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Abstract 

 

Estuaries are of immense importance to many communities. It has been estimated that 

60 to 80 % of commercial marine fishery resources depend on estuaries for part, or all 

of, their life cycle. The characteristics of estuarine flow, water quality and sediment 

conditions are important as they play a critical role in the functionality and health of 

these systems. This study utilised both field data and numerical modelling technique to 

help enhance our understanding of the physical processes of a very shallow subtropical 

estuarine system. 

This study first quantified various salt flux components within the shallow subtropical 

estuarine system Coombabah Lake in Gold Coast, Queensland, Australia to better 

understand the system’s physical processes for assisting future management decisions in 

this ecologically and economically significant region. Residual water transport was 

identified as the dominant factor influencing residual salt transport, which alternates 

direction frequently. 

This study then developed a new simple and robust traversing system to measure flow 

properties within estuarine bottom boundary layers to estimate two important 

parameters used in numerical modelling of aquatic systems: bed shear stress and bed 

roughness height. Four commonly-employed techniques: (1) Log-Profile; (2) Reynolds 

stress; (3) Turbulent Kinetic Energy; and (4) Inertial Dissipation used to estimate bed 

shear stresses from velocity measurements were also compared. Bed shear stresses 

estimated with these four methods agreed reasonably well; of these, the Log Profile 

method was found to be most useful and reliable for the unstratified conditions studied. 

A three-dimensional hydrodynamic model with unstructured meshes utilising the 

MIKE3 FM modelling system and simulated the hydrodynamic regime was set up for 

Coombabah Lake to assist with enhancing our understanding of the hydraulic properties 

within this shallow sub-tropical estuarine system. The sensitivity of calibration 

parameters of a very shallow estuarine model was also investigated. The model utilised 

the hydraulic data collected by the newly developed traversing system and that collected 
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during the first part of the study used to examine salt flux dynamics. The hydrodynamic 

regime of the lake was found to be favourable for settlement of suspended sediments. 

The results also revealed that the correct bathymetry is the most important parameter for 

accurate modelling, followed by appropriate bed roughness in the numerical scheme for 

very shallow environments. 

This study finally provided an understanding of the sediment dynamics within 

Coombabah Lake and the surrounding waters. It utilised ten days of observed 

hydrodynamic and sediment data and employed the three-dimensional model with 

unstructured meshes utilising the MIKE3 FM modelling system. Sediment dynamics of 

the lake were found to be dominated by advection process driven by tides with wave 

and wind playing minor roles – even though the system was shallow. Simulation results 

agreed well with field data and supported the aforementioned findings. Correlation 

between TSS and turbidity was very poor; therefore, the employed automatic data 

logging system (turbidity meters) was determined inappropriate for the estimation of 

TSS concentration in the very shallow subtropical estuarine system. 
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author (i.e. the PhD candidate) was responsible for data collection, analysis and 

interpretation of the results with the guidance of second the author, whilst the third and 

fourth authors (where named) helped in data collection process and physical 

understanding of the results. All of these works are related to the physical processes of a 

shallow subtropical estuarine system – Coombabah Lake in Gold Coast, Australia. 

Chapter 1 contains the thesis introduction and a literature review followed by brief 

descriptions about the scope of the thesis and organisation of the thesis report. Chapter 6 

summarises the research conclusions and recommendations of future studies. All 

chapters including Appendix A are self contained with figure, table and equation 

numbering unique to each. Each chapter contains the references cited within its texts. 
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CHAPTER I 

Introduction and Literature Review 

1.1 Introduction 

Estuaries are of immense importance to many communities. It has been estimated that 

60 to 80 % of the commercial marine fishery resources depend on estuaries for part of 

or all of their life cycle (Klen, 2006). An estuary is a semi-enclosed coastal body of 

water, which has a free connection with the sea, and is thus strongly affected by tidal 

action. The characteristics of estuarine flow and sediment (and/or pollutant) transport 

patterns are important as they play a critical role in the functionality and health of these 

systems. When bottom sediment is resuspended, trace metals, nutrients and organic 

contaminants are released into the water column, which in turn can limit the amount of 

light entering the water and reduce water quality (Morris and Howarth, 1998). Sediment 

settling can inhibit channel continuity by deposition in navigational areas. If any of 

these issues creates a significant problem, management strategies must be developed 

and implemented in order to rectify the situation and/or preserve the environment in a 

healthy state. These strategies usually involve collection of field data and development 

of numerical models. The numerical models must be developed using sound scientific 

principles. However, many knowledge gaps still exist, which results in most models 

relying on the use of approximations when determining boundary conditions and 

sediment (or pollutant) transport dynamics. 

The mechanisms that control the transport, resuspension and deposition of the fine 

suspended sediments (or pollutants) in tidal estuaries are extremely complex. They are 

directly influenced by highly variable hydrodynamic conditions near the bed and by 

sediment type, size and composition. There have been many investigations of near-bed 

flows, resuspension and transport of sediments under natural field conditions, with the 

majority of these having non-cohesive sediments in estuaries [e.g. (Soulsby et al., 1984, 
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1994; Brown and Davies, 2009) offshore sites (Soulsby and Dyer, 1981; Williams et al., 

1999; Nikora et al., 2002, Ma at al., 2008) or coastlines dominated by wind wave effects 

(Davies, 1985; Butt and Russell, 2000; Conley and Griffin, 2004); Verney et al, 2007]. 

However, studies of near-bed flows, resuspension and transport of cohesive sediments 

within shallow estuarine systems are limited (Uncles and Stephens, 2009). Compared to 

sand dynamics, cohesive sediment dynamics are significantly more complicated due to 

the complexity of relevant physical, chemical, and biological processes and their spatial 

and temporal variability. 

Cohesive sediments and other suspended (or dissolved) water quality parameters are 

primarily transported by advection-dispersion processes. The advection process 

transports the materials by fluid velocity and the dispersion process mixes them with the 

transporting medium by velocity gradients. On the other hand, resuspension and 

deposition depends primarily on the hydrodynamic properties (e.g. shear stress) of the 

Bottom Boundary Layers (BBL) and the bed properties (e.g. bed materials and bed 

forms) rather than the properties of fluid and transporting substances. The effects of 

grain size and bed forms are among the bed properties that can be expressed by bed 

roughness height. 

It is relatively difficult to determine the bed shear stress directly in the field because it 

requires measurements very near the bottom (within a centimetre). Previously, point 

source devices, such as S4 or Acoustic Doppler Velocimeters (ADVs) current meters 

(Jing and Ridd, 1996; Osborne and Boak, 1999; Stips et al., 1998, Gross et al., 1994; 

Black, 1998; Yuan et al., 2008) have been used to derive boundary layer properties. 

However, in traditional fixed mooring arrangements they cannot fully resolve the 

boundary layer properties. Additionally, if a detailed boundary layer profile is to be 

determined, a number of devices must be deployed at one time, which is usually beyond 

the scope of most researchers. More recently, Acoustic Doppler Current Profilers 

(ADCP) have been used to record velocity data near the bed (Thomsen, 1999; Osalusi et 

al., 2009) as they can provide near instantaneous three-dimensional velocity profile data 

that can be used to estimate the flow structure and provide rough estimates of shear 

stress. However, they have limitations in that they cannot sample close to the bed 
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(approximately 10% of the sampling depth), which is the most important part in case of 

thin boundary layers. 

Another important parameter, bed roughness (ks), is an essential parameter in modelling 

of current circulations, wave height attenuations and sediment transport in estuarine and 

coastal waters, but it is often unknown and difficult to measure directly in the field 

(You, 2005). The bed roughness generally consists of three roughness components as 

grain or Nikuradse roughness; bed form roughness; and sediment saltation roughness 

(You, 2006). The grain roughness is the smallest form of roughness and is commonly 

taken as ks = 2.5d50 where d50 is the median diameter of sediment. The bed form 

roughness is generated by sand ripples, biogenic mounds or benthic seagrasses. Several 

empirical formulas have been suggested for estimation of ripple length and height in 

steady flow (van Rijn, 1984; Raudkivi, 1998) and in oscillatory flow (Nielsen, 1981; 

Grant and Madsen, 1982). The roughness of sediment saltation has been studied by few 

investigators, e.g. Raudkivi (1989) and You and Nielsen (1996). The roughness of 

biogenic mounds is often empirically estimated from photographs of the seabed (Grant 

et al., 1984; Wheatcroft, 1994). No single empirical formula has been made available 

for estimation of the total roughness of sediment grain, irregular sand ripples, biogenic 

mounds, benthic seagrasses and sediment saltation. Alternatively, the total bed 

roughness may be directly estimated by fitting the logarithmic velocity distribution, the 

von Kármán–Prandtl velocity equation, to individual current profile measured near the 

bed in the absence of surface waves. This fitting method is called the log-fit method 

(You, 2005). However, two essential conditions are required by the log-fit method. One 

is that the current profile must be measured at more than three levels close to the bed, 

and the other is that the measured current profile must be of the logarithmic distribution. 

The first condition requires more than three current meters to measure individual current 

profile. However, the number of the current meters that can be deployed within the 

logarithmic layer is often limited to four in the field (e.g. Ke et al., 1994). The current 

research selected Coombabah Lake-Creek system as a case study site. 

Coombabah Lake-Creek system situated in Gold Coast, Queensland, Australia (see 

Figure 1.1) is one of the fastest growing cities in the developed world (Skinner et al., 

1998). The lake is the largest estuarine lake in southern Moreton Bay covering ~2 km2 
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(GHD, 2003) with an urbanised catchment area of 44 km2, characterised by residential, 

commercial and light industrial developments. Coombabah Creek is a 17 km long, 

moderately impacted (Cox and Moss, 1999; Lee et al., 2006) sub-tropical tidal creek 

that flows through Coombabah Lake. The lake is a shallow body of water (see Figure 

1.2) characterised by fine sediments (Dunn et al., 2007b) located in the mid-tidal region 

of the creek, with urban development positioned to the east and along the southern and 

western shorelines. The creek enters into the lake at south-west side and leaves the same 

from the north-east side. Ultimately, Coombabah Creek discharges into the Gold Coast 

Broadwater, within southern Moreton Bay. 

 

Figure 1.1: Coombabah Lake and surrounding water courses. 

As a consequence of the ecological significance and the potential for anthropogenic 

disturbances and inputs into the semi-urbanised Coombabah Lake, the lake and 

surrounding wetlands have been the focus of recent scientific effort (e.g. Frank and 

Fielding, 2004; Hollingsworth and Connolly, 2006; Burton et al., 2008; Dunn et al., 

2008; Knight et al., 2008; Benfer et al., 2007). Variations in surface sediments nutrient 
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concentrations, and observed cyclic variations in intratidal variability of physio-

chemical and biological parameters have previously been attributed to the variability of 

sediment sources, hydrodynamic regime and increased freshwater input following 

rainfall events, and diurnal cycles, respectively (Dunn et al., 2007a, 2007b). 

 

Figure 1.2: Coombabah Lake viewed from north along the main channel during low tide. 

Dunn et al. (2007b) determined the physio-chemical properties of the bed sediments 

within Coombabah Lake and attributed variations of nutrient concentrations to the 

variations in sediment source, hydrodynamic regime of the lake and inputs during 

periods of freshwater flow after rainfall events. Dunn et al. (2007a) explored the 

intratidal variability of water quality parameters within the Coombabah Lake-Creek 

waters and estimated the transport of filterable nutrients and chlorophyll-a at the 

Coombabah Lake entrance (Appendix A). Cyclic variations of physio-chemical 

parameters (suspended solids and chlorophyll-a concentrations) were observed, 

supposedly as a result of tidal and diurnal cycles. 
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Observations are the most realistic source of data for understanding the physical 

processes, in particular the mixing and transport of sediments/contaminants within 

estuarine systems. Additionally, a well calibrated and validated numerical model can 

provide spatially and temporally variable data using information only at boundaries. The 

numerical model is very useful for assessing impacts of any intervention within the 

modelling domain and it is very important for selecting a suitable management strategy 

for aquatic systems. This study adopted both techniques for better understanding of the 

physical processes within a very shallow subtropical estuarine system. 

Since, water circulation and mixing processes are the primary component to understand 

the transport processes within estuarine systems; this study first estimated various 

components of salt fluxes and determined the dominant transport processes for initial 

understanding of the sediment/contaminant transport processes within a very shallow 

subtropical estuarine system – Coombabah Lake-Creek system in Gold Coast, 

Queensland, Australia (Ali et al., 2009a). The salt fluxes were estimated utilising 

intensively collected velocity and salinity data. 

It is well recognised that the reliability of numerical models depends extensively on the 

accuracy of input parameters (Lasance, 2002; Vreugdenhil, 2002; Owais et al., 2008; 

Mitchell et al., 2008). Further, knowledge of the hydrodynamic properties in the bottom 

boundary layers is necessary to establish relationships between bottom currents, shear 

stress, and near-bed sediment response to flows. These relationships are essential to 

understand sediment transport pathways. This study developed a new simple and robust 

traversing system to measure flow properties within estuarine bottom boundary layers to 

estimate the bed shear stress and the bed roughness height (Ali and Lemckert, 2009). 

The system was successfully applied to Coombabah Lake-Creek system. 

This study then set up a three-dimensional hydrodynamic model with unstructured 

meshes utilising the MIKE3 FM (DHI, 2008) modelling system and simulated the 

hydrodynamic regime of Coombabah Lake for better understanding of hydraulic 

properties within shallow subtropical estuarine systems (Ali et al., 2009b). The 

sensitivity of calibration parameters of a very shallow estuarine model is also 

investigated. The model utilised the hydraulic data collected by the newly developed 

traversing system. 
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This study finally provided an understanding of the sediment dynamics within 

Coombabah Lake and the surrounding waters. It utilised ten days of hydrodynamic and 

sediment data and employed a three-dimensional model with unstructured meshes 

utilising the MIKE3 FM (DHI, 2008) modelling system. The model simulated the 

sediment dynamics for a better understanding of the sediment/contaminant transport 

processes within the shallow intertidal lake from a well calibrated numerical model. 

Furthermore, the sensitivity of bed roughness on TSS concentration in this shallow 

system was also examined utilizing the numerical model. 

The following section summarises the literature on estuarine mixing, bottom boundary 

layer hydraulic properties and sediment dynamics that have been extensively used in 

this study. 
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1.2 Literature Review 

This thesis investigated the mixing and hydraulic properties of bottom boundary layers 

because a fully developed bottom boundary layer occupies the entire water column of a 

shallow estuarine system. Therefore, some important literature related to mixing and 

bottom boundary layer is illustrated in this section. This section summarised the 

classification of open channel flow and its hydraulic properties (e.g. bed shear stress, 

velocity) based on the effect of active forces. Characteristics of a bottom boundary layer 

and various techniques of measuring the bottom boundary layer hydraulic properties are 

also briefly described in this section. 

1.2.1  Salt Fluxes 

To quantify the water circulation and mixing processes within estuarine systems, it is 

often convenient to study salinity distribution patterns because salinity is typically 

considered as a conservative tracer (Dyer, 1997). The behaviour of salts within the 

water column provides a basis for predicting transport of other soluble conservative 

substances. Total salt flux within an estuarine system is typically estimated using 

velocity and salinity concentrations at several water depths along a vertical section 

measured at different locations across the section (e.g., Bowden, 1963; Fischer, 1972; 

Sylaios et al., 2006). However, observations of currents and salinity collected at one 

location along the cross-section of a main channel within an estuarine system may also 

provide a valid experimental approach when assessing the relative importance of 

different transport processes (e.g., Lewis and Lewis, 1983; Pritchard, 1954; Restrepo 

and Kjerfve, 2002; Simpson et al., 2001; Uncles and Jordan, 1979; Uncles et al., 1985). 

In general, the net salt flux per unit width perpendicular to the main flow (F) can be 

calculated as follows (Bowden, 1963; Dyer, 1997; Kjerfve, 1986; Restrepo and Kjerfve, 

2002): 

dzzszuF
h


0

)()(  (1.1) 

where F represents the net flux (ppt m2/s); u(z) represents the observed velocity (m/s); 

s(z) represents the observed salinity (ppt); z represents the vertical coordinate; and h 
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represents water depth (m). The instantaneous velocity and salinity can be decomposed 

as uuu  and sss  , where the primed quantities represent deviations from the 

depth-averaged means, u  and s . The depth-averaged means may be decomposed into 

time-averaged means and time varying components: Tuuu  and Tsss   such 

that: 

uuuu T   (1.2) 

ssss T   (1.3) 

where angle brackets are net, or time-averaged, over at least one complete tidal cycle. 

By substituting Equations (1.2) and (1.3) into Equation (1.1), the net salt flux can be 

decomposed into the following terms (Restrepo and Kjerfve, 2002): 

suhuhsshushusuhF TTTTTT   (1.4) 

which, for simplicity, can be written as: 

Net flux = Flux 1 + Flux 2 + Flux 3 + Flux 4 + Flux 5 (1.5) 

where Flux 1 represents the advective salt flux due to water discharge and change in 

storage volume during the tidal cycle; Flux 2 represents the sloshing effect – the tidal 

dispersion via triple correlation between tidal depth change, tidal current, and tidal 

salinity, usually directed upstream; Flux 3 represents the cross correlation between tide 

and salinity; maximum (and positive) when tide and salinity are in phase, and minimum 

(and negative) when they are out of phase; Flux 4 represents the Stokes’ drift 

dispersion; and Flux 5 represents the salt dispersion due to mean shear produced by 

gravitational circulation. 

1.2.2  Classification of Open Channel Flow 

Mixing in estuarine systems primarily depends on hydraulic properties of the system 

and hydraulic properties again depend on the type of flow. Therefore, this section 

briefly discusses flow types and its key characteristics. Open channel flow is governed 
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to a large degree by viscosity, gravity and inertial forces. Based on the effect of 

viscosity relative to inertia, the flow is classified as laminar, turbulent, or transitional. 

