the water 

depth [m]. We found factors a3 = 6.57, b3 = 1.83×101, c3 = -2.34×10-1, d3 = 1.52×102, and the 

coefficient determination (R2) = 0.79 for the test set. According to the data analysis, a linear 

regression was found between rainfall duration and stable period, using Eq. (6.5). During the 

stable period, fDOM remained at the fDOM peak level. 

  

𝑇2 = 𝑎4𝑙𝑛 (
𝑅

𝑇𝑅
) + 𝑏4 

(6.5) 

where 𝑇2 is the duration of the compensated fDOM’s stable period [hour]. We found factors a4 

= 1.16×101 and b4 = 2.07×101, and R2 = 0.91 for the test set. 

We found a correlation between the duration of compensated fDOM period and rainfall intensity. 

We tested the linear regression model between rainfall intensity and total fDOM period. We 

found factors a5 = -1.92×101, b5 = 2.16×102 and R2= 0.68 for the test set, using Eq. (6.6). During 

the compensated fDOM’s decline period, we found a stable decline rate. Using Eq. (6.7), we 

calculated the linear regression between rainfall intensity and the compensated fDOM’s mean 

decrease rate. Eq. (6.7) was applied to predict the compensated fDOM concentration gradient 

during the fDOM’s decline period.  

 
𝑇1 + 𝑇2 + 𝑇3 = 𝑎5

𝑅

𝑇𝑅
+ 𝑏5 (6.6) 

 
𝑔𝑑 = 𝑎6

𝑅

𝑇𝑅
+ 𝑏6 (6.7) 

where 𝑇2  is the compensated fDOM’s stable period [hour],  𝑇3  is the compensated fDOM’s 

decline period [hour] and 𝑔𝑑  is the compensated fDOM’s mean gradient during the decline 

period. Using Eq. (6.7), we found a6 = 1.62×10-1, b6 = 3.14×10-1 and R2 = 0.80 for the test set. 

5.3.2.2 Process-Based Model 

The process-based model comprises a 3D time-dependent hydrodynamic model and a coupled 
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sediment model. The numerical model, MIKE 3 FM (DHI, 2017), was applied to investigate 

the thermal structure and sediment transport process in the Tingalpa Reservoir. Wang et al. 

(2020) introduced the modelling process in detail and found that the process-based model 

simulates accurate water temperature and suspended sediment concentrations in three 

dimensions of the Tingalpa Reservoir. The output of the sediment model, the suspended 

sediment concentration, is the predictor for the turbidity concentration. The relationship 

between sediment concentration and turbidity varies at the different water depths at the VPS 

station. At a depth of 10 m, the relationship between sediment concentration and turbidity is 

divided into two cases: calm conditions and storm events. According to the data analysis, the 

minimum and maximum turbidity occurred at the depth 1 m and 10 m, especially during storms, 

and the turbidity shows a linear growth from the surface to bottom layers. So, these relationships 

between turbidity and sediment concentration were developed specifically at the depth of 1 m 

and 10 m. Eq. (6.8) gives the relationship between suspended sediment concentration and 

turbidity at a depth of 1 m during calm and storm conditions. Eq. (6.9) and Eq. (6.10) show the 

relationship between suspended sediment concentration and turbidity at a depth of 10 m during 

calm and storm conditions, respectively. 

 
𝐶𝑡,1 = 𝑎7𝑒

𝑏7𝐶𝑠,1 (6.8) 

 
𝐶𝑡,10 = 𝑎8𝑒

𝑏8𝐶𝑠,10 + 𝑐8 (6.9) 

 
𝐶𝑡,10 = 𝑎8𝑒

𝑏8𝐶𝑠,10 + 𝑐8 + ∆𝐶𝑡 (6.10) 

where 𝐶𝑡,1  is the turbidity concentration at a depth of 1 m [NTU],  𝐶𝑡,10  is the turbidity 

concentration at a depth of 10 m [NTU], 𝐶𝑠,1 is the suspended sediment concentration at a depth 

of 1 m [mg/L], 𝐶𝑠,10 is the suspended sediment concentration at a depth of 10 m [mg/L] and 

∆𝐶𝑡 is the additional turbidity, which changes over time during storm events. We found factors 

a7 = 1.18, b7 = 3.90×10-1, a8 = 4.37, b8 = 2.56×10-1 and c8 = 9.00. Eq. (6.9) is for the calm 

conditions and Eq. (6.10) is for the storm events. Figure 6.9 shows the time series ∆𝐶𝑡 during 

storm events. 
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Figure 6.9. Time series of delta turbidity (NTU) during storm events at the depth of 10 m. 