Laminar flow 

The flow is laminar if the viscous forces are so strong relative to the inertia forces that 

viscosity plays a significant part in determining the flow behaviour. The Reynolds 

number (Re), defined by Equation (1.6) is the ratio of inertial to viscous forces: 


uL

Re  (1.6) 

where u is the mean velocity of flow, L is the characteristic length and ν is the kinematic 

viscosity of the fluid. For laminar flow, Re is small, usually less than 500 in open 

channels. 

The characteristic length L is chosen according to the characteristics of the flow. With 

pipe flow, the diameter D or the hydraulic radius R of the pipe is the length L. In free 

surface flow, the choice of L is difficult, particularly if the shape of the cross section is 

complex. It is customary to choose the hydraulic radius, R as the characteristic length 

which is defined as: 

P

A
R   (1.7) 

where A is the flow area and P is the wetted perimeter. However, in practice water depth 

h is used as hydraulic radius for open channel flow. 

In laminar flow, fluid particles appear to move in definite smooth, continuous paths in 

straight channels and there is no significant transverse mixing as the fluid flows from 

point-to-point (Figure 1.3 (a)). However, in natural flows the disturbances are so great 

that laminar conditions rarely exist. 

For the analysis of laminar flow, the shear stress ( v ) is defined as: 

dz

du   (1.8) 
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where   is the density of the fluid. 

The shear stress is the internal stress within a fluid which resists deformation or change 

of shape of fluid mass during motion and it exists only under dynamic conditions. 
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(a) Laminar flow (b) Turbulent flow 
 

Figure 1.3: (a) Laminar and (b) turbulent flow. 

Turbulent flow 

The flow is turbulent if the viscous forces are weak relative to the inertial forces, the 

Reynolds number is large, usually greater than 2000. With turbulent flow, the fluid 

particles move in irregular paths which are neither smooth nor fixed but still represent 

the forward motion of the fluid (Figure 1.3 (b)). For the analysis of turbulent flow, the 

shear stress ( t ) is defined by the relation: 









dz

du
t    (1.9) 

where η is a turbulent mixing coefficient, corresponding to the dynamic viscosity μ in 

laminar flow and is, therefore, often called “dynamic,” or “eddy” viscosity. The eddy 

viscosity η is not a property of the fluid like ρ and ν, but depends on the velocity u. 

Most flows in nature are turbulent. Turbulence is generated by instability in the flow, 

which triggers vortices. A typical phenomenon of turbulent flow is the fluctuation of 

velocity: 
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'',' wwWandvvVuuU   (1.10) 

where U, V and W are instantaneous velocity in x, y and z directions respectively; u, v 

and w are time-averaged velocity in x, y and z directions respectively; u΄, v´ and ẃ are 

instantaneous velocity fluctuation in x, y and z directions respectively. 

In turbulent flow, the water particles move in very irregular paths, causing an exchange 

of momentum from one portion of fluid to another, and hence, the turbulent shear stress 

(Reynolds stress) which is given by (time-averaging of the Navier-Stokes equation): 

''wut     (1.11) 

In turbulent flow both viscosity and turbulence contribute to shear stress. The total shear 

( z ) stress is: 

tvz     (1.12) 

Transitional flow 

Between laminar flow and turbulent flow, there is a mixed or transitional state. The 

value of the Reynolds number is usually between 500 and 2000 in the case of pipe flow. 

With free surface flows, the limits defining laminar and turbulent flow are slightly 

different. Laminar flow ends when the Reynolds number is around 103 and the fully 

turbulent flow begins when it is about 104. But these limits are also a function of R/ks (R 

is the hydraulic radius and ks is the Nikuradse roughness height) and form of the 

channel in which the flow occurs. 

1.2.3  Bottom Boundary Layer 

Near the bottom of an open channel, the flow has a distinct structure, called a boundary 

layer. The most important aspect of a boundary layer is that the velocity of the fluid 

goes to zero at the boundary. This is called the "no-slip" condition, i.e. the fluid velocity 

matches the boundary velocity. Figure 1.4 depicts a typical mean velocity profile, u(z), 

above a solid boundary where z denotes the distance above the boundary. With u(0)=0, at 

some distance above the boundary the velocity reaches a constant value, U∞, called the 

free stream velocity. Between the bed and the free stream the velocity varies over the 
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vertical coordinate. The height of the boundary layer, δ, is typically defined as the 

distance above the bed at which u = 0.99U∞. 

 

Turbulent outer layer

Turbulent logarithmic layer

Transition layer
Viscous sublayer

Flow layer classificationVelocity profile 
τz Total shear stress 
τv Viscous shear stress 
τt Turbulent shear stress 
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τv 
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δ 

u(δ) = 0.99u∞ 

Free stream 

 

Figure 1.4: Scientific classification of flow region (reproduced from Ali & Lemckert, 2009). 

When the velocity is comparatively low, the heights of the protrusions forming the 

irregularities of the bottom of a channel are small compared to the thickness of the 

laminar flow. Small eddies appear at the top of the protrusions but are rapidly damped 

in the laminar flow. These eddies continue developing as the flow velocity increases. 

When eddies are so strong that they regenerate turbulence within the boundary layer, the 

depth of the laminar flow decreases. The small laminar flow region is called the viscous 

sub layer and its thickness is denoted as δν. The velocity distribution is parabolic in the 

laminar flow and logarithmic in the turbulent flow region. 

For the viscous sub layer, the effect of the bottom (or wall) roughness on the velocity 

distribution was first investigated for pipe flows by Nikuradse (1933). He introduced the 

concept of equivalent grain roughness ks (Nikuradse roughness or bed roughness). The 

only situation where we can directly obtain the bed roughness is a flat bed consisting of 

uniform spheres, where ks = diameter of sphere. However, in nature, the bed is 

composed of grains with different sizes. Moreover, the bed is not flat and various bed 

forms, e.g. sand ripples or dunes, will appear depending on grain size and current. In 
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that case, the bed roughness can be obtained indirectly by the velocity measurement. 

Based on experimental data, it was found (Figure 1.5): 

(1) Hydraulically smooth flow for 5* 


sku
, where *u  is the shear velocity. Bed 

roughness is much smaller than the thickness of viscous sublayer. Therefore, the 

bed roughness will not affect the velocity distribution. 

(2) Hydraulically rough flow for 70* 


sku
. Bed roughness is so large that it 

produces eddies close to the bottom. A viscous sub layer does not exist and the 

flow velocity is not dependent on viscosity. 

(3) Hydraulically transitional flow for 705 * 


sku
. The velocity distribution is 

affected by bed roughness and viscosity. 

 

Figure 1.5: Engineering classification of flow region (adapted from Liu, 2001). 

The Bottom Boundary Layer (BBL) of a turbulent flow can be subdivided into four 

regions (see Figure 1.4). Starting from the bottom, we have: 

(1) Viscous sub layer: a thin layer just above the bottom. In this layer there is almost 

no turbulence and the viscous shear stress in this layer is constant (Granger, 

1985). The flow is laminar. Above this layer the flow is turbulent. 

(2) Transition layer: also called buffer layer. Viscosity and turbulence are equally 

important. 
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(3) Turbulent logarithmic layer: viscous shear stress can be neglected in this layer. 

Based on measurement, it is assumed that the turbulent shear stress is constant 

and equal to bottom shear stress. It is in this layer where Prandtl (1926) 

introduced the mixing length concept and derived the logarithmic velocity 

profile. 

(4) Turbulent outer layer: velocities are almost constant because of the presence of 

large eddies which produce strong mixing of the flow. 

In the turbulent logarithmic layer, the measurements show that the turbulent shear stress 

is constant and equal to the bottom shear stress. By assuming that the mixing length is 

proportional to the distance to the bottom (l = κz, where κ is the proportionally 

constant), Prandtl (1926) obtained the logarithmic velocity profile. 

Various expressions have been proposed for the velocity distribution in the transitional 

layer and the turbulent outer layer. None of them are widely accepted. However, by the 

modification of the mixing length assumption, the logarithmic velocity profile applies 

also to the transitional layer and the turbulent outer layer. Measurement and computed 

velocities show reasonable agreement (Liu, 2001). Therefore, from an engineering point 

of view, a turbulent layer with the logarithmic velocity profile covers the transitional 

layer, the turbulent logarithmic layer and the turbulent outer layer (Figure 1.5). 

1.2.4  Velocity Distributions in the Bottom Boundary Layer 

Turbulent layer 

In the turbulent layer the total shear stress contains only the turbulent shear stress. The 

total shear stress increases linearly with depth such that: 

  





 

h

z
z bt 1  (1.13) 

where b  is the bed shear stress; h is the total depth; z is the elevation above bed and t  

is the shear stress at elevation z. 
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Prandtl (1926) introduced the mixing length concept in order to calculate the turbulent 

shear stress. He assumed that a fluid parcel travels over a length l (Figure 1.6) before its 

momentum is transferred. 

Figure 1.6 shows the time-averaged velocity profile. A fluid parcel, located in layer 1 

and having the velocity 1u , moves to layer 2 due to eddy motion. There is no momentum 

transfer during this movement, i.e. the velocity of the fluid parcel is still 1u  when it just 

arrives at layer 2, and decreases to 2u some time later by the momentum exchange with 

other fluid in layer 2. This action will speed up the fluid in layer 2, which can be seen as 

a turbulent shear stress t  acting on layer 2 trying to accelerate layer 2. 

 

Figure 1.6: Prandtl’s mixing length theory (adapted from Liu, 2001). 

The horizontal instantaneous velocity fluctuation of the fluid parcel in layer 2 is: 

dz

du
uuu l 21'  (1.14) 

Assuming the vertical instantaneous velocity fluctuation having the same magnitude: 

dz

du
w l'  (1.15) 

where negative sign is due to the downward movement of the fluid parcel, the turbulent 

shear stress now becomes: 

Layer 1 

Layer 2 
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2
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dz

du
wut

2l  (1.16) 

By Prandtl’s mixing length theory, assuming the mixing length: 

5.0

1 





 

h

z
zl  (1.17) 

The famous logarithmic velocity profile is derived: 
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 (1.18) 

where u is the velocity at elevation z, *u is the shear velocity defined as: 


 bu *  (1.19) 

and 0z  is the elevation where velocity is zero and   is the von-Kármán constant equal 

to 0.4 for pipe flow. Based on experimental data, Nikuradse found that: 
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It is interesting to note that the friction velocity is the flow velocity at the elevation 

ezz 0  i.e. *0 uezuz   . However, the friction velocity is the fluid velocity very 

close to the bottom. 

Viscous sublayer 

In the case of hydraulically smooth flow there is a viscous sublayer. Viscous shear 

stress is constant in this layer and equal to the bottom shear stress: 
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bv dz

du    (1.21) 

Integrating Equation 1.21 and applying 0| 0zu  gives 

  z
u

zzu

b





2
*  (1.22) 

Thus, there is a linear velocity distribution in the viscous sublayer. The linear velocity 

distribution intersect with the logarithmic velocity distribution at elevation 

*6.11 uz  , yielding a theoretical viscous sublayer thickness 
*

6.11
u

  . The 

velocity profile is illustrated in Figure 1.7, with the detailed description of the fluid 

velocity near the bottom. 

In estuaries the boundary layer is typically rough (Mehta, 1978; Perlin and Kit, 2002; 

Bricker et al., 2005), hence we need to resolve this to find bed shear stress as this is 

required in models and design of hydraulic structures. The bed shear stress can be 

estimated from near-bed velocity data (see also Chapter 3). 
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Figure 1.7: Illustration of the velocity profile in hydraulically smooth and rough flows (adapted 

from Liu, 2001). 

1.2.5  Techniques for Estimating Bed Shear Stress 

There are four commonly-employed techniques to estimate bed shear stress from 

velocity measurements: 

(1) Log-Profile (LP); 

(2) Reynolds stress (RS); 

(3) Turbulent Kinetic Energy (TKE); and 

(4) Inertial Dissipation (ID) methods. 

The suitability, assumptions and limitations of these methods have been critically 

reviewed by Kim et al. (2000) and Pope et al. (2006). These authors concluded that the 

TKE approach was the most consistent and offered most promise for future 

development. However, they have suggested simultaneous use of several methods to 
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estimate bed shear stress where possible, as all of these methods have both advantages 

and disadvantages; in this way, likely sources of errors can be identified. 

The LP method fits velocity and height data into the von Kármán–Prandtl equation 

(Equation 1.18) and estimates shear velocity and roughness height. The shear velocity is 

used to calculate bed shear stress from: 

2
*ub    (1.23) 

One of the main problems with this law of the wall approach (LP method) is that the 

theory is strictly valid only for steady flows (Cheng et al., 1999; Pope et al., 2006; Liu 

et al., 2009). Another fundamental feature of the LP method is that it is critically 

dependent upon precise knowledge of the elevations above the bed at which the 

sequence of current velocities are measured (Kabir and Torfs, 1992; Biron et al., 1998). 

While this may be straightforward for very smooth, fine-grained, abiotic sediments, this 

can be considerably problematic in the case of natural estuarine systems where grain 

size variation, bed forms and biota may conspire to increase bed roughness and make 

precise determination of elevation less certain (Kabir and Torfs, 1992; Wilcock, 1996). 

The RS approach (Equation 1.11) may appear to represent a suitable method of 

estimating bed shear stress for fully turbulent flow with a large Reynolds number (Dyer, 

1986), and for cases where measurements close to the bed are available. However, it has 

been shown that this method may also be largely unsuitable in field or laboratory studies 

because of errors arising from any tilting of the velocity measuring device or to 

secondary flows (Kim et al., 2000). Moreover, the measurement must be within the 

turbulent logarithmic layer (constant stress region), and where density stratification is 

not important. 

Turbulent Kinetic Energy (TKE) is the absolute intensity of velocity fluctuations from 

the mean velocity, i.e. the variances of the flow within an XYZ co-ordinate system, and 

is defined as: 

 222 '''
2

1
wvuTKE    (1.24) 
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Simple relationships between TKE and shear stress have been formulated in turbulence 

models (Galperin et al., 1988), while further studies (Soulsby and Dyer, 1981; Stapleton 

and Huntley, 1995) have shown the ratio of TKE to shear stress is constant, i.e.: 

TKECt 1  (1.25) 

The proportionality constant C1 was found to be 0.20 (Soulsby and Dyer, 1981), while 

C1=0.19 has been adopted by others (Soulsby, 1983; Stapleton and Huntley, 1995; 

Thompson et al., 2003). The main advantage of the TKE method over the LP method is 

that it does not require accurate knowledge of elevation above the bed, and is therefore 

less sensitive to conditions, where sediment erosion and deposition can alter sediment 

levels by several millimetres or more. Furthermore, in inter-tidal field studies some 

tilting of the acoustic sensor is almost inevitable, and this method is less sensitive to 

tilting. However, there are some potential disadvantages to the use of the TKE method. 

Firstly, the exact limits and dimensions of the sampling volume must be known so when 

measurements are made within the BBL (near the bed) the sampling volume is not 

mistakenly positioned partially within the bed (Finelli et al., 1999). Secondly, an 

inherent feature of all Doppler-based backscatter systems is Doppler noise, which is 

attributable to several sources, including positive and negative buoyancy of particles in 

the sampling volume; small-scale turbulence (at scales less than that of the sampling 

volume); and acoustic beam divergence, which in total may lead to high-biased 

estimates of turbulent energy from Acoustic Doppler devices (Nikora and Goring, 

1998). Finally, accelerating and decelerating flows can cause errors in the TKE 

approach just as in the LP method. However, this may be corrected by detrending the 

velocity time-series. Similar to the second technique, the measurement must be taken 

within the turbulent logarithmic layer. Bed shear stress can also be estimated by using 

spectral analysis of turbulences and energy budgets. 

For a log layer, a first-order balance between shear production P and energy dissipation 

ε is a fair assumption (e.g. Tennekes and Lumley, 1972; Nakagawa and Nezu, 1975) 

0
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u
wuP  (1.26) 
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Taking 2
*uwu   from the Reynolds stress method (Equation 1.11) and 

z

u

z

u


*


  from 

the LP method (Equation 1.18), we have: 

  3
1

* zu   (1.27) 

The energy dissipation ε can be estimated from the inertial sub-range of spectral density 

distribution of the velocity (Grant and Madsen, 1986; Gross et al., 1994) measured at 

height z. Then the shear velocity can be estimated from Equation (1.27). 

Most importantly, all of these methods require the measurement to be made within the 

constant stress turbulent logarithmic layer. 

1.2.6 Technique for Estimating Roughness Height and Drag 
Coefficient 

While fluid flows over a solid surface, it encounters friction termed as bottom friction 

(or bed roughness). The roughness height z0 is most often estimated from recorded 

velocity profiles (Equation 1.18) while bed shear stresses can be computed using 

velocities at different points in the water column and the heights of those points with 

reference to the bed. The velocities and corresponding elevations measured from a 

water column are plotted onto a logarithmic graph, and roughness height z0 and shear 

velocity are obtained from curve fitting (Wilkinson, 1986; Bergeron and Abrahams, 

1992; Ke et al., 1994; Mathisen and Madsen, 1996). 

The drag coefficient is also used to represent the bed roughness in numerical models. 

The drag coefficient CD (at a referenced height zr) can be calculated using roughness 

height z0 (Gross et al., 1999; and Bricker et al., 2005) from: 
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0ln 
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  (1.28) 

which depends upon all bed roughness components including bed sediment grain size, 

bed-form geometry and sediment saltation. 
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1.3 Thesis Objectives and Scopes 

As outlined previously, the main objective of this thesis was to expand our current 

understanding of the physical processes of shallow estuarine systems by utilising field 

data and numerical models. In this process, this study first collected a set of hydraulic 

and water quality data from a shallow subtropical estuarine lake in Gold Coast, 

Queensland, Australia during November 1-10, 2005. The study also installed a 

temporary weather station on a houseboat within the lake during this data collection 

campaign. Then, various components of salt fluxes through main channel were 

estimated to identify the dominant transport and mixing processes for understanding of 

the sediment/contaminant transport processes within shallow estuarine systems. Since 

bed shear stress and bed roughness are two key parameters for numerically modelling 

any aquatic system, this study then focused on accurately measuring these hydraulic 

parameters. In this process, this study developed a traversing system to precisely 

measure the velocity and the height above the bed at various elevations. Bed shear stress 

and bed roughness height within the lake were estimated utilizing the newly developed 

traversing system. This study then developed a numerical model for the shallow 

estuarine system, Coombabah Lake, and simulated the hydrodynamic regime of the lake 

which is a prerequisite for the sediment/contaminant transport model. The 

hydrodynamic model was also utilized for sensitivity testing of various important 

parameters such as accuracy of bathymetric data, bed roughness and eddy viscosity. 

This study finally developed a sediment transport model for Coombabah Lake and 

simulated the sediment dynamics of the lake. In addition, this study analysed the field 

data for calibration and verification of the modelling results. 

1.4 Organisation of Thesis 

All chapters in this thesis are self-contained with figures, tables and references. The 

thesis layout is organised in the following manner, following Chapter 1. 

In Chapter 2, the transport and mixing processes of a very shallow subtropical estuarine 

system are investigated. Currents and salinity measured at two locations within 

Coombabah Lake were decomposed into time-averaged and time-varying components 

to quantify the salt flux components attributed to various physical processes. The 
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dominant sediment/contaminant transport and mixing processes was identified from the 

computed salt flux data. This chapter has been published as “Salt Fluxes within a Very 

Shallow Subtropical Estuary” in the Journal of Coastal Research in year 2009 and is 

reproduced here with the only change being figure, table and equation numbers. 

Chapter 3 describes a new convenient and robust traversing system developed to 

measure benthic bottom boundary layer hydraulic properties. The traversing system is 

comprised of a flexible head Acoustic Doppler Velocimeter, a high precision altimeter 

and a DC underwater motor assembled on a tripod. The traverser was used to measure 

the velocity along with the elevation at several levels within a water column in the 

bottom boundary layer. The velocity and elevations were also measured from more than 

a metre water column moving the traverser up and down. These data were utilized to 

determine the bed shear stress and bed roughness height, two key parameters for 

modelling aquatic systems. This chapter has been published as “A traversing system to 

measure bottom boundary layer hydraulic properties” in Estuarine, Coastal and Shelf 

Science in year 2009 and is reproduced here with the only change being figure, table 

and equation numbers. 

Chapter 4 describes a numerical study of the hydrodynamics of Coombabah Lake. This 

study setup a 3D hydrodynamic model utilizing the MIKE3 modelling system. 

Sensitivity of calibration parameters for a very shallow estuarine system was also 

investigated. This study found that the accurate bathymetric measurement is the most 

sensitive parameter followed by bed roughness and eddy viscosity. This chapter has 

been published as “Numerical Study of the Hydrodynamics of a Very Shallow Estuarine 

System – Coombabah Lake, Gold Coast, Australia” in the Journal of Coastal Research 

in year 2009 and is reproduced here with the only change being figure, table and 

equation numbers. 

Chapter 5 describes sediment dynamics of Coombabah Lake. Total suspended solids 

(TSS) concentrations, turbidity, salinity and tide levels were measured at eight stations 

within Coombabah Lake and were analysed to determine the dominant transport 

processes. Sediment resuspension, distribution and transport processes were also 

simulated using a numerical model to better understand the influence of physical 
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processes. This chapter was submitted to Estuarine, Coastal and Shelf Science for 

review and is currently under revision. 

Finally, Chapter 6 outlines the conclusions of this study and sets recommendations for 

future research in line with this study. 

Appendix-A of this thesis report is also a preprint. It describes intra-tidal variability of 

some water quality parameters within Coombabah Lake. It is relevant to this thesis and 

the candidate was a co-author of this article. This appendix has been published as 

“Short-term Variability of Physio-chemical Parameters and the Estimated Transport of 

Filterable Nutrients and Chlorophyll-a in the Urbanised Coombabah Lake and 

Coombabah Creek System, Southern Moreton Bay, Australia” in the Journal of Coastal 

Research in year 2007. It is reproduced here with the only change being figure, table 

and equation numbers. 
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CHAPTER II 

Salt Fluxes within a Very Shallow Subtropical 

Estuary* 

Abstract 

This paper describes the transport processes and net salt flux within a shallow estuarine 

system, with particular reference to Coombabah Lake-Creek system in Queensland, 

Australia. Observations of currents and salinity at two locations within Coombabah 

Lake provided a basis for assessing the relative importance of various transport 

processes within a very shallow (water depth < 1 m) subtropical estuary. The 

instantaneous velocity and salinity data were decomposed into time-averaged means and 

time-varying components, and were used to quantify the salt flux components attributed 

to various physical processes. In this study, advection by residual flow, which 

contributed 65% of total salt flux, was identified as the dominant process in transporting 

salt. The advective flux also determined the direction of the net salt flux within this 

shallow estuarine system. This study concludes that the net salt flux varies spatially and 

temporarily with hydromorphological and meteorological conditions. 

2.1 Introduction 

Coastal wetlands and estuaries are important environments, providing significant 

habitats for flora and fauna species, often supporting commercial and recreational 

fisheries (Stumpf and Haines, 1998). Furthermore, these systems act as filters against 

contaminants and sediments (Faulkner, 2004), absorb wave energy, and also provide 

cultural and recreational benefits (Lee et al., 2006b). 

                                                 
* Ali, A., Lemckert, C.J. and Dunn, R.J.K., 2009. Salt fluxes in a very shallow sub-

tropical estuary. Journal of Coastal Research. doi:10.2112/08-1118.1 
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Table 2.1: Previously reported salt fluxes per unit width (positive seaward and negative landward) divided by mean water depth. 
Study site Spring / 

Neap 
Freshwater 

flow
Mean 
depth

suh

Flux 1
TT shu

Flux 2
TT shu

Flux 3 

TT uhs

Flux 4

suh 

Flux 5

F

Net flux
Reference 

  m3/s m ppt cm/s ppt cm/s ppt cm/s ppt cm/s ppt cm/s ppt cm/s  

Mersey estuary – 
Narrows at St. A 

Neap 41.05 20.4 6.34 -6.95 – – -2.36 -2.97 Bowden (1963) 

Mersey estuary – 
Narrows at St. A 

Spring 18.02 20.4 2.63 -0.44 – – -3.04 -0.85 Bowden (1963) 

Mersey estuary –  
Narrows at St. C 

Neap 66.70 20.4 10.00 -12.27 – – -3.22 -5.49 Bowden (1963) 

Mersey estuary –  
Narrows at St. D 

Spring 42.90 20.4 6.00 -14.40 – – -5.15 -13.65 Bowden (1963) 

Severn Estuary –  
Station A 

Pre-neap 154.00 19.4 100.00 3.20 – – -0.24 102.96 Uncles and Jordan (1979) 

Severn Estuary –  
Station B 

Pre-
spring 

105.00 14.7 -190.00 -7.40 – – -0.43 -197.83 Uncles and Jordan (1979) 

Hudson Estuary –  
The Narrows I 

 238.00 ~ 24.0 42.65 8.22 – -19.12 -11.02 20.73
Calculated from Hunkins 
(1981) 

Hudson Estuary –  
The Narrows 2 

– 845.00 ~ 24.0 78.12 9.25 – -7.47 -57.03 22.87
Calculated from Hunkins 
(1981) 

Hudson Estuary –  
Yokkers 

– 182.00 ~ 10.0 36.22 8.78 – -20.18 -8.68 16.14
Calculated from Hunkins 
(1981) 

Tees Estuary –  
Station 1 

Neap 3.20 ~ 18.0 -79.10 -0.90 0.00 0.00 -0.90 -80.90 Lewis and Lewis (1983) 

Tees Estuary –  
Station 1 

Spring 4.20 ~ 18.0 -268.40 -0.90 -0.10 0.00 -0.30 -269.40 Lewis and Lewis (1983) 

Tees Estuary –  
Station 8 

Neap 3.20 ~ 5.0 93.70 -43.90 5.30 2.00 -6.60 50.50 Lewis and Lewis (1983) 
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Tees Estuary –  
Station 8 

Spring 4.20 ~ 5.0 246.20 -98.60 80.10 0.70 -0.80 227.60 Lewis and Lewis (1983) 

North Inlet –  
Flood channel 

– 
1.00-5.00 ~ 3.0 -19.20 -315.00 0.20 6.40 -0.10 -327.70 Kjerfve (1986) 

North Inlet –  
Mid channel 

– 
1.00-5.00 ~ 3.0 68.40 -234.70 0.30 -24.30 -0.10 -190.70 Kjerfve (1986) 

North Inlet –  
Ebb channel 

– 
1.00-5.00 ~ 3.0 288.30 -127.20 0.00 -24.20 -0.70 136.20 Kjerfve (1986) 

Tyne Estuary –  
Station 1 

– 
73.10 4.7 23.70 0.60 -5.20 2.40 0.20 21.70 Park and James (1990) 

Tyne Estuary –  
Station 4 

– 
2.30 11.4 -0.30 -5.10 0.00 2.80 0.40 -2.20 Park and James (1990) 

Laguna de Terminos –  
Carmen Inlet 

– 
– 6.4 367.19 26.56 0.00 3.13 0.00 396.88

Calculated from David and 
Kjerfve (1998) 

Laguna de Terminos –  
Puerto Real  Inlet 

– 
– 5.0 328.00 -10.00 0.00 156.00 4.00 474.00

Calculated from David and 
Kjerfve (1998) 

Bertioga Channel 
Neap ~10.00 5.5 108.53 -9.64 0.55 -2.91 -32.18 64.35

Calculated from Miranda 
and Kjerfve (1998) 

Bertioga Channel 
Spring ~10.00 5.7 66.18 -7.27 0.37 -4.73 -7.27 47.28

Calculated from Miranda 
and Kjerfve (1998) 

San Juan River delta –  
San juan 

– 
2450.00 7.0 135.50 -3.20 3.80 -1.10 -5.30 129.90

Restrepo and Kjerfve 
(2002) 

San Juan River delta –  
Chavica 

– 
2450.00 6.0 119.10 -138.20 10.50 -17.50 -2.60 -28.70

Restrepo and Kjerfve 
(2002) 

San Juan River delta –  
Charambira 

– 
2450.00 9.0 635.20 22.90 4.50 18.30 -4.30 676.80

Restrepo and Kjerfve 
(2002) 

San Juan River delta –  
San juan 

– 
3750.00 7.0 4.50 -111.10 0.00 -10.90 -16.40 -133.80

Restrepo and Kjerfve 
(2002) 

San Juan River delta –  
Chavica 

– 
3750.00 6.0 139.70 -250.30 16.50 -10.80 -0.80 -105.80

Restrepo and Kjerfve 
(2002) 
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San Juan River delta –  
Charambira 

– 
3750.00 9.0 111.20 -17.10 0.20 -1.70 -32.60 50.90

Restrepo and Kjerfve 
(2002) 

Vassova lagoon –  
Entrance canal 

Spring 0.94 0.75 -0.03 -0.03 – – – -0.06 Sylaios et al. (2006) 

Vassova lagoon –  
Entrance canal 

Neap 0.94 0.72 -0.29 -0.02 – – – -0.31 Sylaios et al. (2006) 

Coombabah Lake –  
Station A 

Spring – 1.12 166.58 -27.86 4.04 -46.09 – 96.67 Present study 

Coombabah Lake –  
Station A 

Neap – 1.30 116.29 -9.38 1.52 -30.81 – 77.62 Present study 

Coombabah Lake –  
Station B 

Spring – 0.62 48.67 -10.64 3.09 22.88 – 64.01 Present study 

Coombabah Lake –  
Station B 

Neap – 0.74 76.75 -9.08 3.60 -5.47 – 65.80 Present study 

where Flux 1 represents the advective salt flux due to water discharge and change in storage volume during the tidal cycle; Flux 2 represents the sloshing effect – the 
tidal dispersion via triple correlation between tidal depth change, tidal current, and tidal salinity, usually directed upstream; Flux 3 represents the cross correlation 
between tide and salinity; maximum (and positive) when tide and salinity are in phase, and minimum (and negative) when they are out of phase; Flux 4 represents the 
Stokes’ drift dispersion; and Flux 5 represents the salt dispersion due to mean shear produced by gravitational circulation. ppt ≈ psu. 
– Data not available. 
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To quantify the water circulation and mixing processes within estuarine systems, it is 

often convenient to study salinity distribution patterns because salinity is typically 

considered as a conservative tracer (Dyer, 1997). The behaviour of salts within the 

water column provides a basis for predicting transport of other soluble conservative 

substances. Salt is transported downstream by freshwater flow (which enters the estuary 

through rivers, creeks and groundwater systems) and is mixed back upstream against 

this seaward flow. The overall landward mixing (termed dispersion rather than 

diffusion) is produced primarily by the effects of tides, winds, and gravitational 

circulation (Hunkins, 1981). 

To date, a significant number of studies have been undertaken to determine salt fluxes 

within estuarine systems characterised by very low to high rates of freshwater discharge 

(2.3 to 3750 m3/s) and varying water depths ranging from 3 to 24 m (e.g., Bowden, 

1963; David and Kjerfve, 1998; Hunkins, 1981; Kjerfve, 1986; Lewis and Lewis, 1983; 

Miranda and Kjerfve, 1998; Restrepo and Kjerfve, 2002). However, the quantification 

of salt fluxes within very shallow estuaries is limited (e.g., Sylaios et al., 2006).  

Previous studies have shown a high degree of variability in salt fluxes within estuarine 

environments as summarised in Table 2.1. Bowden (1963) calculated the fluxes for four 

periods (twice at a single station and once at an additional two stations) along and 

across the Mersey Estuary, with the results indicating a net salt flux consistently 

directed upstream. Bowden (1963) claimed the discrepancies between salt fluxes were 

due to variations of velocity across the estuary. Uncles and Jordan (1979) described the 

residual transport of water as the dominant mechanism for residual transport of salt, 

observed opposite fluxes seaward during the neap tide phase at one station, and reported 

fluxes in a landward direction twice the magnitude at another station during spring tides 

within the deep Severn Estuary (England). However, the latter station was located in a 

complex topographic region 17.2 km upstream from the previous downstream station. 

Uncles and Jordan (1979) termed the spring-neap variations in salinity as significant 

compared with that resulting from time-varying freshwater inputs. Hunkins (1981), 

Lewis and Lewis (1983), David and Kjerfve (1998), and Miranda and Kjerfve (1998) 

also observed the residual transport of water as the principal factor in determining the 

net salt flux. More interestingly, Lewis and Lewis (1983) identified a net salt flux 
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landward at downstream stations and seaward at upstream stations within the Tees 

Estuary (England). Kjerfve (1986) found seaward transport through ebb channels and 

landward transport through mid and flood channels within the North Sea Inlet, South 

Carolina (United States). Park and James (1990) also observed a net seaward transport 

near the head and landward transport near the mouth of the Tyne Estuary (England). 

Restrepo and Kjerfve (2002) investigated salt fluxes through three distributaries within 

the San Juan River Delta (Columbia) and found advection and tidal pumping were the 

dominant processes in salt transport. Moreover, they observed net seaward flux in one 

distributary, whereas net landward flux was evident in another distributary in the same 

estuary. Sylaios et al. (2006) also identified advection as the main mechanism for salt 

transport, which was consistently landward in direction. Additionally, Sylaios et al. 

(2006) observed that tidal pumping was an order of magnitude smaller than advection. 

Although the net flux was landward most of the time, forcing salt into the Vassova 

Lagoon (Greece), magnitudes were highly variable and changed frequently with 

meteorological and tidal conditions. Overall, none of the estuaries investigated was 

observed to exist under a steady condition (i.e., negligible net salt flux). Instead, net salt 

fluxes varied both spatially and temporarily with changing hydromorphological and 

meteorological conditions (see Table 2.1), thus warranting further studies in identifying 

the controlling mechanisms within particular systems. 

This study is the first to quantify salt fluxes within the shallow Coombabah Lake–Creek 

system, providing an initial understanding of the system’s physical processes, assisting 

future management decisions in this ecologically and economically significant region. 

Furthermore, this study contributes to a greater understanding of the physical processes 

occurring within shallow estuarine systems. 

2.2 Methods 

2.2.1   Study site 

Coombabah Creek is a subtropical estuarine system situated in southern Moreton Bay, 

south-east Queensland (Australia) (see Figure 2.1), one of the fastest growing regions in 

the developed world (Skinner et al., 1998). The creek is a 17 km long, moderately 

impacted (Cox and Moss, 1999; Lee et al., 2006a) tidal creek that flows through 
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Coombabah Lake. The creek enters the lake at the south-west side (hereby referred to as 

the creek mouth) and leaves the same from the north-east side (hereby referred to as the 

lake entrance). Ultimately, Coombabah Creek discharges into the Gold Coast 

Broadwater, within southern Moreton Bay. Thus, the creek mouth has a greater 

influence on the freshwater flow entering the lake system than the lake entrance, which 

is dominated by the inflow of seawater. 

The lake covers ~2 km2 (GHD, 2003), with an urbanised catchment area of 44 km2, 

characterised by residential, commercial, and light industrial developments. The lake is 

a shallow body of water characterised by fine sediments (Dunn et al., 2007b) and is 

located in the midtidal region of Coombabah Creek, with urban development positioned 

to the east and along the southern and western shorelines. 

With the exception of shallow channels, Coombabah Lake is characterised by a 

relatively flat bathymetry (Lee et al., 2006a), with depths from 0 to ~1 m. During 

periods of low water, large portions of the benthic lake sediments become exposed. 

Episodically large inputs of freshwater occur during periods of heavy rainfall, 

predominantly during summer periods. Despite its modest dimensions, Coombabah 

Lake is ecologically significant, being a valuable fish and migratory bird habitat. 

Additionally, the lake system is unique within southern Moreton Bay because it behaves 

as an inverse estuary during summer periods, when evaporation exceeds typical 

freshwater inflows (Benfer et al., 2007). 