6.3.3 Model Validation 

Figure 6.10 shows the time series of turbidity from measurements and from the process-based 

model for the storm events from 30 Apr to 10 May 2015 at the VPS station. The root mean 

square error for the depths of 1 m and 10 m were 3.61 and 3.83 NTU, respectively. The 

coefficients of determination were 0.91 and 0.87 at the depth of 1 m and 10 m during this storm 

as a test set. Figure 6.10 shows that the main peak was accurately simulated during the storms 

in the model. The simulation of turbidity at the depths of 1 m and 10 m is a robust validation of 

the process-based model. It can be adapted to evolving extreme storm events in reservoirs. 

 
Figure 6.10. A comparison of measurement and simulation of turbidity from April to June 2015 

at (a) a depth of 1 m and (b) a depth of 10 m. 

Figure 6.11 shows the time series of simulated and measured compensated fDOM during the 

storm events from April to June 2015 at the VPS station. The root mean square error for the 
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depths of 1 m and 10 m were 2.65 RFU and 2.78 RFU, respectively. The coefficients of 

determination achieved for compensated fDOM were 0.92 and 0.97 at the depths of 1 m and 10 

m, respectively. The simulation was accurate. Overall, the coupled data-driven and process-

based model can accurately predict the fDOM concentration in the water column during a storm. 

 
Figure 6.11. A comparison of measurement and simulation of compensated fDOM from April 

to June 2015 at (a) a depth of 1 m and (b) a depth of 10 m. 

As part of a recent investigation by our group (De Oliveira et al., 2018), a number of samples 

from Tingalpa were collected in May–September 2017; laboratory work, including dilution 

series, enabled the creation of a dataset where a correlation between compensated fDOM and 

DOC could be established. According to the data analysis of our water sampling, the measured 

data show there is a correlation between compensated fDOM and DOC concentration in the 

Tingalpa Reservoir. The DOC concentration is given by Eq. (6.11). 

 
𝐷𝑂𝐶 = 𝑎9𝑙𝑛 (𝑓𝐷𝑂𝑀) + 𝑏9 (6.11) 

where DOC is the DOC concentration [mg/L] and fDOM is the compensated fDOM 

concentration [RFU]. We found factors a9 = 6.30 and b9 = -1.10×101, and R2 = 0.89 for the test 



Chapter 6 fDOM Model in the Tingalpa Reservoir 

 

124 

 

set. The correlation was applied to validate the modelled fDOM, and the DOC concentration 

was simulated at an hourly interval. Comparisons between measured and simulated DOC 

concentrations are shown in Figure 6.12 at SP001, SP002, SP004, SP010 and SP015. Compared 

to the measured DOC, the simulated data at each respective time point had the same range as 

the measured data from 0 to 20 mg/L. The simulated DOC concentration over 20 mg/L occurred 

during storms at the bottom layer of the reservoir. Because the DOC data was monitored before 

the storm event, the concentration lower than 20 mg/L. Overall, the coupled data-driven and 

process-based model can accurately predict the fDOM concentration in a water column during 

a storm. 