As a consequence of the ecological significance and the potential for anthropogenic 

disturbances and inputs into Coombabah Lake, the lake and surrounding wetlands have 

been the focus of recent scientific efforts (e.g., Burton et al., 2008; Dunn et al., 2007a, 

2007b, 2008; Frank and Fielding, 2004; Hollingsworth and Connolly, 2006; Knight et 

al., 2008). 
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Figure 2.1: Location map of the study site, Coombabah Lake (southern Moreton Bay, 

Australia). 

2.2.2   Field measurement and data processing 

The data collection program was conducted from November 1, 2005, to November 10, 

2005. A submersible sensor base was positioned at two individual sample locations 

characterised by differing salinity concentrations within Coombabah Lake, referred to 

as Station A (near the lake entrance) and Station B (near the creek mouth) (see Figure 

2.1). The stationed instrument packages consisted of a conductivity, temperature, and 

depth probe (NXIC-CTD; Falmouth Scientific, Inc., Cataumet, Massachusetts) and a 

high resolution three-dimensional acoustic Doppler velocimeter (Vector velocimeter; 

Nortek AS, Rud, Norway). High-frequency conductivity, temperature, and depth data 

were collected from 15 cm above the bed using time-averaged data (3.5 min bursts at 

frequency of 10 Hz) obtained every 15 minutes. Acoustic Doppler velocimeter data 

were obtained from 30 cm above the bed at burst intervals of 30 minutes, at a frequency 

of 32 Hz and 4096 samples per burst. 
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Meteorological conditions, namely air pressure, solar radiation, humidity, rainfall, and 

wind speed and direction within the lake environment, were recorded every 15 minutes 

during the study period using a data logging weather station (WeatherMaster 2000; 

Environdata, Warwick, Australia). Daily evaporation was estimated from the 

meteorological data collected using a modified Penman equation (EasiAccess software; 

Environdata). 

Additionally, before the deployment of Stations A and B, water level data from 

Coombabah Lake were obtained during the period between September 13, 2004, to 

December 20, 2004, by using a submersible tide gauge (XR-420-TG; Richard Brancker 

Research Ltd., Ottawa, Canada). The dominant tidal constituents for the area were 

obtained using this collected data. 

2.2.3  Quantification of salt fluxes 

Total salt flux within an estuarine system is typically determined using velocity and 

salinity concentrations at several water depths along a vertical section measured at 

different locations across the section (e.g., Bowden, 1963; Fischer, 1972; Sylaios et al., 

2006). However, observations of currents and salinity collected at one location along the 

cross-section of a main channel within an estuarine system may also provide a valid 

experimental approach when assessing the relative importance of different transport 

processes (e.g., Lewis and Lewis, 1983; Pritchard, 1954; Restrepo and Kjerfve, 2002; 

Simpson et al., 2001; Uncles and Jordan, 1979; Uncles et al., 1985). The longitudinal 

salt flux within estuarine systems can be decomposed into components attributed to 

different physical processes (Table 2.1) (Bowden, 1967; Dyer, 1997; Hunkins, 1981; 

Kjerfve, 1986; Pritchard, 1954; Restrepo and Kjerfve, 2002). In general, the net salt flux 

per unit width perpendicular to the main flow (F) may be calculated as the following 

(Bowden, 1963; Dyer, 1997; Kjerfve, 1986; Restrepo and Kjerfve, 2002): 

 dzusF
h


0

 (2.1) 

where F represents the net flux (ppt m2/s); u(z) represents the observed velocity (m/s); 

s(z) represents the observed salinity (ppt); z represents the vertical coordinate; and h 
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represents water depth (m). The instantaneous velocity and salinity can be decomposed 

as uuu  and sss  , where the primed quantities represent deviations from the 

depth-averaged means, u  and s . The depth-averaged means may be decomposed into 

time-averaged means and time varying components: Tuuu  and Tsss   such 

that 

uuuu T   (2.2) 

ssss T   (2.3) 

where angle brackets are net, or time-averaged, over at least one complete tidal cycle. 

By substituting Equations (2.2) and (2.3) into Equation (2.1), the net flux can be 

decomposed into the following terms (Restrepo and Kjerfve, 2002): 

suhuhsshushusuhF TTTTTT   (2.4) 

which, for simplicity, can be written as: 

Net flux = Flux 1 + Flux 2 + Flux 3 + Flux 4 + Flux 5 (2.5) 

An estuary is considered to be at steady state when the net salt flux over a complete 

tidal cycle is zero, with the advective and dispersive modes of transport balancing the 

exchange. Salt fluxes within the lake were calculated for a full tidal cycle (24.5 h) using 

Equation (2.4). Because of the very shallow and vertically well-mixed nature of the lake 

(Benfer et al., 2007; Dunn et al., 2007b), gravitational circulation within the lake was 

considered negligible and therefore flux 5, suh  , in Equation (2.4) was considered 

insignificant. 

2.3 Results and discussion 

2.3.1  Hydrometeorological properties 

Astronomical tidal constituents were obtained from water level data collected in 2004. 

The semidiurnal constituents M2, S2, K2, L2 and N2 of Coombabah Lake were 0.37 m, 
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0.02 m, 0.03 m, 0.09 m and 0.06 m in amplitude with phase lags of 243°, 226°, 121°, 

322° and 161°, respectively. The diurnal constituents K1, O1, Q1 and S1 were 0.19 m, 

0.11 m, 0.03 m and 0.10 m in amplitude with phase lags of 195°, 99°, 356° and 131°, 

respectively. Astronomical tidal constituents were assumed to be the same after one 

year (during this study), because no major changes in geometry and bathymetry of the 

lake channel system occurred during this period. The lake experiences a mixed tidal 

regime, mainly of a semidiurnal nature, with a form number of 0.66. 

Wind conditions during the 2005 study period were generally moderate but highly 

variable, ranging from 2 to 20 km/h (see Figure 2.2a), with the average wind speed at 7 

km/h and directed from south or south-east (blowing from the creek mouth to the lake 

entrance, see Figure 2.2b). Light rainfall was recorded every day except on November 

7, 2005 (see Figure 2.2c). Rainfall increased gradually from 0.5 mm/d on November 1, 

2005 to 18 mm/d (the maximum) on November 6, 2005. Evaporation varied between 5 

and 10 mm/d (see Figure 2.2d), which is greater than the annual regional average (3.5 

mm/d) and even greater than the monthly average for the same periods in other years (5 

mm/d) recorded by the Australian Bureau of Meteorology (2007). Air pressure also 

dropped by approximately 5 millibars during the study period (Figure 2.2e). 

Water depth, velocity, salinity, and the computed salt flux components at Station A are 

presented in Figures 2.3a–d. A mixed tidal pattern was observed in water depth, 

velocity, and salinity data, with higher velocity and salinity ranges occurring during 

spring tides. The opposite trend was observed in the case of the tidal range, where lower 

ranges occurred during spring tide conditions, compared with the greater ranges 

observed during neap tide conditions. The spring semidiurnal tide also changed to a 

mixed type during neap tide conditions. Mean water depth and salinity were greater 

during neap tide conditions in comparison to the spring tide conditions. Potential 

explanations for the observed greater water depth during the sampled neap tidal 

condition were twofold. First, the presence of low air pressure that developed in the 

region during the neap tidal period resulted in an increase in water level by ~5 cm, and 

second, a recorded rainfall event within the lake catchment contributed increased 

freshwater flow into the shallow lake. However, the actual rate of freshwater flow is 
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unknown. The increasing salinity trend was due to the added storage from the seawater, 

indicating the quantity of freshwater input was relatively small. 

0

10

20

30

W
in

d 
sp

ee
d 

(k
m

/h
)

0

10

20

30

0

180

360

W
in

d 
di

re
ct

io
n 

(°
)

0

180

360

0

5

10

E
va

po
ra

tio
n 

(m
m

/d
ay

)

0

5

10

0

10

20

R
ai

nf
al

l (
m

m
/d

ay
)

0

10

20

(a)

(b)

(c)

(d)

1005

1010

1015

1020

1025

1/11/05 2/11/05 3/11/05 4/11/05 5/11/05 6/11/05 7/11/05 8/11/05 9/11/05 10/11/05 11/11/05

Date

A
ir 

pr
es

su
re

 (
m

ba
r)

1005

1010

1015

1020

1025
(e)

Spring tide Neap tide
 

Figure 2.2: Meteorological data collected on site: (a) wind speed; (b) wind direction; (c) rainfall; 

(d) evaporation; and (e) air pressure. 

2.3.2  Salt fluxes 

At Station A, Flux 1 (advective flux) was the dominant flux, which was directed down 

the estuary (seaward) at a rate of 155 psu cm/s on November 1, 2005, and reached its 

maximum value of 165 psu cm/s on November 2, 2005. Following this period, the 

advective flux began to decline gradually until November 5, 2005 (with an abrupt 
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reduction to 30 psu cm/s from 130 psu cm/s), then remained low for 3 days with only 

minor fluctuations. It then increased to 115 psu cm/s, followed by a declining trend. 

Flux 2 (tidal dispersion) followed the same trend as Flux 1 but was directed up estuary 

(landward) (Figure 2.3d). The tidal dispersion value during November 1, 2005, was 40 

psu cm/s and gradually reduced to 3 psu cm/s during November 6, 2005. This value 

continued for 3 days with little variation, followed by an increasing trend. Flux 3 (the 

cross-correlation between tide and salinity) was the smallest contributor to the net salt 

flux among the four salt flux components and was always directed seaward following 

the same trend of Flux 1 (Figure 2.3d). Flux 4 (the Stokes’ drift dispersion) was directed 

upstream and was approximately 100% greater than Flux 2. Overall, Fluxes 1 and 3 

contributed to the seaward (downstream) salt flux, whereas Fluxes 2 and 4 contributed 

to the landward (upstream) salt flux. Therefore, Stoke’s drift was the main operator in 

dispersing salt within the water column of Coombabah Lake. However, Flux 1 was the 

principal contributor, determining the direction of the net salt flux. Overall, Fluxes 1 

and 3 contributed 98% and 2%, respectively, to the seaward salt flux, whereas Fluxes 2 

and 4 contributed 30% and 70%, respectively, to the landward salt flux. 

Water depth, velocity, and salinity data at Station B showed similar characteristics to 

that of Station A (Figures 2.4a–c). Fluxes 1 and 3 at this station (Figure 2.4d) are also 

directed seaward (similar to Station A). However, Flux 3 contributed approximately 6% 

of the total seaward flux (three times that of Station A). In contrast to Station A, a 

gradual increase of the Flux 1 value from 40 to 70 psu cm/s was observed from the 

beginning of the study until November 5, 2005, then gradually reduced to a minimum 

value of 20 psu cm/s in 2 days, where it remained relatively constant for the next day, 

before a further increase to the same order. Moreover, it was approximately half that of 

Station A (except on November 6, 2005), although Station B was located near the 

mouth of the creek where predominantly freshwater enters the lake. Unlike Station A, 

Flux 2 at Station B was almost constant, with a slightly higher value on November 6, 

2005; and Flux 4 was directed seaward during the first half of the study period. The net 

salt flux at this station was also directed seaward during the study period, with an 

average value of approximately 50 psu cm/s, with the exception of November 7, 2005, 

when it was directed landward with a value of 10 psu cm/s. 
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Figure 2.3: Hydraulic data collected at Station A: (a) water depth; (b) water velocity; (c) 

salinity; and (d) computed salt fluxes. 

Overall, salt fluxes at both stations followed very similar trends (net seaward flux), with 

the highest fluxes occurring during the spring tide period, and the lowest, before the 

neap tide period. Moreover, the advective flux was always dominant and determined the 

direction of the net flux at both stations. 

No direct relations between salt fluxes and spring-neap tidal variations were observed 

during this study. Variations of advective, as well as net salt flux at Station B, were, 

therefore, likely the result of rainfall events because it followed the same trend of 

rainfall recorded at the study site. Greater advective values correlated with greater 

recorded rainfall events and, similarly, lower values with reduced rainfall events. 

However, rainfall within different areas of the catchment might be different from that 

measured on-site, which caused a time lag/lead between rainfall peaks and salt flux 

peaks. 
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Water depth and salinity were lower during spring tide and higher during neap tide 

conditions (see Figure 2.5). The higher depth during neap tide phase (Figure 2.5a) 

conditions resulted from higher storage of seawater in addition to the freshwater from 

the catchments because advective fluxes within the lake were reduced during this 

period. Furthermore, increasing water depth within the lake aided in diffusion of salts 

and, thus, reduction in variation of salt concentrations within the lake during the neap 

tide phase (Figure 2.5b). However, the advective flux was directly related to the net 

velocity (Figure 2.5c), which controlled the direction of the net salt flux. 

0.0

1.0

2.0

W
at

er
 d

ep
th

 (
m

)

0.0

1.0

2.0

-100

0

100

200

1/11/05 2/11/05 3/11/05 4/11/05 5/11/05 6/11/05 7/11/05 8/11/05 9/11/05 10/11/05

Date

S
al

t f
lu

x 
(p

su
 c

m
/s

)

Flux 1 Flux 2 Flux 3 Flux 4 Net flux

-1.0

-0.5

0.0

0.5

1.0

V
el

oc
ity

 (
m

/s
)

-1.0

-0.5

0.0

0.5

1.0

10

20

30

40

S
al

in
ity

 (
ps

u)

10

20

30

40

(a)

(b)

200

100

0

-100

Spring tide Neap tide

(c)

(d)

 

Figure 2.4: Hydraulic data collected at Station B: (a) water depth, (b) water velocity, (c) salinity 

and (d) computed salt fluxes. 

The advective flux at Station A was consistently greater in comparison to Station B, 

with the exception of November 7, 2005, when it was reduced to half that of Station B. 

An investigation of the data revealed the possibility of the occurrence of horizontal 

circulation within the lake as a result of a distinct ebb-flood channel system (Ahnert, 

1960; Nguyen et al., 2008). Circulation within the lake was generally anticlockwise and 
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opposed by the strong southerly winds that occurred during the study period. The left 

channel of the lake, on the western side of the large island, (see Figure 2.1), is a flood-

dominated channel; on the other hand, the eastern, curved main channel is an ebb-

dominated channel. Therefore, net transport of salt through the left channel was 

landward, whereas that through the main channel was seaward, creating an 

anticlockwise horizontal circulation (see Figure 2.1). The circulation could be 

augmented by a wind-induced setup. This circulation increased advective flux at Station 

A, in addition to increasing the net storage of the lake. There are no data from the left 

channel because it was believed to be shallow and unimportant at the onset of the study. 
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Figure 2.5: Average hydraulic data at both Stations A and B: (a) water depth; (b) salinity; and 

(c) water velocity. 

The salinity difference between Stations A and B was 7 psu during the spring tide 

phase, which was reduced to 4 psu during the neap tide phase (see Figure 2.5b). On 

average, the dilution was observed to be 25% during this study period, which also 

supports the dominance of advective flux caused by freshwater flow. 
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2.4 Conclusions 

Similar to previously reported studies, residual water transport within the shallow 

waters of Coombabah Lake was identified as the dominant factor influencing residual 

salt transport. Furthermore, this study indicates the net salt flux alternates frequently in 

contrast to the steady state condition. Future investigations in the form of continuous 

long-term studies are required to determine when the net salt flux would change in 

direction at any particular lake location. Additionally, this study has identified that 

advective flux was of primary importance in the movement of salts within Coombabah 

Lake (contributing 65% of the total salt flux in this shallow subtropical estuary) and that 

the lake was characterised by greater average water depth during neap tide phases, 

which aids in the diffusion of salts, with a 25% dilution occurring within the lake 

system. The lake was not an inverse type of estuary during this study because of 

freshwater input. Future modelling studies of the lake will be required to investigate the 

existence of any horizontal circulation. 
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CHAPTER III 

A traversing system to measure bottom boundary 

layer hydraulic properties 

Abstract 

This study describes a new convenient and robust system developed to measure benthic 

boundary layer properties, with emphasis placed on the determination of bed shear 

stress and roughness height distribution within estuarine systems by using velocity 

measurements. This system consisted of a remotely operated motorised traverser that 

allowed a single ADV to collect data between 0 and 1 m above the bed. As a case study, 

we applied the proposed traversing system to investigate bottom boundary layer (BBL) 

hydraulic properties within Coombabah Creek in Gold Coast, Queensland, Australia. 

Four commonly-employed techniques: (1) Log-Profile (LP); (2) Reynolds stress (RS); 

(3) Turbulent Kinetic Energy (TKE); and (4) Inertial Dissipation (ID) used to estimate 

bed shear stresses from velocity measurements were compared. Bed shear stresses 

estimated with these four methods agreed reasonably well; of these, the LP method was 

found to be most useful and reliable. Additionally, the LP method permits the 

calculation of roughness height, which the other three methods do not. An average value 

of bed shear stress of 0.46 N/m2, roughness height of 4.3 mm, and drag coefficient of 

0.0054 were observed within Coombabah Creek. Results are consistent with that 

reported for several other silty bed estuaries. 

                                                 
 Ali, A. and Lemckert, C.J., 2009. A traversing system to measure bottom boundary 

layer hydraulic properties, Estuarine Coastal and Shelf Science. 

doi:10.1016/j.ecss.2009.04.017 
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3.1 Introduction 

Estuaries are of immense importance to many communities. It has been estimated that 

60–80 per cent of commercial marine fishery resources depend on estuaries for part of 

or all of their life cycle (Klen, 2006). The flow and sediment transport patterns within 

estuaries are important as they play an important role in the functionality and health of 

these systems. Due to knowledge gaps, most numerical models used for predicting 

sediment transport (and related pollutant transport) rely on the use of approximations 

when determining bottom boundary conditions and sediment transport dynamics. 

It is well recognised that the hydrodynamic properties of the bottom boundary layer 

(BBL) affect sediment resuspension. The shear stress near the bed directly causes 

sediment erosion, affects vertical mixing, and relates to conditions conducive to 

sediment deposition. Therefore, to accurately predict and numerically model the flow 

and sediment transport patterns within estuarine systems, it is important to obtain 

detailed velocity data near the bed (Soulsby and Dyer, 1981). 

It is very difficult to directly determine the bed shear stress in the field as its 

determination requires the measurement of forces very close to the bed, within the 

viscous sub-layer (see Figure 3.1) (Ackerman and Hoover, 2001). However, several 

indirect methods have been developed (see Section 3.3.1) that use more readily 

measurable velocity data to estimate bed shear stress. Previously, point source current 

meters, such as the S4 or Acoustic Doppler Velocimeter (ADV) (Gross et al., 1994; Jing 

and Ridd, 1996; Black, 1998; Stips et al., 1998; Osborne and Boak, 1999) have been 

used to derive BBL properties. However, in traditional fixed mooring arrangements they 

cannot usually fully resolve the boundary layer as they are restricted to a single point 

measurement. Additionally, if a detailed boundary layer profile is to be determined, then 

a number of devices must be deployed at one location (Gross and Nowell, 1983; Grant 

and Madsen, 1986; Feddersen et al., 2007), which is usually beyond the scope of most 

researchers due to the high cost of equipment and installation. More recently, Acoustic 

Doppler Current Profilers (ADCPs) have been used to record velocity data near the bed 

(Cheng et al., 1999; Thomsen, 1999), as they can provide near instantaneous three-

dimensional velocity profile data that can be used to estimate shear stress. However, 

ADCPs have limitations in that they have a large (>10 cm) and wide spread (an order of 
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1 m) sampling volume, and are unable to sample close to the bed (approximately 10 per 

cent of the distance from the transducer to the bed), which is the most important region 

for assessing BBL properties within shallow estuarine systems. 

In addition to the bed shear stress, the bed roughness is an essential parameter for 

modelling current circulations, wave height attenuations and sediment transport within 

estuarine and coastal waters – but it is often unknown and difficult to measure directly 

in the field. The majority of modelling software packages (e.g. MIKE21/MIKE3 and 

ECOMSED) use an estimated roughness height or a drag coefficient as an input 

parameter for describing the bed shear stress in their sediment transport formulae (e.g. 

DHI, 2002; HydroQual, 2002). The physical bed roughness generally consists of three 

roughness components: grain roughness, bed form roughness, and sediment saltation 

roughness (You, 2005). The total roughness can be measured from the affected velocity 

profiles using Prandtl’s (1926) law of the wall equation, which would substantially 

reduce the uncertainties of numerical models. 

In this study, a new simple and robust system was developed to measure the flow 

properties within estuarine BBLs. The system is based around a traversing mechanism 

used to move an ADV vertically through the water column and, importantly, near the 

bed, so that hydraulic properties of the BBL could be assessed. Additionally, bed shear 

stresses measured using four different methods were compared. Results of the 

successful application of this new system are presented in this paper through a case 

study of a shallow estuarine system. 

3.2 Theoretical Background 

The flow of water near a solid boundary has a distinct structure called a boundary layer. 

An important aspect of a boundary layer is that the velocity of the fluid (u) goes to zero 

at the boundary. At some distance above the boundary the velocity reaches a constant 

value (Figure 3.1) called the free stream velocity u∞. Between the bed and the free 

stream, the velocity varies over the vertical co-ordinate. The height of the boundary 

layer, δ, is typically defined as the distance above the bed at which u(δ) = 0.99u∞ (see 

Figure 3.1) (Douglas et al., 1986). 
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Figure 3.1: Typical velocity and shear stress distribution within different flow regions (layer 

thickness is not to scale) of a turbulent bottom boundary layer. 

The BBL can be subdivided into four regions (see Figure 3.1): (1) viscous sub-layer 

(thickness δv) representing a thin laminar flow layer just above the bottom – in this layer 

there is almost no turbulence and the viscous shear stress is constant; (2) transition 

layer, where viscosity and turbulence are equally important and the flow is turbulent; (3) 

turbulent logarithmic layer, where the viscous shear stress can be neglected and the 

turbulent shear stress is constant and equal to the bottom shear stress; and (4) turbulent 

outer layer, where velocities are almost constant because of the presence of large eddies, 

which produce strong mixing of the flow and shear stress gradually reducing to zero at 

the free stream (outer edge of the boundary layer). In a well-mixed fully developed 

turbulent flow over a rough channel bed, the outer turbulent layer covers approximately 

80 per cent of the BBL thickness (Granger, 1985). 

A typical phenomenon of turbulent flow is the fluctuation of velocity. The instantaneous 

velocity consists of a mean and a fluctuating component, and can be written as follows: 

wwWandvvVuuU  ,  (3.1) 
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where U, V and W are instantaneous velocities; u, v and w are time-averaged velocities; 

and u′, v′ and w′ are instantaneous velocity fluctuations in longitudinal, transverse and 

vertical directions, respectively. Shear stress in laminar flow is defined as: 

dz

du
v    (3.2) 

where τv is the viscous shear stress; ρ is the density of fluid; ν is the kinematic viscosity 

of fluid; and z is the elevation above the bed. On the other hand, shear stress in turbulent 

flow is defined as: 

2









dz

du
t   (3.3) 

where τt is the turbulent shear stress, and η is a turbulent mixing coefficient (often called 

eddy viscosity). The eddy viscosity η is not a property of the fluid like ρ and ν, but is a 

function of the velocity. Turbulent velocity fluctuations generate momentum fluxes 

resulting in shear stresses (called Reynolds stresses) between adjacent parts of a flow 

(Tennekes and Lumley, 1972). The Reynolds stress (turbulent shear stress) is defined 

as: 

wut    (3.4) 

This can be measured with high precision velocity recording devices such as ADV and 

Laser Doppler Systems. Turbulence shear stress equals the bed shear stress when 

measured within the constant shear stress region (Figure 3.1). 

Prandtl (1926) introduced the mixing length concept and derived the logarithmic 

velocity profile (also known as von-Kármán – Prandtl equation) for the turbulent 

logarithmic layer as 

   









0

* ln
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zu
zu


 (3.5) 
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where *u  is the shear velocity defined as 

 bu * ; b  is the bed shear stress; 0z  is the 

elevation where velocity is zero, usually known as roughness height; and   is the von-

Kármán constant = 0.4. Various expressions have been proposed for the velocity 

distribution within the transitional layer and the turbulent outer layer, none of which is 

widely accepted (Granger 1985; Crowe et al., 2005). However, by modifying the mixing 

length assumption, the logarithmic velocity profile also applies to the transitional layer 

and the turbulent outer layer. Under such conditions, measurement and computed 

velocities show reasonable agreement. Therefore, we have assumed a turbulent layer 

with the logarithmic velocity profile covers the transitional layer, the turbulent 

logarithmic layer and the turbulent outer layer (Figure 3.1). Once detailed velocity 

measurement over a water column is available, the time-averaged velocities of the BBL 

can be fitted to the logarithmic velocity profile (Equation (3.5)), and the unknown 

parameters (shear velocity and roughness height) can be estimated. Furthermore, bed 

shear stresses can be estimated by using several other methods utilising the velocity 

fluctuations (e.g. Kim et al., 2000; Pope et al., 2006). 

3.3 Methods and Materials 

3.3.1  Techniques for estimating bed shear stress 

Commonly-employed techniques to estimate bed shear stress from velocity 

measurements include: (1) Log-Profile (LP); (2) Reynolds stress (RS); (3) Turbulent 

Kinetic Energy (TKE); and (4) Inertial Dissipation (ID) methods. The suitability, 

assumptions and limitations of these methods have been critically reviewed by Kim et 

al. (2000) and Pope et al. (2006). These authors concluded that the TKE approach was 

the most consistent and offered most promise for future development. However, they 

have suggested simultaneous use of several methods to estimate bed shear stress where 

possible, as all of these methods have both advantages and disadvantages; in this way, 

likely sources of errors can be identified. 

The LP method fits velocity and height data into the von-Kármán – Prandtl equation 

(Equation (3.5)) and estimates shear velocity and roughness height. The shear velocity 

is used to calculate bed shear stress from 



Chapter III A traversing system to measure hydraulic properties 

Ayub Ali  61 

2
*ub    (3.6) 

One of the main problems with this law of the wall approach (LP method) is that the 

theory is strictly valid only for steady flows (Cheng et al., 1999; Pope et al., 2006). 

Another fundamental feature of the LP method is that it is critically dependent upon 

precise knowledge of the elevations above the bed at which the sequence of current 

velocities are measured (Kabir and Torfs, 1992; Biron et al., 1998). While this may be 

straightforward for very smooth, fine-grained, abiotic sediments, this can be 

considerably problematic in the case of natural estuarine systems where grain size 

variation, bed forms and biota may conspire to increase bed roughness and make precise 

determination of elevation less certain (Kabir and Torfs, 1992; Wilcock, 1996). 

The RS approach (Equation (3.4)) may appear to represent a suitable method of 

estimating bed shear stress for fully turbulent flow with a large Reynolds number (Dyer, 

1986), and for cases where measurements close to the bed are available. However, it has 

been shown that this method may also be largely unsuitable in field or laboratory studies 

because of errors arising from any tilting of the velocity measuring device or to 

secondary flows (Kim et al., 2000). Moreover, the measurement must be within the 

turbulent logarithmic layer (constant stress region), and where density stratification is 

not important. 

Turbulent Kinetic Energy (TKE) is the absolute intensity of velocity fluctuations from 

the mean velocity, i.e. the variances of the flow within an XYZ co-ordinate system, and 

is defined as: 

 222 '''
2

1
wvuTKE    (3.7) 

Simple relationships between TKE and shear stress have been formulated in turbulence 

models (Galperin et al., 1988), while further studies (Soulsby and Dyer, 1981; Stapleton 

and Huntley, 1995) have shown the ratio of TKE to shear stress is constant, i.e.: 

TKECt 1  (3.8) 
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The proportionality constant C1 was found to be 0.20 (Soulsby and Dyer, 1981), while 

C1=0.19 has been adopted by others (Soulsby, 1983; Stapleton and Huntley, 1995; 

Thompson et al., 2003). The main advantage of the TKE method over the LP method is 

that it does not require accurate knowledge of elevation above the bed, and is therefore 

less sensitive to conditions, where sediment erosion and deposition can alter sediment 

levels by several millimetres or more. Furthermore, in inter-tidal field studies some 

tilting of the acoustic sensor is almost inevitable, and this method is less sensitive to 

tilting. However, there are some potential disadvantages to the use of the TKE method. 

Firstly, the exact limits and dimensions of the sampling volume must be known so when 

measurements are made within the BBL (near the bed) the sampling volume is not 

mistakenly positioned partially within the bed (Finelli et al., 1999). Secondly, an 

inherent feature of all Doppler-based backscatter systems is Doppler noise, which is 

attributable to several sources, including positive and negative buoyancy of particles in 

the sampling volume; small-scale turbulence (at scales less than that of the sampling 

volume); and acoustic beam divergence, which in total may lead to high-biased 

estimates of turbulent energy from Acoustic Doppler devices (Nikora and Goring, 

1998). Finally, accelerating and decelerating flows can cause errors in the TKE 

approach just as in the LP method. However, this may be corrected by detrending the 

velocity time-series. Similar to the second technique, the measurement must be taken 

within the turbulent logarithmic layer. Bed shear stress can also be estimated by using 

spectral analysis of turbulences and energy budgets. 

For a log layer, a first-order balance between shear production P and energy dissipation 

ε is a fair assumption (e.g. Tennekes and Lumley, 1972; Nakagawa and Nezu, 1975) 

0

 

z

u
wuP  (3.9) 

Taking 2
*uwu   from the Reynolds stress method (Equation 3.4) and 

z

u

z

u


*


  from 

the LP method (Equation (3.5)), we have: 

  3
1

* zu   (3.10) 
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The energy dissipation ε can be estimated from the inertial sub-range of spectral density 

distribution of the velocity (Grant and Madsen, 1986; Gross et al., 1994) measured at 

height z. Then the shear velocity can be estimated from Equation (3.10). 

Most importantly, all of these methods require the measurement to be made within the 

constant stress turbulent logarithmic layer. The aforementioned four techniques were 

used in this study to estimate bed shear stress from velocity data. 

3.3.2 Technique for estimating roughness height and drag 
coefficient 

While fluid flows over a solid surface, it encounters friction termed as bottom friction 

(or bed roughness). The roughness height z0 is most often estimated from recorded 

velocity profiles (Equation (3.5)) while bed shear stresses can be computed using 

velocities at different points in the water column and the heights of those points with 

reference to the bed. The velocities and corresponding elevations measured from a 

water column are plotted onto a logarithmic graph, and roughness height z0 and shear 

velocity are obtained from curve fitting (Wilkinson, 1986; Bergeron and Abrahams, 

1992; Ke et al., 1994; Mathisen and Madsen, 1996). 

The drag coefficient is also used to represent the bed roughness in numerical models. 

The drag coefficient CD (at a referenced height zr) can be calculated using roughness 

height z0 (Gross et al., 1999; Bricker et al., 2005) from: 
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0ln 
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  (3.11) 

which depends upon bed sediment grain size and bed-form geometry. Therefore, the 

roughness height and drag coefficient can be estimated from the traverser-collected 

velocity profiles. 

3.3.3  New traversing system 

Instrument set-up 

In order to easily and readily measure velocities within the BBL, a new traversing 

system comprising a flexible head ADV (Vector velocimeter; Nortek AS), an altimeter 
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(Tritech Digital Precision Altimeter; model PA500/6-S; Tritech International Ltd), and a 

DC underwater motor (model P00625; Seaeye Marine Ltd.) was assembled on a tripod 

(see Figure 3.2). The tripod was made from hollow (to reduce weight) and thin (to 

minimise the flow blocking effect) aluminium pipe. Along one leg of the tripod, a track 

was fitted along which a small cart ran. The ADV probe and the altimeter were attached 

to the cart, which was moved along the track using the motor (fitted on top of the 

tripod). Expendable wooden plates were also fitted under the legs to prevent the tripod 

from sinking into the ground. The ADV measured the water velocity (mean and 

turbulent components), while the altimeter determined the height of the sampling point 

above the bed. The ADV was connected to a laptop computer for the purposes of 

controlling and data logging. To reduce any blocking effects, the ADV sensor head was 

kept 120 mm away from the leg. The altimeter provided a 0–5 VDC analogue signal, 

which was calibrated against the height and read directly into the ADV, thus ensuring 

simultaneous height and velocity measurement. The traversing motor was operated 

using an external 12 VDC power supply and control cable. 

Power supply and 
control cable 

Data and 
communication 
cable 

Underwater motor 

Altimeter

ADV probe 
ADV main 
housing 

ADV battery case 

Track

Wooden plate 

Cart 

 

Figure 3.2: New traversing system. 
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The altimeter was attached vertically in a support frame on the cart and 120 mm away 

from a tripod leg (Figure 3.3). The ADV probe head was set 106 mm in front of the 

altimeter. Nortek (2004), the manufacturer of this ADV, reported the presence of weak 

spots close to the boundary where velocity data might be problematic. Initially the ADV 

was set up vertically looking downward; however, in this configuration the velocity data 

were found to be very noisy between 50 and 200 mm above the bed. To reduce the 

thickness of the problematic layer and to get closer to the bed, after testing various 

angles, a 45° inclination of the ADV head-unit with the vertical was selected. The 

sampling volume was 180 mm below the altimeter and 100 mm away from the ADV 

transducer. The main housing of the ADV in addition to its external battery housing was 

placed on a pipe screwed to the remaining two legs (see Figure 3.2). This helped to keep 

the ADV sensors pointing upstream when the instrument was lowered into the water 

column, thus minimising the frame blocking effect. Furthermore, data were only 

collected when the flow was approaching towards the frame. 

 

Sampling volume 

ADV probe 

Altimeter 
Support frame

Tripod leg 

ADV cable 

Altimeter cable 

120 mm

106 mm

180 mm 

100 mm

45° 

 

Figure 3.3: Schematic set-up of Altimeter and ADV probe. 

A special multi-cable was made to configure the instrumentation and view the data 

online. This consisted of four sub-cables, including: (1) an 8-pin cable connected to the 

ADV; (2) a 6-pin cable connected to the altimeter; (3) a 3-pin cable connected to the 
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underwater external battery (see Figure 3.2) for supplying power to the ADV and to the 

altimeter; and (4) an 8-pin data I/O cable connecting to the laptop on the boat. 

Overall, it was found the system can be used to measure the hydrodynamic properties at 

different heights up to 1 m from the bed with the accuracy of elevation of ±2 mm and 

the accuracy of velocity of ±0.5% of the measured value. 

Study site 

The traversing system was tested and used within Coombabah Creek (Figure 3.4), 

which is a 17 km long, moderately impacted (Cox and Moss, 1999; Lee et al., 2006; 

Benfer et al., 2007; Dunn et al., 2007) sub-tropical tidal creek. The creek catchment 

(area 44 km2) is urbanised with residential, commercial and light industrial 

developments. It flows through Coombabah Lake and ultimately discharges into the 

Gold Coast Broadwater, a vitally important coastal system both economically and 

recreationally within southern Moreton Bay, Queensland, Australia. Coombabah 

Creek’s northern bank is lined with mangroves, whilst most of its southern bank is lined 

with concrete and rock walls belonging to residential developments. The lower section 

of the creek has an average width of approximately 100 m and an average depth of 4 m, 

with relatively steep banks on its southern side and only a few exposed sand banks at 

low tide. However, the upper section is approximately 200 m wide, with an average 

depth of 1 m and many exposed sand/mud banks at low tide. Episodically large inputs 

of freshwater occur during periods of heavy rainfall, predominantly during summer 

periods. Benfer et al. (2007) reported that Coombabah Creek developed inverse estuary 

characteristics during the summer months when rainfall events did not occur. 

Altimeter calibration 

As mentioned previously, a critical aspect of velocity profile measurements within the 

BBL is an accurate knowledge of the heights at which the velocity measurements are 

made. For this reason an altimeter was incorporated into the traversing system. The 

altimeter was calibrated in a laboratory tank where we could readily and accurately 

measure distances. Altimeter signals (read and logged as counts by the ADV) were 
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calibrated in the lab against the height within a water tank, and the following 

relationship was found: 

72.5916.0  ba  (3.12) 

where a is the height of altimeter above the bed (mm) and b is the measured altimeter 

signal (count), with a coefficient of determination (R2) of 0.99. The count (b) was the 

mean of 2 min altimeter signals at a constant height (a) with 1 Hz frequency, while the 

height was measured manually with a scale ruler. The mean standard deviation of the 

altimeter signals was 13 counts (equivalent to 2 mm of altimeter height). The minimum 

height the altimeter could measure was 150 mm, a high level of noise was evident when 

the height was <100 mm; this limitation was a consequence of the operational nature of 

the altimeter. To overcome this problem on the traverser, the altimeter was set >180 mm 

from the bed at the lowest traverser height. 