 

 
Figure 6.12. Simulated and measured DOC concentrations at the surface and bottom layers of 

the reservoir at (a) SP001, (b) SP002, (c) SP004, (d) SP010 and (e) SP015. 
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6.4 Results and Discussion 

To establish the effects of storms on the reservoir, the simulated fDOM and measured DOC 

concentrations were plotted from January 2015 to July 2015. Figure 6.13 shows the simulation 

of fDOM and measurement of DOC at SP001, SP002, SP004, SP010 and SP015. SP001, SP002 

and SP004 are in the north west, west and east of the reservoir, respectively, shown in Figure 

6.1. Figure 6.13 shows that the water depths at SP001, SP002 and SP004 are 3 m, 10 m and 5 

m, respectively. SP010 and SP015 belong to the riverine zone, and these stations are close to 

the inflow creeks. Due to the shallow water depth at the riverine zone, the DOC concentration 

was measured only at the surface layer of the water. Due to the monthly monitoring interval for 

the DOC concentration, only the rough variance of DOC could be analysed. The DOC 

concentration at the surface had the same variance in the first half of 2015. It increased from 

January, reached its peak value in May and then decreased. The simulated fDOM at the top 

layer of the reservoir at five monitored stations also had the same variance as the surface DOC 

concentration. The simulated fDOM at the surface increased from January, reached its highest 

level in April and May and then declined. Compared to the lacustrine zone, the riverine zone’s 

surface DOC at SP010 and SP015 had a sharper increase during the storm in February 2015. 

This increase resulted from inflow creeks with high turbidity during the storm event. Simulated 

bottom fDOM at three stations clearly fluctuated, especially during storms. Due to the deepest 

point at SP002 station, the peak values of bottom fDOM at SP002 during storms were the 

highest than other stations. Overall, the simulated surface and bottom fDOM from the coupled 

data-driven and process-based model showed the temporal and spatial variances in the Tingalpa 

reservoir. The fDOM variances can be a proxy for DOC concentration changes during wet 

weather events. 
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Figure 6.14. The simulated horizontal distribution of the surface compensated fDOM during 

Cyclone Marcia in the Tingalpa Reservoir on (a) 18th, (b) 21st, (c) 22nd and (d) 24th of February 

2015; the color legend represents the compensated fDOM (RFU). 

The time series of the rainfall amount, water level and simulated compensated fDOM at the 

depth of 3 m in the riverine, transition and lacustrine zones are displayed in Figure 6.15. The 

meteorological characteristics and simulated results during the main storm events are shown in 

Table 6.2. As depicted in Figure 6.15, the heavy rainfall led to an increase in both water level 

and simulated fDOM. Figure 6.15(b) demonstrates that the fDOM at the depth of 3m in riverine 

firstly reached the peak during the storm. As shown in Table 6.2, these five storms were 

primarily caused by heavy rainfall and when the rainfall intensity was higher than 2.3 mm/h, 

the peak fDOM in the lacustrine zone was greater than 161.6 RFU. Moreover, the lag time 

between the start of the rainfall and peak fDOM was longer in the first storm event. The 

observation can be explained by lower rainfall intensity and no storm event occurred before the 

storm event 1, so there was a long time for fDOM to react to the heavy rainfall. Figure 6.15 
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shows the lag time that existed between peak fDOM in the riverine zone and lacustrine zone. 

The lag time between peak fDOM in the riverine zone and lacustrine zone were from 16 h to 

90 h during these events. The lag time between peak fDOM in the riverine zone and the 

lacustrine zone is the shortest in Event 4, this can be explained by the short interval from Event 

3 to Event 4, which also led to a lowest concentration of peak fDOM. Except the Event 4, the 

peak of fDOM in the lacustrine zone was higher than 100 RFU. The higher concentration of 

fDOM indicates that the storm event led to the DOM’s increase, which needs more attention to 

remove extra DOM in water treatment. The simulation results implicate that the water treatment 

needs to have 34 h to respond once a peak of fDOM is recorded in the riverine zone. 

 

 

 

Figure 6.15. The time series of (a) surface elevation (m) and rainfall (mm) and (b) simulated 

compensated fDOM (RFU) at the riverine, transition and lacustrine zones at the depth of 3 m 

January - July 2015.  
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Table 6.2. The meteorological characteristics of the storm events and the relevant simulated 

results during study period.  