Field measurement 

After the set-up was fully tested, the traversing system was taken and deployed within 

Coombabah Creek, Gold Coast Broadwater (Australia) for field measurements (see 

Figure 3.4). Measurements covered a full range of ebb current during a spring tide. The 

mean water depth was 2.5 m. Velocities were measured from at least five elevations 

above the bed, with more measurements near the bottom. Data were also collected while 

moving the cart up and down, with an average speed of 2.0 cm/s throughout the full 

traverser range, together with the point measurements. Six profiles were measured with 

30 min intervals taking 20 min to complete a single profiling cycle. A profiling cycle 

consists of the following steps: 

Step 1: Lower the traverser into the water column; 

Step 2: Align ADV probe along the streamline (pointing upstream); 

Step 3: Move ADV to a desired elevation; 

Step 4: Record data for two min; 

Step 5: Move ADV to a new elevation; 
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Step 6: Repeat steps 4-5 at least 5 times to complete a profile; 

Step 7: Move ADV to the lowest/ highest point; 

Step 8: Continue moving ADV up/down up to its limit; 

Step 9: Repeat steps 7-8 in opposite direction. 

This sampling routine permitted analyses of the different BBL property determining 

techniques. 

 

Figure 3.4: Location map of the study site, Coombabah Creek and its adjacent estuaries (adapted 

from Benfer et al., 2007). 

3.3.4 Data processing 

Initially, raw ADV data were processed using ExploreV software supplied with Nortek 

ADV systems (Version 1.55 Pro, Nortek AS). This software was used to rotate the 

measured velocity from XYZ co-ordinate system to stream-wise, transverse and vertical 

coordinate systems. The preset 45° inclination angle and ADV recorded heading, pitch 

Study site 
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and roll data were used to rotate the measured data. The direction of the main stream 

flow was measured at the site with a hand-held compass. Velocity data having a 

correlation score < 70, or Signal Noise Ratio (SNR) < 5, or velocity greater than three 

times their standard deviation were counted as a bad data. Less than 5% of all 

measurements were of sub-standard quality, and so were removed from further 

processing. Stationary ADV data were used to calculate mean velocities, variances, 

stresses and energy dissipation rates for the measurement points. These calculated 

parameters were then utilised in estimating the bed shear stresses by using four different 

methods. 
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Figure 3.5: Sample of measured and fitted velocity profiles: (a) stationary ADV; and (b) moving 

ADV. 

The four distinct methods described earlier in this paper were used to calculate the bed 

shear stresses with stationary ADV data. The mean velocities and their elevations were 

fitted into the logarithmic profile (Equation (3.5)); and shear velocity and roughness 

height were estimated for each profile (see Figure 3.5a). Some points measured within 

the weak spots or outside of the logarithmic layer were excluded from the Log-Profile; 

however, at least four points were used for a profile. Next, the shear velocity was used 
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to calculate bed shear stress using Equation (3.6). The estimated roughness height z0 

was used in Equation (3.11) to calculate drag coefficient and the standard height of 1 m 

was used as the reference height in this equation. 

Turbulent shear stresses at various heights were estimated using Equations (3.4), (3.7) 

and (3.8). Energy dissipation rates (along with their heights) were used in Equation 

(3.10) to estimate the shear velocity, u*. Estimated shear velocity was then used in 

Equation (3.6) to calculate the bed shear stresses. 

Therefore, the RS and the TKE methods provided shear stresses at different heights, and 

the shear stress in the constant stress layer was considered as the bed shear stress. On 

the other hand, the ID and the LP methods provided bed shear stresses directly. 

Moving ADV data were utilised only in the logarithmic profile for calculating bed shear 

stress and roughness height; and subsequently drag coefficient. After removing the sub-

standard data, velocities and elevations were fitted into Equation (3.5), similar to 

stationary ADV data (Figure 3.5b) and; shear velocity and roughness height were 

estimated. The estimated roughness height z0 was used in Equation (3.11) to calculate 

drag coefficient. 
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Figure 3.6: Time series of measured and estimated parameters: (a) tidal level; (b) mean velocity; 

(c) bed shear stress; (d) roughness height; and (e) drag coefficient. 

3.4 Results and Discussion 

Three sets of velocity and height data were measured for each profiling cycle: (1) 

keeping the ADV probe stationary at different heights; (2) moving the ADV probe 

upward; and (3) moving the ADV probe downward; to fit with the logarithmic profile. 

The flow properties were assumed to be steady during a profiling cycle, as it took a 

maximum of 20 min to complete the profiling cycle. Hence there are three sets of bed 

shear stress, roughness height and drag coefficient data available for each profiling 

cycle (Figure 3.6). Tide levels during the measurements are also shown in Figure 3.6 for 

the same time frame. Figure 3.6 shows that the bed shear stress follows the trend of the 

mean velocity; that is, high bed shear stresses during high flows and low bed shear 

stresses during low flows. Bed shear stress varied in the range of 0.43–0.56 N/m2 for 

velocities from 0.20–0.25 m/s. Results are fairly consistent with that reported by Cheng 

et al. (1999) for South San Francisco Bay; Kim et al. (2000) for York River Estuary; 
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and Sherwood et al. (2006) for Grays Harbor in Washington (silty bed estuaries). It can 

be seen that variations in bed roughness heights and drag coefficients are very small 

during the measurement period, which implies there was no significant change of bed 

material and bed forms during the ebb tide measurement period. Similar mean velocity, 

bed shear stress, roughness height and drag coefficient estimates were derived for 

stationary and moving ADV data. 
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Figure 3.7: Sample profiles of shear stress: (a) turbulent shear stress estimated by Reynolds 

stress and TKE methods; and (b) bed shear stress estimated by ID method using dissipation 

rates at different heights and the same by LP method; (turbulence within the shaded layer could 

not be measured due to ADV limitations). 

Turbulent shear stresses at different elevations (except within weak spots) were 

determined using stationary ADV data, and are presented in Figure 3.7(a). On the other 

hand, bed shear stresses estimated from dissipated energy recorded at various heights 

are shown in Figure 3.7(b) with referenced heights. A brief summary of bed shear 

stresses estimated by all four methods is given in Table 3.1. It can be seen from Figure 

3.7(a) that the shear stresses from both the Reynolds stress and the TKE methods 

produced very similar shear stress variations. The highest shear stress was considered to 

be the bed shear stress; this was approximately 0.48 N/m2, and was observed at a height 

of about 160 mm above the bed. It then gradually reduced to about 0.20 N/m2 at a 

height of 1000 mm above the bed. Available shear stresses below 160 mm showed a 
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drastic reduction to one-fifth of the maximum value at about 20 mm above the bed. Bed 

shear stresses determined by the ID method (Figure 3.7(b)) provided quite similar 

values, with the average value being slightly lower than that from the LP method. The 

approximate height and thickness of flow layers during the study period were deduced 

from turbulent shear stress profiles (see Figure 3.7(a)). The turbulent outer layer was 

observed to start from approximately 160 mm above the bed, and extended beyond the 

measured layer. On the other hand, the thickness of the viscous sub-layer was less than 

20 mm, since turbulence was still present at the lowest recorded height (20 mm).We 

measured velocity data at least at one point from the constant stress layer (turbulent 

shear stress was maximum, and quite similar to the bed shear stress derived from the LP 

method) and observed that the constant shear stress layer extended up to 160 mm from 

the bed. It is vital to precisely locate the turbulent logarithmic layer in estimating bed 

shear stress with the Reynolds stress and the TKE methods in the absence of the vertical 

profile. 

Table 3.1: Bed shear stresses (N/m2) estimated by various methods. 

Profile LP 
Reynolds 

stress 
TKE ID 

1 0.44 0.55 0.39 0.25 

2 0.47 0.28 0.47 0.36 

3 0.56 0.60 0.56 0.45 

4 0.56 0.37 0.48 0.51 

5 0.50 0.45 0.36 0.33 

6 0.43 0.48 0.61 0.44 

Mean 0.49 0.46 0.48 0.39 

Std 0.06 0.12 0.10 0.09 

 

In summary, all four methods produced similar shear stress estimates. The mean bed 

shear stress estimated by the LP method was the highest (0.49 N/m2), followed by the 

TKE (0.48 N/m2) and the Reynolds stress (0.46 N/m2) methods. On the other hand, the 

estimated value derived by the ID method was the lowest (0.39 N/m2). However, the 
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variations are not large, and all shear stress estimates are within the error bands. The LP 

method produced quite similar bed shear stresses (Std. 0.06 N/m2) from all profiles, 

while the Reynolds stress method produced a more scattered value (Std. 0.12 N/m2). 

Therefore, the LP method was the most consistent method in relation to the ID, TKE 

and Reynolds stress methods. 

The errors related to the shear velocity calculated from the logarithmic profile were 

estimated using Gross and Nowell (1983) formula: 
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where t is the Student’s t distribution for (1-α) confidence interval with n-2 degrees of 

freedom. Here n is the number of measurement points, and R is the regression 

correlation coefficient. An average error of ±30% with 95% confidence level was 

observed in shear velocity estimation. Moreover, Yu and Tan (2006) observed more 

than 3% difference of bed shear stress for 1 mm of error in height of near bed data. 

The standard errors of the shear stresses estimated using the Reynolds stress method 

was estimated using the following Sherwood et al. (2006) formula: 
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where uuC  and wwC  are autocovariances of u′ and w′; uwC  is covariance of u′ and w′; N 

is the degrees of freedom, equal to the number of statistically independent realisations 

of the turbulence field (Soulsby, 1983; Bendat and Piersol, 1986), which was estimated 

as: 

szf
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l
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N   (3.15) 

where T is the sampling period and is equal to n/fs, where n is the number of samples 

(=3840); and fs is the sampling frequency (32 Hz); l  is the turbulence length scale, 

which scales with z, measurement elevation; and |U| is the mean speed. The mean 
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standard error was 0.05 (10% of the bed shear stress), with a 95% confidence interval of 

0.09. Standard error of bed shear stress measured by ID method was estimated at 

various heights (see Figure 3.6(b)) using statistical formula and an average error was 

observed ±35%, with a 95% confidence limit. In the case of TKE, Garcia et al. (2006) 

predicted 26% of standard error from 32 sets of synthetic turbulent signal, which was 

validated with 80 sets of laboratory data. In addition to the statistical errors, there are 

several other sources of errors that were not determined in this study such as errors due 

to physical constraints of instrument (e.g. Doppler noise) and experimental set-up (e.g. 

tilting). In conclusion, all methods provided quite a similar value of bed shear stresses in 

view of associated error ranges. 

A few limitations to this system were observed from this study: (1) the velocity data 

between elevations of 50 and 150 mm above the bed were noisy due to weak spots 

(Nortek, 2004), although this data can be used in the LP method as the mean values 

were unaffected; (2) velocity very near the bed was underestimated when the ADV 

sample volume partially penetrated into the bed, as reported by other studies (this data 

was not analysed here); (3) maximum traversing range of a metre may not be enough to 

cover the full boundary layer under all conditions; and (4) a relatively flat bed is 

essential for the best system stability. Future developments aim to fully automate the 

system to add another  ADV so that, once deployed, the system can operate over a full 

tidal cycle. 

3.5 Conclusions 

This article described a new underwater traversing system that made estimation of bed 

shear stress and roughness height robust, and best use of all available techniques at the 

same time. The LP method was found to be the easiest and most useful, followed by the 

ID, TKE and RS methods for estimating bed shear stress within shallow estuaries and 

rivers. More importantly, the LP method estimated both bed shear stress and roughness 

height, both essential parameters for sediment (or pollutant) transport modelling at the 

same time, whereas the other three methods estimated only bed shear stress. Moreover, 

the other three methods require precise velocity measurement within the constant stress 

layer (within centimetres) near the bottom to determine the bed shear stress. Mean 
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velocity (after filtering noise) within the weak spot appeared reasonably accurate, and 

therefore was used in constructing the velocity profile. However, the same data could 

not be used for calculating turbulent shear stress due to the noise. 
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CHAPTER IV 

Numerical study of the hydrodynamics of a very 

shallow estuarine system - Coombabah Lake, 

Gold Coast, Australia 

Abstract 

Coastal wetlands and estuaries are important environments providing significant 

habitats for flora and fauna species – often supporting commercial and recreational 

fisheries. These systems also act as filters for contaminants and sediments, and the 

absorption of wave energy. As a consequence of the ecological significance and the 

potential for anthropogenic disturbances and inputs into Coombabah Lake estuary 

(Australia), the lake and surrounding wetlands have been the focus of recent scientific 

study efforts. This estuarine lake (~2 km2 in size) is a very shallow (mean depth < 1 m) 

estuarine system that experiences a tidal range of 1.2 m, thus resulting in the continual 

exposure of large mud flats at low tide. Variations in water column physio-chemical and 

biological parameters and nutrient concentrations of the benthic sediments have 

previously been attributed to the hydrodynamic regime, hydrologic events, and sediment 

sources. In this study, a three-dimensional (3D) hydrodynamic model with unstructured 

mesh is setup to simulate the hydrodynamic regime and Bottom Boundary Layer (BBL) 

properties. In particular, the sensitivity of calibration parameters for a very shallow 

estuarine model is investigated. Model results are verified by recent intensive 

measurements. The hydrodynamic regime of the lake was found to be favourable for 

settlement of suspended sediments. The results reveal the necessity to correctly measure 
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and use the appropriate bathymetry and bed roughness conditions in the numerical 

scheme for very shallow environments. 

4.1 Introduction 

Estuaries are of immense importance to many communities. It has been estimated that 

60 to 80 % of the commercial marine fisheries resources depend on estuaries for part of 

or all of their life cycle (Klen, 2006). The characteristics of estuarine flow and sediment 

transport patterns are important as they play a critical role in the functionality and health 

of these systems. When bottom sediment is resuspended, trace metals, nutrients and 

organic contaminants are released into the water column, which in turn can limit the 

amount of light entering the water and reduce water quality (Morris and Howarth, 

1998). Sediment settling can inhibit channel continuity by deposition in navigational 

areas. If any of these issues creates a significant problem, management strategies must 

be developed and implemented in order to rectify the situation and/or preserve the 

environment in a healthy state. These strategies usually involve the development of 

numerical models that must be based on sound scientific principles. However, many 

knowledge gaps still exist - resulting in most models relying on the use of 

approximations when determining boundary conditions and sediment transport 

dynamics. 

The mechanisms that control the transport, resuspension and deposition of the fine 

suspended sediments or contaminants in tidal estuaries are extremely complex. They are 

directly influenced by highly variable hydrodynamic conditions near the bed and the 

characteristics of the transporting material itself. There have been many investigations 

of near-bed flows, resuspension and transport of sediments under natural field 

conditions, with the majority of these have involved non-cohesive sediments [e.g. 

(Soulsby et al., 1994) offshore sites (Williams et al., 1999; Nikora et al., 2002) or 

coastlines dominated by wind wave effects (Davies, 1985; Conley and Griffin, 2004)]. 

However, many estuaries have regions dominated by tidal mudflats. A quantitative 

understanding of sediment/contaminant transport is of fundamental importance for 

many engineering applications. However, the current theories describing its behaviour 

require further development (Black et al., 2002). This issue is also important for 
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ecological applications because suspended sediments may affect the health of aquatic 

ecosystems by degrading water clarity, transporting pollutants and smothering of the 

benthic communities. An accurate hydrodynamic model is a pre-requisite for simulating 

sediment/contaminant transport in aquatic systems. 

As a consequence of the ecological significance and the potential for anthropogenic 

disturbances and inputs into Coombabah Lake, the lake and surrounding wetlands have 

been the focus of recent scientific effort (e.g. Hollingsworth and Connolly, 2006; Dunn 

et al., 2007a, 2007b and 2008; Knight et al., 2008; Ali et al., 2009). Dunn et al. (2007b) 

have investigated intratidal variability of physio-chemical and biological parameters in 

the Coombabah Lake and attributed the variations to the input sources, hydrodynamic 

regime, freshwater input, and tidal cycles. 

The aim of this study was to set up a three-dimensional model and to simulate the 

hydrodynamic regime, in particular the BBL hydrodynamic properties in order to 

develop a better understanding of the sediment/contaminant transport processes within 

Coombabah Lake, Gold Coast, Australia. The sensitivity of calibration parameters of a 

very shallow estuarine model is investigated and discussed. The model is verified by 

intensive measurements made within the lake system itself. 
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Figure 4.1: Location map of study site (left) and bathymetry of Coombabah Lake including measurement stations (right). 
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4.2 Study site 

Coombabah Lake is a sub-tropical estuarine system situated in southern Moreton Bay, 

south-east Queensland (Australia) (Figure 4.1), one of the fastest growing regions in the 

developed world (Skinner et al., 1998). The lake covers ~ 2 km2 (GHD, 2003) with an 

urbanised catchment area of 44 km2 characterized by residential, commercial and light 

industrial developments. The lake is a shallow body of water characterized by fine 

sediments (Dunn et al., 2007a; 2008) and located in the mid-tidal region of Coombabah 

Creek. The creek enters into the lake at south-west side (hereby referred to as the creek 

mouth) and leaves the same from the north-east side (hereby referred to as the lake 

entrance). Ultimately, Coombabah Creek discharges into the Gold Coast Broadwater, 

within southern Moreton Bay (Dunn et al., 2007b). With the exception of shallow 

channels, Coombabah Lake is characterised by a relatively flat bathymetry, with mean 

depths from 0 to 1 m. During periods of low water, large portions of the benthic lake 

sediments become exposed. Episodically large inputs of freshwater occur during periods 

of heavy rainfall, predominantly during summer periods. Despite its modest dimensions, 

Coombabah Lake is ecologically significant - being a valuable and recognized fish and 

migratory bird habitat. Dunn et al. (2008) carried out bed material analysis of the lake 

and concluded that the lake was dominated by mud (<63 μm) in the southern (landward) 

and sand (>63 μm) in the northern (seaward) regions. 