Parameter Event 1 Event 2 Event 3 Event 4 Event 5 

Time period 19/01/2015-
29/01/2015 

20/02/2015-
26/02/2015 

22/03/2015-
27/03/2015 

02/04/2015-
08/04/2015 

30/04/2015-
03/05/2015 

Rainfall magnitude (mm) 66.6 288.8 74.4 89.0 223.4 

Storm duration (h) 216 120 96 168 94 

Rainfall intensity (mm/h) 0.31 2.41 0.78 0.53 2.38 

Peak fDOM in the 
lacustrine zone (RFU) 119.4 151.7 145.2 76.0 161.6 

Lag time from the start 
time of rainfall to the peak 
fDOM in the lacustrine 
zone (hr) 

134 79 26 11 56 

Lag time between peak 
fDOM in riverine zone and 
peak fDOM in the 
lacustrine zone (hr) 

90 34 41 16 49 

                                                              

To indicate the fDOM variation under wind conditions, the simulated horizontal and vertical 

distributions of compensated fDOM under west wind were analysed. The continuous west wind 

blew from 10 a.m. to 2 p.m. on 22 May 2015 with the wind speed varying from 1 m/s to 6.6 

m/s. The simulated lake-wide circulation pattern at the top and bottom layers of the water 

column is shown in Figure 6.16. It is found the currents at the surface centre of the lake flowed 

to the east, same as the wind direction and the currents at the bottom of the centre lake flowed 

to the west. The flow directions at the surface and bottom layers of the lake were opposite, 

which suggests there was a transport cycle present in the vertical direction of the lake. The 

simulated results show that the fDOM at the surface was lower than the bottom of the lake. The 

water cycle in the vertical direction under continuing west winds is the main factor that caused 

the higher fDOM concentration in west areas of the lake than east areas at the deep layer of the 

lake. 

Figure 6.17 presents the vertical distribution of the simulated fDOM from IP1 to IP2 on 22 May 

2015. For the flow direction, the currents at the surface water to the depth of 2 m had the same 

direction as the wind, and the water below the depth of 2 m flowed in the reverse direction. It 

is found that the water column near IP1 flowed up and the water near IP2 flowed down. 

Moreover, the water column at the middle between IP1 and IP2 flowed to the surface layers of 
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the lake, due to the terrain of the reservoir; in other words, when water flows to the shallow 

area, it will lead to the upward or downward water flow. It is obvious that the fDOM near IP1 

was higher than that near IP2 at the depth of 5 m and 6 m, this phenomenon indicates that the 

water cycle in the vertical direction transported the fDOM from bottom layers to the top layers 

of the lake.    

 

Figure 6.16. (a) Simulated top cell-averaged velocity and simulated compensated fDOM (10 

a.m. to 2 p.m.) on 22 May 2015 and (b) the simulated bottom cell-average velocity and 

simulated compensated fDOM (10 a.m. to 2 p.m.) on 22 May 2015; the vectors represent the 

flow velocity. 
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Figure 6.17. (a) The simulated vertical distribution of compensated fDOM at 10 a.m. on 22 May 

2015 and (b) the simulated vertical distribution of compensated fDOM at 2 p.m. on 22 May 

2015; the color legend represents the compensated fDOM (RFU). 

 

6.5 Conclusion 

This study has investigated the cycle of fDOM in lakes and reservoirs and explored the 

relationships between fDOM and relevant parameters, including turbidity, rainfall and water 

temperature. A coupled data-driven and process-based model was developed and validated 

using collected data during storm events and calm conditions. The model showed accuracy in 

replicating the observed variations of fDOM and reproduced the magnitude and distribution of 

turbidity. The simulated results indicate that deeper layers of the reservoir had higher fDOM 

concentrations during storms, and the area close to the riverine zone had a sharper increase 

during storm events. The simulated fDOM can be a proxy of DOC concentration. The 

simulation results indicate that the increase of fDOM during the storm at the surface of the lake 

was mainly caused by the inflow plume, in other words, fDOM sources were from inflow creeks. 

The model results show the lag times between peak fDOM in the riverine zone and lacustrine 

zone are from 16 h to 90 h during the studied period. To remove the DOM efficiently, the water 
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treatment needs to have 34 h to respond once a peak of fDOM is recorded in the riverine zone. 

The analysis of wind influence on fDOM transport was also conducted. It was found that the 

continuing wind caused the water cycle in the vertical direction and led to the transport of 

fDOM from the bottom layers to the surface layer of the reservoir. The fDOM prediction model 

developed in this study provides an innovative method to simulate the three-dimensional fDOM 

dynamics in reservoirs. This innovative model will help water treatment operators to manage 

and improve the quality of the water sources, especially to remove DOM.  
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Chapter 7 Conclusions, Contributions and 

Implications 
 

 

 
 

7.1 Chapter Overview 

In this chapter, the main outcomes, goals, contributions and limitations of the current research 

study are described. In Section 7.2, the main objectives of the PhD study are reiterated. 

Moreover, the research findings for the individual areas of research focus are detailed, namely: 

(1) knowledge of the mixing processes and their effects on the DOM cycle in the Tingalpa 

Reservoir; (2) the numerical study of the hydrodynamic process and the sediment transport 

process; and (3) the creation of an fDOM prediction model. Section 7.3 summarises the 

contributions of this study to the existing body of knowledge in DOM cycle and environmental 

modelling, as well as the practical benefits for water treatment management. Section 7.4 

presents the research limitations, and, therefore, Section 7.5 provides suggestions for future 

extensions to the current research. Section 7.6 concludes the final chapter. 

 

7.2 Research Objectives and Outcomes 
 

7.2.1 Overarching Goal of PhD study 

The three main objectives of the PhD research consisted of the following: 

• Analysis and understanding of the DOM cycle and mixing processes in the Tingalpa 

Reservoir. 

• Numerical study of the hydrodynamic process and sediment transport process in the 

Tingalpa Reservoir. 

• Conceptualisation and development of an fDOM prediction model for the Tingalpa 

Reservoir. 

By achieving these three main objectives, the traditional lake DOM sampling currently being 
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performed, such as detecting DOC concentrations, UV254 and SUVA and the subsequent 

laboratory analyses, can be significantly reduced. By using the process-based and data-driven 

fDOM prediction model, the WTP operators will have access to reliable fDOM predictions, 

especially for extreme events. The model results have the added benefit of enabling better 

management of high fDOM entering the WTP and providing a better estimate of the correct 

timing required to respond in extreme fDOM cases. 

7.2.2 Understanding the Mixing Processes and Their Effects upon the DOM Cycle in the 

Tingalpa Reservoir 

The first critical stage of the project was to analyse the mixing processes and identify the main 

mixing processes affecting the DOM cycle. The results of this arduous data collection, review 

and analysis stage were useful for the WTP operators as they enabled them to obtain a more 

comprehensive knowledge of the important processes currently occurring in the Tingalpa 

Reservoir. In Chapter 4, the methodology and results of the analysis of these mixing processes 

were discussed. 

The study proved that heavy rainfall events accompanied by higher wind speeds, which were 

significant in summer seasons, led to increases in the water level in the Tingalpa Reservoir and 

decreases in the water temperature in both the surface and bottom layers. When the water level 

remained stable and there was little rainfall, a prolonged thermal stratification occurred. The 

DOC concentrations, both in the reservoir water and the inflow river water, always peaked in 

wet periods and decreased in dry seasons. The longer residence time in the Tingalpa Reservoir 

provides enough time to dilute the DOC concentrations in the reservoir water.  

To understand the mixing processes that affect the reservoir and add value to the VPS 

instrumentation, the implemented vertical mixing model, which is based upon vertical profiles 

of water temperature and conductivity collected from the VPS, can be applied in real time to 

calculate the vertical velocity and diffusivities. With regard to the diurnal thermal stratification 

in the Tingalpa Reservoir, most of the stratification is restricted to the upper layers of water in 

both summer and winter in the absence of precipitation. The duration of thermal gradients 

within the top metres is longer in summer than in winter and often persists until the early 

morning in summer, while night winds break it down in winter.  