4.3 Methods 

4.3.1  Field Measurement 

A field measurement campaign was conducted within Coombabah Lake from 1 to 10 

November 2005. Tide levels were measured at eight stations (1-8) distributed over the 

entire lake (Figure 4.1) utilizing CTDs (NXIC-CTD; Falmouth Scientific, Inc.). 

Velocities were also measured at 30 cm above the bed at Stations 1 and 8 using Nortek 

ADVs (Vector velocimeter; Nortek AS). Station 1 had the maximum influence of 

freshwater flow; on the other hand, Station 8 had the maximum tidal influence. Station 8 

also represents the deepest point within the lake followed by Station 4 and Station 1, 

which remain under water almost all the time. On the other hand, Station 5 represents 

the shallowest point followed by Station 7, which become dry during all low tides. 
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Stations 2, 3 and 6 become dry only during spring tide lows. Bathymetry of the lake was 

measured by high accuracy (horizontal error < 0.50 m and vertical error < 0.20 m) hand-

held GPS. However, the GPS was fitted on a pole and the bed level was measured from 

a boat. Therefore, the vertical error can be up to 0.50 m. Bathymetric points were very 

dense (spacing about 1.0 m) in steep areas and sparse (spacing about 100 m) in flat 

areas. A temporary weather station was also installed on a houseboat anchored within 

the lake during the study. 

Another field study was conducted on 13 November 2007 to estimate bed shear stress 

and bed roughness within Coombabah Lake. A new traversing system was utilized to 

measure vertical velocity profiles at Stations 1, 4, 8, 9 and 10 during an ebb tide. The 

velocity and elevation data were fitted into the Prandtl’s Logarithmic velocity profile 

(Prandtl, 1926). Shear velocity (u*) and bed roughness height (z0) were estimated from 

the best fit curve. Subsequently, the shear velocity and roughness height were utilized to 

calculate bed shear stress (τb=ρu*
2, where ρ is the density of water) and roughness length 

(ks=30z0) respectively. Thus calculated bed roughness lengths were utilized in 

calibration and bed shear stresses were utilized in verification of the model. 

4.3.2  Numerical Model 

A three-dimensional flexible mesh modelling system MIKE3 FM (DHI, 2008) was 

employed to simulate hydrodynamic properties with particular emphasis upon the 

investigation of the BBL. A horizontally unstructured grid was used with larger cells 

within flat areas and smaller cells within narrow channels. The cells were triangular in 

shape with approximately 1800 m2 for the largest and approximately 400 m2 for the 

smallest sizes amounting to 1548 cells in total. A vertically structured bottom-fitted 

sigma grid system was used with eight layers of variable thickness. The layers were 

thinner near the bottom for comparison with the observed data. Predicted tide levels 

with seasonal correction were applied as open boundary conditions. Measured time 

series of precipitation, evaporation and wind were applied as other forces in the model. 

A source point was also added at the creek mouth (Easting 534285 m, Northing 

6911760 m) to represent the flow from the upstream of Coombabah Creek. Flow of the 

source was estimated from the measured velocity at Station 1 multiplied by average 

depth and width of the creek. 
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4.4 Results and Discussion 

4.4.1  Field Data 

The lake experiences a mixed tidal regime, mainly of a semidiurnal nature. During the 

2005 study, wind conditions were generally moderate but highly variable, ranging from 

2 to 20 km/h with the average wind speed of 7 km/h and directed from south or south-

east (blowing from the creek mouth to the lake entrance) (Ali et al., 2009). Light rainfall 

was recorded every day except on 7 November. Rainfall increased gradually from 0.5 

mm/day on 1 of November to 18 mm/day (the maximum) on 6 of November. 

Evaporation varied between 5 and 10 mm/day, which is greater than the annual regional 

average (3.5 mm/day), and even greater than the monthly average for the same periods 

in other years (5 mm/day) recorded by the Australian Bureau of Meteorology (2007). 

Air pressure was dropped by approximately five millibar (mbar) during this period. 

 Bed shear stresses and bed roughness heights observed within Coombabah Lake-Creek 

system are presented in Table 4.1. Observed data shows bed shear stresses within the 

lake are significantly (by more than an order) less than that of the creek and lake 

entrance channel. Bed shear stresses within the lake increased almost geometrically 

along the main flow path landward to seaward from 0.02 N/m2 to 0.12 N/m2. The bed 

shear stresses within the creek also varied along the reach, high (0.78 N/m2) at the lower 

reach near model open boundary and low (0.55 N/m2) at the upper reach near lake 

entrance. The variations in bed shear stresses were expected since it depends on the 

flow velocity which is low in the upper reach and high in the lower reach within a tidal 

estuary if cross-sectional areas are the same. On the other hand, bed roughness was very 

similar all around the lake and the creek, though the bed materials are different (Dunn et 

al., 2008). The roughness length (ks) varied slightly, between 0.10 m and 0.13 m. 

Table 4.1: Observed bed shear stress and bed roughness length. 

Station 
Bed shear stress, τb 

(N/m2) 
Roughness length, ks 

(m) 
1 0.02 0.11 
4 0.06 0.13 
8 0.12 0.12 
9 0.55 0.11 
10 0.78 0.10 
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Bed shear stresses and bed roughness lengths were measured during ebb tide because of 

field constraint. The lake is very shallow and did not allow our boat to move freely for 

more than an hour. Therefore, the traverser was moved to Station 1 during flood tide 

and started measurement immediately after starting of the ebb tide to avoid the boat to 

be stranded. However, bed shear stresses and bed roughness lengths were assumed to be 

very much similar during flood and ebb tides when there is no rainfall. 

4.4.2  Model Calibration 

The model was calibrated against water levels and velocities measured from 1-10 

November 2005. Bathymetric correction, bed roughness and eddy viscosity were tuned 

in the calibration processes. Correlation coefficients between simulated and measured 

water levels and velocities were used as model performance indicators. To examine the 

sensitivity to possible errors in the measured bathymetric levels the lake bathymetry was 

artificially lowered from 0 to 0.25 m in 0.05 m increments. The correlation coefficients 

between observed and simulated time series data were compared. The highest 

correlation was observed to occur when the bed was lowered by 0.15 m with respect to 

the measured elevation (Figure 4.2). However, a ±0.20 m error in bathymetric 

measurements is usual (Chia-chyang and Hsing-wei, 2003). Water levels at Stations 3 

and 4, and velocity at Station 8 showed continuous improvement up to the maximum 

(0.25 m) lowering. In contrast, water level at Station 7 slightly deteriorated when bed 

level was lowered. The average correlation coefficient improved by 0.06 for a bed level 

lowering by 0.15 m. This shows how critical it is to get the Digital Elevation Model 

(DEM) correct for such shallow systems. Deeper systems are certainly not as sensitive 

to such elevation errors due to a greater volume/depth ratio. 
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Figure 4.2: Correlation coefficients between observed and simulated water levels and velocities 

for various bed level lowering. 

 The model was also tested against a series of bed roughness values. A range of 

roughness length from 0.02 m to 0.20 m (constant over entire model domain) was 

utilized in the calibration process. It was found to be the second most sensitive 

calibration parameter to the model. The observed roughness length 0.10 m (constant 

over the entire model domain) provided the best result. A bed roughness map generated 

based on the grain size distribution (0.06 m for muddy area and 0.12 m for the sandy 

area) was also tested and found the results quite similar to the constant roughness 0.06 

m. However, almost all the measurement stations were located within muddy areas 

where the roughness did not vary on the roughness map. Similarly, the model was tested 

with various eddy viscosities and was found relatively less sensitive to it. The 

correlation coefficient changed by 0.02 when the eddy coefficient was changed by an 

order of 2. Finally, the k-ε eddy formula was selected with default values (DHI, 2008) 

of various parameters. Therefore, numerical models of shallow estuaries are highly 

sensitive to bathymetric accuracy followed by bed roughness and eddy viscosity. 
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Figure 4.3: Comparison of tide level (top) and velocity (bottom) at Station 1. 

Simulated water levels and velocities at Station 1 are compared with the measured data 

on Figure 4.3. Quite good agreement was observed between simulated and measured 

water levels. However, the simulated velocity was slightly low during both flooding and 

ebbing tides. Very low bed roughness (0.02 m) slightly improved velocity calibration 

but significantly deteriorated water level calibration. In general, the model reproduced 

the field water level and velocity quite well. 
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4.4.3  Simulation Results 

The numerical model described previously was utilized to analyse the hydrodynamic 

regime of the lake particularly the flow distribution within the lake. A snapshot of 

velocity vectors (Figure 4.4) shows a number of eddy circulations were generated at the 

onset of flood tide. Figure 4.4 shows the flood tide already travelled up to the middle of 

the lake through the left channel while the main channel experiencing ebb tides. More 

importantly, an eddy around the large island reveals the existence of flood and ebb 

dominated channels within the lake. The flow distribution between the main channel 

and the left channel near the lake entrance are plotted on Figure 4.5 to compare their 

conveyance capacities. Simulated results reveal the total flow is distributed by 60% and 

40% between main channel and left channel, respectively. Figure 4.5 also demonstrates 

that the ebb tide takes longer time than the flood tide. On the other hand, the flood flow 

is stronger than the ebb flow. As a result, the flood tide can carry relatively more and 

heavier sediments than the ebb tide. The strong flood tide brings marine borne 

sediments (especially sand) into the lake entrance. 
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Figure 4.4: Simulated flow field at the onsets of flood tide. 
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The three-dimensional model facilitated estimation of bottom boundary layer properties 

such as bed shear stress and Turbulent Kinetic Energy (TKE). Simulated bed shear 

stresses (Figure 4.6) matched quite well with observed value (see Table 4.1). Figure 4.6 

shows bed shear stresses around the mud dominated inner lake areas are an order of 

magnitude lower than that of the sand dominated lake entrance. Therefore, the 

hydrodynamic regime of the lake is conducive for the catchment generated suspended 

sediments to settle on the lake bed. The model replicated vertical TKE profile 

reasonably well except a region around mid-depth (Figure 4.7) where simulated value is 

approximately 50% higher than the observed value. However, the observed value may 

contain approximately 30% errors in it (Garcia et al., 2006). Moreover, the model itself 

inherits a number of uncertainties (Huang et al., 2001). 
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Figure 4.5: Simulated flow through bifurcation channels at Lake entrance (positive seaward). 
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Figure 4.6: Simulated bed shear stress at ebb tide. 
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Figure 4.7: Observed and simulated turbulent kinetic energy. 
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4.5 Conclusions 

Both observed and simulated velocity supports the classical tidal pumping of sediments 

landward within Coombabah Lake. The hydrodynamic regime of the lake is also 

conducive for the catchment generated suspended sediments to settle within the lake. 

Similar to Yang and Khangaonkar (2008), this study found an accurate bathymetry is 

the most important parameter for modelling hydrodynamics particularly within shallow 

estuaries. Bed roughness was found as the second most important parameter in the 

modelling exercise for this region. 
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CHAPTER V 

Sediment dynamics of a very shallow subtropical 

estuarine system – Coombabah Lake, Gold 

Coast, Australia 

Abstract 

This study investigated the sediment dynamics of a very shallow subtropical estuarine 

lake. Total suspended solids (TSS) concentrations, turbidity, salinity, and tide levels 

were measured at eight stations within the lake. In addition, velocity data were collected 

from two of the above eight stations. Meteorological data were also collected on-site 

during the study period. Data were analysed to determine the dominant sediment 

dynamic processes within the lake. Sediment transport was simulated using a three-

dimensional numerical model to understand the influence of various physical processes. 

Sediment dynamics of the lake were found to be dominated by advection process driven 

by tides with wave and wind playing minor roles. Simulation results agreed well with 

field data and supported the aforementioned findings. Correlation between TSS and 

turbidity was also investigated and found very poor; therefore, the employed automatic 

data logging system (turbidity meters) was determined inappropriate for the estimation 

of TSS concentration in the very shallow subtropical estuarine system and that future 

studies, or those in similar systems, requires a different approach. 
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5.1 Introduction 

Estuaries are of immense importance to many communities. It has been estimated that 

60 to 80 % of commercial marine fishery resources depend on estuaries for part or all of 

their life cycle (Klen, 2006). The characteristics of estuarine flow and sediment 

conditions are important as they play a critical role in the functionality and health of 

these systems. When bottom sediment is resuspended trace metals, nutrients and organic 

contaminants can be released into the water column, which in turn can limit the amount 

of light entering the water and reduce water quality (Morris and Howarth, 1998). This 

issue is important for ecological applications because suspended sediments may affect 

the health of aquatic ecosystems by reducing water clarity, transporting contaminants 

and smothering benthic communities (Wood and Armitage, 1997; Morris and Howarth, 

1998; Yamada and Nakamura, 2002; Norkko et al., 2006). If any of these issues create 

significant problems, management strategies must be developed and implemented in 

order to rectify the situation and/or preserve the environment in a suitable state. Such 

strategies usually involve a detailed understanding of the physical processes, in 

particular the sediment dynamics within the estuary determined from observed data and 

numerical models (e.g. van Maren and Hoekstra, 2004; Lopes et al., 2006; Ralston and 

Stacey, 2007). 

Mechanisms which control the transport, resuspension and deposition of fine sediments 

(and sediment bound contaminants) in tide dominated estuaries are extremely complex. 

To date there have been many investigations of near-bed flows, resuspension and 

transportation of sediments under natural field conditions, with the majority of these 

involving non-cohesive sediments [e.g. (Soulsby et al., 1994) offshore sites (Williams et 

al., 1999; Nikora et al., 2002) or coastlines dominated by wave actions (Davies, 1985; 

Butt and Russell, 2000; Conley and Griffin, 2004)]. However, many estuaries have 

regions dominated by tidal mudflats. A quantitative understanding of 

sediment/contaminant transport is of fundamental importance for many engineering 

design and environmental decision making processes. However, current theories 

describing its behaviour require further development (Black et al., 2002). 

Fundamental differences exist in estuarine environments (e.g. estuary type, mixing 

structure, water depth and tidal influence) that directly affect the way in which tropical 
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and subtropical estuaries process material in comparison to temperate estuaries (Eyre, 

1998; Day et al., 1989; Alongi, 1998). Therefore, knowledge of sediment dynamics in 

tropical and subtropical estuaries is important for understanding global sediment and 

biogeochemical budgets (Booth et al., 2000). In contrast to the tropical region, climatic 

conditions (e.g. temperature, wind and rainfall) in subtropical region vary seasonally 

that influence the sediment transport, biological and geochemical processes in estuarine 

systems. 

Coombabah Lake, surrounded by two environmental reserves (Coombabah Lake Nature 

Reserve and the Ivan Gibbs Wetland Reserve), is an area of significant international 

importance under the Ramsar Convention on Wetlands and is classified as a Fish 

Habitat Area within the Moreton Bay Marine Park. The wetland serves as an important 

wildlife corridor between the Nerang State Forest and the coastline (Frank and Fielding, 

2004). Over the past five decades, human activities surrounding Coombabah Lake have 

altered significantly. Urban development surrounding the lake included the clearing of 

land for golf courses and the construction of a sewage treatment plant on the eastern 

margin of the lake. 

As a consequence of the ecological significance and the potential for anthropogenic 

disturbances and inputs into Coombabah Lake; the lake and surrounding wetlands have 

been the focus of recent scientific efforts (e.g. Frank and Fielding, 2004; Hollingsworth 

and Connolly, 2006; Dunn et al., 2007a and 2007b; Benfer et al., 2007; Burton et al., 

2008; Dunn et al., 2008; Knight et al., 2008; Ali et al., 2009a, 2009b; Ali and Lemckert, 

2009; and Dunn et al., 2009). Most efforts aimed at understanding the physical and 

biogeochemical processes within the lake. Dunn et al. (2007a) studied intra-tidal 

variability of selected water quality parameters and recommended intertidal and sub-

tidal assessment. Previously Ali et al. (2009a) quantified salt fluxes of Coombabah Lake 

and determined the dominant mixing processes of this estuarine system and 

recommended further modelling studies. Subsequently, Ali et al. (2009b) carried out a 

hydrodynamic modelling study of the lake to understand the hydrodynamics of 

Coombabah Lake. However, knowledge regarding sediment dynamics within the 

system is still poor. 
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This study utilised 10 days of hydrodynamic and suspended sediment data, and a three-

dimensional model with unstructured meshes utilising the MIKE3 FM (DHI, 2008a and 

2008b) modelling system, to provide an understanding of the sediment dynamics (more 

specifically; the primary source, distribution, settling, resuspension and transport of 

cohesive sediments) within Coombabah Lake (and the surrounding areas). The model 

simulated the sediment dynamics within the shallow intertidal lake in an attempt to 

identify sediment/contaminant transport processes. Furthermore, the sensitivity of bed 

roughness on TSS concentration was also examined utilizing the numerical model. 

5.2 Coombabah Lake 

Coombabah Lake is a subtropical estuarine system situated in Gold Coast, Queensland, 

Australia. The lake covers ~ 2 km2 with an urbanised catchment area of 44 km2 

characterised by residential, commercial and light industrial developments (GHD, 

2003). The lake (Figure 5.1(a)) is a shallow body of water characterized by fine 

sediments with the southern (landward) and northern (seaward) surface sediments 

dominated by mud (< 63μm) and sands (> 63μm), respectively (Dunn et al., 2007b, 

2008). The lake is located in the mid-tidal region of Coombabah Creek. During rainfall 

events creek waters enter the lake at the south-west side (hereby referred to as the creek 

mouth) and leave the lake from the north-east side (hereby referred to as the lake 

entrance). Ultimately, Coombabah Creek discharges into the Gold Coast Broadwater, 

within southern Moreton Bay. 