The study proved that rain-induced mixing is the main effect of the increase in DOM 

concentrations and turbidity in the Tingalpa Reservoir. In terms of the water quality data 

analysis, the lag time between the peaks in turbidity and compensated fDOM relative to the 
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rainfall event was between 17 to 20 hours during several analysed storm events. The VPS data 

in each storm event showed that before decreasing the dam level, the Tingalpa Reservoir had 

enough dilution capacity to maintain turbidity and DOM levels at much lower levels. However, 

after lowering the dam level, storm events led to much higher increases in turbidity and fDOM. 

7.2.3 The Numerical Study of the Hydrodynamic and Sediment Transport Processes 

It was proven in Chapter 4 that the storm events led to the decrease in turbidity and the increase 

in turbidity and fDOM during summers. Turbidity is recognised as an optical parameter related 

to suspended sediment. Consequently, a better understanding of suspended sediment transport 

and the thermal dynamics in the reservoir are crucial to ascertaining the best means of predicting 

the fDOM, especially during heavy rainfall. Accordingly, a 3D hydrodynamic model coupled 

with a sediment transport model was developed to investigate the thermal structure and 

sediment variance in the Tingalpa Reservoir. The model’s development, calibration and 

performance are described in detail in Chapter 5. 

Through the validated 3D numerical model, the analysis of the thermal structure and sediment 

transport in the reservoir was extended from the observation points to the entire reservoir, and 

both the spatial and temporal variations were analysed and discussed. The simulation results 

indicated that the inflow plume significantly affects the thermal structure during storm events. 

The comparison of the simulated water temperature during and after the storms revealed that 

the cold inflow plume mixes the shallow water and underflow with the deep water, cooling 

deeper waters for a long time (approximately 14 days). After the storm, the thermal structure in 

the upper layers of water quickly returned to the previous ranges within four days. However, 

the deeper waters required relatively longer periods (12 days) to return to their original state. 

The study also found that storm events have considerable effects on sediment transport. During 

storm events, sediment delivery to the reservoir was dominated by allochthonous flux, and the 

sediment accumulation could have reached 100,000 kg in the largest storm event. Sediment was 

transported from the riverine zone to the transition zone and finally to the lacustrine zone during 

the storms. 

An analysis of the influence of the wind upon water movement was also conducted. Due to the 

prolonged easterly wind conditions, the surface water flowed towards the western areas of the 

lake. However, the bottom water was less affected by the prolonged wind. Moreover, strong 

winds affect the surface currents and lead to bed erosion in shallow regions. Overall, the results 

shed light upon the thermodynamic and sediment processes in the Tingalpa Reservoir and 
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provide immediate estimates of the state of the sediment during extreme events.  

7.2.4 The Creation of the fDOM Prediction Model 

This section investigated the cycle of fDOM in lakes and reservoirs and explored the 

relationships between fDOM and the relevant parameters, including turbidity, rainfall and water 

temperature. A coupled data-driven and process-based model was built and validated using data 

collected during storm events and calm conditions as seen in Chapter 6. The model was accurate 

in replicating the observed variations of fDOM and reproducing the magnitude and distribution 

of turbidity. The simulated results indicated that the deeper layers of the reservoir had higher 

fDOM concentrations during storms, and the area close to the riverine zone had a sharper 

increase during storm events. The simulated fDOM can be regarded as a proxy of DOC 

concentration. The simulation results indicate that the increase of fDOM during the storm at the 

surface of the lake was mainly caused by the inflow plume; in other words, the fDOM sources 

were from inflow creeks. The model results showed that the lag times between peak fDOM in 

the riverine zone and lacustrine zone were from 16 h to 90 h during the studied period. To 

remove the DOM efficiently, the water treatment needs 34 h to respond once a peak of fDOM 

is recorded in the riverine zone. An analysis of wind influence upon fDOM transport was also 

conducted. It was found that the continuing wind caused the water to cycle in a vertical direction 

and led to the transport of fDOM from the bottom layers to the surface layer of the reservoir. In 

sum, it can, therefore, be stated that the fDOM prediction model developed in this study 

provides an innovative method for simulating the 3D fDOM dynamics in reservoirs.  

 

7.3 Study Contributions and Implications 
 

7.3.1 Research and Development 

Analysing and understanding the cycle of DOM is a difficult task and, to date, past research has 

been limited to the study of the biological and chemical processes of DOM in lakes and 

reservoirs. However, hydrodynamic processes are the basic force that transports the water, 

sediment and pollutants into lakes and reservoirs. The published literature regarding DOM 

cycle modelling in reservoirs and lakes scarcely consider the effects of the hydrodynamic 

processes upon DOM transport. Under extreme events, the effects of the hydrodynamic 

processes are more obvious than those during biological or chemical processes. Accordingly, 

the created fDOM model coupled with the hydrodynamic model is more accurate than earlier 

models, especially under storm and wind conditions. Additionally, the fDOM can be estimated 
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in three dimensions when the weather forecast is accurate. This model extends the 

understanding of the DOM cycle into whole reservoir systems and enhances the interpretation 

of spatially and temporally incomplete field measurements. Such a 3D model will enable us to 

understand the impact of storm events and winds on fDOM transport over time and discover 

the variations in fDOM in different locations of the reservoir. To the author’s knowledge, no 

other forecasting model has been developed in the past that could reliably predict fDOM. This 

achievement has been enabled by an accurate analysis of the mixing processes and the DOM 

cycle for the research locations along with the detection of the key input variables. 

7.3.2 Water Industry 

From an operational perspective, the fDOM prediction model provides a useful tool for WTP 

managers and operators. The fDOM prediction model is predominately based upon weather 

forecasts collected from the BoM website and the water quality data collected by the VPS. The 

fDOM predictions are in three dimensions, which provide the all-round spatial distribution of 

fDOM in the reservoir. The fDOM model is also more efficient and costs less than the traditional 

water sampling monitoring. The widespread application of the model to other lakes with 

existing lake diagnostic systems governed by Seqwater and other bulk water utilities nationally 

and internationally could significantly reduce the need for costly and resource-intensive 

monitoring equipment. 

The predictions of the model provide the operators and decision-makers with a much longer 

time to undertake assessments and interventions, as well as to more effectively use disinfectants 

before the DOM reaches the WTP. During storm events, to remove the DOM efficiently, the 

water treatment needs to have 34 h to respond once a peak of fDOM is recorded in the riverine 

zone. This will enhance the proactivity of DOM treatment management and, in turn, deliver 

safer water to the consumers. 

Despite being limited to fDOM predictions, there is the potential for the application of such a 

modelling approach to forecast other parameters of possible concern (e.g. nitrogen or 

phosphorus). Moreover, for WTPs, such a prediction model can be used for scenario analyses 

and predicting the fDOM variances under different heavy rainfall and strong wind conditions. 

Such an endeavour will be undertaken by the researcher in further studies. 
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7.4 Research Limitations 

The limitations of this study include the following: 

• The model has been successfully applied to a subtropical, shallow reservoir. The fDOM 

sources were inflow creeks during storm events and continuing winds transporting the 

fDOM from the bottom layer to the surface layers of the water. Other lake reservoirs in 

the same region (e.g. deeper) could have different impact factors for the fDOM sources 

(e.g. DOM releasing from autotrophs and decomposing from plant remains and dead 

organisms). In such cases, even though a prediction would still be possible using the 

current process-based model, it is likely that the data-driven model based upon the 

regression between turbidity and fDOM would be reduced, and, at the same time, the 

biological process of the DOM in the lake would be required within the fDOM 

prediction model. 

• The process-based model is limited by the availability of atmospheric data, 

hydrodynamic boundary data, and inflow and outflow data. These observed data are 

essential for knowing the real characteristics of the ecosystem and to provide the basis 

for the hydrodynamic modelling. Importantly, for the model calibration, it is also 

important to obtain the VPS data and sufficient historical data. For example, the 

simulated water temperature variations need to be compared to the observed water 

temperatures to ascertain whether the simulated temperatures match the observations. 

Through calibration and verification, the model will be able to represent the real 

hydrodynamic and water quality conditions of a waterbody. In terms of VPS data, this 

research also relied upon fDOM data, specifically from the EXO2 sonde, which was 

essential to developing a reliable model. 

• The fDOM prediction model requires the fDOM compensation model to achieve 

accurate fDOM readings during the data collection. When monitoring fDOM 

concentrations using a fluorometer, the optical signal of the fDOM probe is impeded 

and distorted by temperature, turbidity, pH, salinity and inner filter effects. It is 

necessary to quantify the interference caused by turbidity and temperature to achieve 

more reliable fDOM readings. Though pH and salinity still affect the readings, previous 

work showed that they have more of a minor effect upon fDOM sensor accuracy, and 

inner filtering effects only become relevant at very high DOM concentrations (De 
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Oliveira et al., 2018). Without the fDOM compensation curves, it would be difficult to 

obtain highly accurate fDOM data. 

• The model was able to predict the main peak fDOM during storm events and the 

development of the model was based upon the accurate monitoring of the fDOM and 

weather data, especially the rainfall data. There is no doubt that incorrect weather 

forecasts could lead to the low accuracy of fDOM predictions. Hence, the model relies 

upon the accuracy of the monitored data and weather forecasts to simulate accurate data. 

 

7.5 Future Research Directions 

In relation to the model itself, future research needs to focus upon the following activities: 

• The fDOM prediction model can be used to assess the impact of inflow on water quality 

based on the dam level. It is unknown whether the fDOM in the reservoir would be 

diluted with a high water level. Hence, the model can be run at different initial reservoir 

levels to observe the comparison between the predicted fDOM in high and low water 

levels. 

• The operators noted an impact upon raw water quality from wind speed and direction. 

Our study found that that the continuing west wind caused the water to cycle in a vertical 

direction and led to the transport of fDOM from the bottom layers to the surface layer 

of the reservoir. However, the effects of other wind conditions, such as east winds, are 

unknown. By running the fDOM model in various wind speeds and wind directions, the 

wind’s impact on the fDOM can be completely understood. 

• The fDOM was modelled at the reservoir during storms in the study period. Extreme 

events rarely occur and the distribution of fDOM is rarely detected during extreme 

events. Further research is required to run the simulation of fDOM under heavy rainfall 

with a 1% or 2% annual exceedance probability. It would help the water utility in 

advance to prevent DOM increasing during extreme events. 

• Modelling the fDOM in other similar reservoirs should be undertaken. When the VPS 

or equivalent lake diagnostic system is installed and enough data are available, it will 

be possible to adapt the learning and model created in this research to other similar 
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reservoirs. 

 

7.6 Closure 

A data-driven model coupled with a process-based model was developed which was able to 

predict the fDOM distributions in the Tingalpa Reservoir. This model helps to understand the 

dynamics of DOM transport in the Tingalpa Reservoir.  

The PhD project was divided into several different activities. Firstly, an analysis of the collected 

data was conducted to understand the lake mixing phenomena (Chapter 4). It was found that 

hydrodynamics and sediment transport influence the DOM distribution. Therefore, a 

hydrodynamic model coupled with a sediment transport model was built using MIKE 3 

(Chapter 5) and then validated. Finally, the 3D fDOM prediction model was developed in the 

Tingalpa Reservoir (Chapter 6). 

The model was validated in real-time to predict the 2015 peak fDOM during storm events. The 

model showed accuracy in reproducing the accurate magnitude and distribution of fDOM. The 

fDOM model is also more efficient and costs less than the traditional water sampling monitoring. 

Such a 3D model will enable us to understand the impact of storm events and winds on fDOM 

transport over time and discover the variations in fDOM in different locations of the reservoir. 

These predictions provide operators and decision-makers with a much longer time in which to 

perform assessments and interventions, as well as to more effectively use disinfectants before 

the DOM reaches the WTP. During storm events, to remove the DOM efficiently, the water 

treatment needs to have 34 h to respond once a peak of fDOM is recorded in the riverine zone. 

Future research will perform a scenario analysis of fDOM predictions under different events, 

such as extreme events. Finally, given that VPS technology is being installed in a number of 

reservoirs worldwide, the modelling approach developed within this thesis has strong potential 

for adaptation and utilisation in a number of other reservoirs. 
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