Coombabah Lake is hydrologically open and affected by tidal flux with a tidal range of 

less than 1 m and predominantly a semidiurnal mixed tidal regime (Ali et al., 2009a). 

The lake is fed from the southwest by Coombabah Creek, which meanders ~ 15 km 

from its headwaters in Nerang State Forest, through residential areas, and into 

Coombabah Lake. The creek exits the lake at its northern end and flows into Saltwater 

Creek before joining the Coomera River, which discharges into Moreton Bay to the 

west of South Stradbroke Island. 
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Figure 5.1: (a) Location map of the study site; and (b) Lake bathymetry with sampling (circle) and model boundary (triangle) locations (AHD means the 

Australian Height Datum). 

 

(a)
(b)
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Episodically, large inputs of freshwater occur during periods of heavy rainfall, 

predominantly during summer periods. During periods of minimal rainfall, peak 

velocities during flood/ebb tides at the creek mouth are ~ 0.25 m/s (Ali et al., 2009b). 

Alternatively, the peak velocity within the main channel near the lake entrance was ~ 

0.5 m/s during the same period because of the difference in tidal prism and channel 

geometry. The freshwater added to the lake via the Coombabah Creek was ~ 2.5 m3/sec 

during the study period. With the exception of shallow channels, Coombabah Lake is 

characterised by a relatively flat bathymetry (Figure 5.1(b)), with a mean depth of ~ 0.5 

m. During periods of low water, large portions of the surface sediments become 

exposed. 

5.3 Methods  

5.3.1  Field and Laboratory Measurements 

In situ measurements were conducted within Coombabah Lake from November 1 to 

November 10, 2005. Water depth, salinity and turbidity were measured simultaneously 

at eight stations (1-8) (Figure 5.1(b)) utilizing moored CTD probes (NXIC-CTD; 

Falmouth Scientific, Inc., Cataumet, Massachusetts). CTD sensors were positioned at 15 

cm above the bed and collected the data for 3.5 minutes (at a frequency of 10 Hz) in 

every 15 minutes. Of the lake sampling stations, Station 1 was most influenced by 

catchment flows (freshwater) in comparison to Station 8 which, was most influenced by 

the tidal (seawater) regime (Ali et al., 2009a, 2009b). Station 8 also represented the 

deepest point within the lake followed by Station 4 and Station 1, which all remained 

submerged for the majority of the time. Station 5 represented the shallowest sample 

location followed by Station 7, both of which become exposed during all low tides. 

Stations 2, 3 and 6 were exposed only during spring tide lows. 

Current data were collected at Stations 1 and 8 employing Acoustic Doppler 

Velocimeters (Vector velocimeter; Nortek AS, Rud, Norway) positioned 30 cm above 

the bed. ADV sensors collected the data at burst intervals of 30 minutes, at a frequency 

of 32 Hz and 4096 samples per burst. 

A water sample and associated turbidity recording was simultaneously collected at each 

station twice during a sampling event (once everyday). Water samples were collected 
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manually using a sample pole and 500 mL low density polyethylene (Nalgene) sample 

bottle from a small flat bottom research vessel. Turbidity values were recorded using a 

handheld Nephelometer (NEP 160 Turbidity meter, McVan Instruments Pty. Ltd.). 

Water samples and turbidity values were collected and measured at a depth ~ 30 cm 

below the water surface. However, the sampling points at the majority of the stations 

represented the mid-depth because total water depths were ~ 0.5 m. All stations were 

sampled daily during high tide throughout the study period because of access limitation. 

It took ~ 45 minutes to complete sampling at all stations. Great care was taken during 

vessel movement and sample collection to avoid both wave action and the resuspension 

of bottom sediments. Since filter tubes (filled with oil) supplied with the CTD were 

used in front of the pressure sensors, wave data were lost because of filtration. 

However, wave heights and wave periods were visually estimated at all stations during 

water sampling. In addition, water samples for the determination of TSS concentrations 

were also collected hourly for thirteen hours on November 4, 2005 in order to determine 

the tidal variations.  

To determine TSS, water samples were filtered through pre-weighed GF/F membranes 

(47 mm Ø, Millipore) and the membranes were air-dried in desiccators to constant 

weight (Balls, 1994). All TSS and the corresponding turbidity data were utilised to 

estimate correlation between the TSS and the turbidity. 

The bathymetry of the lake was also measured using a high accuracy (horizontal error < 

0.50 m and vertical error < 0.20 m) hand-held Trimble RTK GPS unit. Bathymetric 

points were very dense (spacing about 1.0 m) in steep areas and sparse (spacing about 

100 m) in flat areas. A temporary weather station was also installed on a houseboat 

anchored within the lake during this study. Meteorological conditions namely air 

pressure, solar radiation, humidity, rainfall, and wind speed and direction within the 

lake environment were recorded every 15 minutes during the study period using a data 

logging weather station (WeatherMaster 2000; Environdata). Daily evaporation was 

estimated from the collected meteorological data using a modified Penman equation 

facilitated within Environdata EasiAccess software supplied with the weather station. 
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5.3.2  Numerical Model 

A 3D flexible mesh modelling system MIKE3 FM (DHI, 2008a) was used to simulate 

sediment dynamics within Coombabah Lake. A horizontally unstructured grid was used 

with larger cells within flat areas and smaller cells within narrow channels. The cells 

were triangular in shape with ~ 1800 m2 for the largest and ~ 400 m2 for the smallest 

sizes, amounting to 1548 cells in total. A vertically structured bottom-fitted sigma grid 

system was used with eight layers of different thickness – thicker near the surface and 

thinner near the bed. The top three layers were equally spaced with each layer thickness 

of 0.2 times the total water depth, next three layers were equally spaced with each layer 

thickness of 0.1 times the total water depth and the bottom two layers were also equally 

spaced with each layer thickness of 0.05 times the total water depth. The hydrodynamic 

model is based on the solution of the 3D incompressible Reynolds averaged Navier-

Stokes equations, subject to the assumptions of Boussinesq and hydrostatic pressure 

(DHI, 2008a). MIKE3 FM uses a standard advection-diffusion equation for simulating 

transport of scalar quantities (e.g. salinity, suspended sediment). 

A water column experiences a shear stress at the surface and another shear stress at the 

bottom. Surface shear stress is caused by the wind and the bottom shear stress is caused 

by the bed roughness. Since surface and bottom shear stresses are important for 

hydrodynamics and sediment transport of shallow water systems, the wind shear stress 

and the bottom shear stress related formulas are documented herein. The wind shear 

stress is defined as (DHI, 2008a): 

1010 uucdas

    (5.1) 

where a  is the density of air; dc  is the drag coefficient of air; and  101010 ,vuu 


 is the 

wind speed 10 m above the water surface. The friction velocity associated with the 

surface stress is given by: 
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The drag coefficient can either be a constant or depend on the wind speed. The 

empirical formula used for the parameterisation of the drag coefficient is: 
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where ac , bc , au  and bu  are empirical factors. The default values for empirical factors 

ac = 1.255x10-3, bc = 2.425x10-3, au = 7 m/s and bu = 25 m/s (DHI, 2008a) have been 

used for this simulation. Transformation of shear stresses through the water column was 

modelled by using the k  vertical eddy viscosity formula (Rodi, 1984). The bed 

shear stress  bybxb  ,


 was determined by a quadratic friction law: 
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where x and y are horizontal co-ordinates; 0  is the reference density of water; fc  is the 

drag coefficient; and  fff vuu ,


 is the flow velocity at a distance bz  above the bed 

and the drag coefficient is: 
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where 4.0  is the von Kármán constant; 
300

sk
z   is the bed roughness length scale 

and sk  is the roughness height. 

Deposition occurs when the computed bed shear stress is less than the critical bed shear 

stress for deposition (a predefined value). On the other hand, erosion occurs when the 

computed bed shear stress is greater than the bed shear stress for erosion (another 

predefined value). For further details, readers are referred to the MIKE3 Users and 

Scientific Manuals (DHI, 2008a and 2008b). 
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A sediment transport model was setup for Coombabah Lake utilising a calibrated 

hydrodynamic model of Ali et al. (2009b). The hydrodynamic model was calibrated 

against water levels and velocities measured at Stations 1 and 8. Bathymetric correction, 

bed roughness and eddy viscosity were tuned in the calibration processes. 

The bed sediments may potentially be resuspended by surface shear stress in shallow 

lake systems. On-site measured wind data was utilised for the simulation of surface 

shear stresses. Sediment transport modelling depends to a greater extent on the bed 

shear stress, and the bed roughness (Whitehouse et al., 2000). In most cases, numerical 

models (e.g. MIKE3, ECOMSED) simulate bed shear stress from near bed velocity and 

bed roughness using Equations (5.4) and (5.5). In the present study, bed shear stress and 

bed roughness data collected by Ali and Lemckert (2009) from the lake-creek system 

was used as the boundary conditions. Sediments start to move when simulated bed shear 

stress is greater than a pre-defined critical bed shear stress and start to settle down when 

simulated bed shear stress is less than another predefined critical bed shear stress. 

Critical bed shear stresses for erosion and deposition differ based on bed composition 

and depositional history. Since the model utilised the measured bed roughness, it was 

not changed during sediment transport model calibration. However, sensitivity of bed 

roughness on sediment concentration was tested. 

Tide levels were predicted utilizing astronomical tidal constituents estimated by Ali et 

al. (2009a) near the open boundary of the model. Thus, predicted tide levels with a 

correction for low air pressure developed in this region during the study period, were 

applied as open boundary conditions. Measured time series of precipitation, evaporation 

and wind were applied as other forces in the model. A source point was also added at 

the creek mouth (See Figure 5.1(b); Easting 534285 m, Northing 6911760 m) to 

represent the flow from the upstream of Coombabah Creek. Flow of the source was 

estimated from the measured velocity at Station 1 multiplied by the mean depth and 

width of the creek. 

The sediment transport model was utilized to simulate cohesive sediment only. Constant 

sediment concentrations were used at the open boundary and at the source point. A 

constant bed roughness height (ks) of 0.1 m obtained from the hydrodynamic model 

calibration of Ali et al. (2009b) was utilized in this sediment transport model. 
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5.3.3  Data Analysis 

The relationship between TSS concentrations and turbidity was investigated using linear 

(Pearson) correlation analysis. No data was transformed. Statistical significance was set 

at α = 0.05. Statistical software used was SPSS for Windows (SPSS Inc.) version 11.5. 

5.4 Results and Discussion 

5.4.1  Field Data 

A mixed tidal pattern was observed in water depth, velocity and salinity data, with 

higher velocity and salinity ranges occurring during spring tides at both Stations 1 and 8 

(Figures 5.2(a-c)). The opposite trend was observed in the case of the tidal range, where 

lower ranges occurred during spring tide conditions, compared with the greater ranges 

observed during neap tide conditions. The spring semidiurnal tide also changed to a 

mixed type during neap tide conditions. Moreover, high water level during neap tide 

was higher than the high water level during spring tide period. Mean water depth and 

salinity were greater during neap tide conditions in comparison to the spring tide 

conditions (Figures 5.3(a-b)). Potential explanations of these peculiarities were twofold. 

Firstly, the presence of a low air pressure system that developed in the region during the 

neap tidal period resulted in an increase in water level by ~ 5 cm, and secondly, the 

occurrence of a recorded rainfall event within the lake catchment contributed increased 

freshwater flow into the shallow lake (see Figure 5.4). However, the actual rate of 

freshwater inflow is unknown. The increasing salinity trend was due to the added 

storage from the seawater, indicating the quantity of freshwater input was relatively 

small. Salinity of the lake followed the tide with high salinity during high tides and low 

salinity during low tides (Figure 5.2(c)). Alternatively, turbidity was lower during high 

tides and higher during low tides (Figure 5.2(d)). Observed turbidity at Station 1 was 

much higher (almost four times) than the turbidity observed at Station 8. On the other 

hand, salinity and flow velocity at Station 1 were lower than that of Station 8. 

Therefore, it can be concluded that the suspended sediments of the lake are catchment 

borne and enter the lake through the upper Coombabah Creek with catchment runoff. 

The turbid lake water mixes with relatively clear sea water during flood tides and 

propagates seaward during the ebb tide. In other words, relatively clear seawater pushes 
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back turbid lake waters and reduces suspended sediment concentration during the flood 

tide. Observed sediment data reveals that advection is the dominant process of 

transporting sediment within Coombabah Lake. Ali et al. (2009a) previously identified 

advection as the dominant process of transporting salinity within Coombabah Lake. 

Mitchell at al. (2008) also identified advection via tide as the dominating factor of 

solute transport in a similar case study in United Kingdom. In contrast to the water 

depth and salinity, mean turbidity at Station 1 was high during spring tide and low 

during neap tide (see Figure 5.3). The opposite trend was observed at Station 8, where 

low turbidity during spring tide and high turbidity during neap tides were observed. 

High tidal range during neap tide increased mixing and flushing capacities of the lake 

and therefore reduced the turbidity at Station 1 compared to the spring tide periods. 

Station 8 experienced high turbidity during neap tide because of high mixing with 

sediment laden catchment runoff. 
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Figure 5.2: Measured hydraulic and water quality data: (a) water depth; (b) flow velocity; (c) 

salinity; and (d) turbidity. 
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Wind conditions during the field campaign were generally moderate but highly variable, 

ranging from 2 to 20 km/h with a mean wind speed of 7 km/h directed from the south or 

south-east (blowing from the creek mouth to the lake entrance) (Figures 5.4(a-b)), 

which is the dominant wind direction for coastal south-east Queensland. Light rainfall 

was recorded every day except on November 7, 2005. Rainfall increased gradually from 

0.5 mm/day on November 1, 2005 to 18 mm/day (the maximum) on November 6, 2005. 

Air pressure also dropped by approximately five milibar (mbar) during this period. In 

general, waves were small with approximate height of 0.2 m and period of 2 seconds. 
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Figure 5.3: Tidally averaged hydraulic and water quality data: (a) water depth; (c) salinity; and 

(d) turbidity. 

Observed TSS concentrations within the lake varied temporally and spatially. TSS 

concentration was high during the spring tide period and low during the neap tide 

period. TSS gradually reduced by 50% (from 0.30 kg/m3 to 0.15 kg/m3) within a week 

during the study period (Figure 5.5). There were several reasons behind the reduction of 

TSS concentration. High tidal range during neap tide increased mixing and flushing 

capacity of the lake; thus reduced the TSS concentration within the lake. In addition, 
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high water depth during neap tide reduced the wave induced resuspension of bed 

sediments that also favoured the sediment settling process. 

Approximately 0.05 kg/m3 differences in TSS concentration was observed between two 

samples (Figure 5.5) collected from the same sites within a short time period (e.g. 

minutes apart) presumably as a result of the variability of TSS concentrations within the 

dynamic environment and to a lesser extent possible uncertainties in sampling and 

measurement processes. 
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Figure 5.4: On-site meteorological conditions: (a) wind seed; (b) wind direction; (c) rainfall; and 

(d) air pressure. 

Mean TSS concentrations over the study period at Stations 1, 2, 3, 4, 5, 6, 7 and 8 were 

0.236, 0.230, 0.281, 0.215, 0.228, 0.261, 0.266 and 0.166 kg/m3 respectively. Mean TSS 

concentrations reveal that landward and shallow stations experienced higher TSS 
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concentration compared with seaward and relatively deep stations. The highest TSS 

concentration was observed at Station 3. The lowest TSS concentration was observed at 

Station 8. Being located near the sediment source (creek mouth), Station 1 experienced 

slightly higher TSS concentration compared with other deeper stations. Increased TSS 

concentrations at the shallower stations resulted from sediment resuspension by waves 

and winds. 
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Figure 5.5: Observed TSS concentrations (two data almost at the same time represent two 

samples) and total water depth at Station 4. 

The turbidity against TSS concentration (Figure 5.6) shows an increasing linear 

relationship with several outlying points. The correlation between TSS and turbidity 

during this study was very poor (R2 = 0.48). However, the correlation was quite good 

for concentrations <0.25 kg/m3. The local and meteorological (e.g. wind and rainfall) 

influences on correlations were also examined. In an attempt to improve TSS and 

turbidity correlations, data were grouped for stations and dates; however correlations at 

individual stations remained poor. Coefficient of determination values varied between 

stations (R2 = 0.30; Station 6 to 0.68; Station 3). Day-wise data revealed a poorer 

correlation compared to station-wise data. Therefore, location was presumed more 

influential on TSS and turbidity correlations than meteorological parameters in this 
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region, particularly in shallow estuaries. There are many other factors that affect the 

correlation. Variations from the trend line are due to the highly individualistic nature of 

the water with different loadings of suspended material and varying ratios of organic 

and inorganic matter (Davies-Colley and Smith, 2001). These two parameters are also 

taken from different apparatus, so are susceptible to variance arising from analysing 

different samples and volumes of water (Obrador and Pretus, 2008). However, the data 

collected in this study is best described by an exponential curve (R2 = 0.66; Figure 5.6). 

The correlation was still poor compared to previous studies (e.g. Lenhart et al., 2009; 

Lewis et al., 2002). Moreover, in general the correlations were not improved at 

individual stations and days even using exponential curve presumably due to the small 

data set. 
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Figure 5.6: Correlation between TSS and turbidity measured at Stations 1-8 during the 

study period. 

The correlation between TSS and turbidity was poor because of different geophysical 

characteristics of the suspended and/or dissolved materials which in turn depend on the 
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various factors such as watershed geology, soil, vegetation and land uses (Lewis et al., 

2002). Moreover, the lake is a complex mixing zone where catchment runoff and 

seawater mixes with different ratios at different times and locations within the lake. 

Therefore, more works on TSS and turbidity relationships are required to determine the 

dynamic control of the system. A large number of TSS samples and turbidity recordings 

from a single station in a short period of time could reduce the number of variables and 

improve the TSS-turbidity relation. Hydrodynamic and sediment data along with 

weather conditions for a longer period of time were also required to quantify the 

influence of environmental variables on sediment dynamics. 

In summary, the automatic data logging system (turbidity meters) was not suitable for 

estimating time series of TSS concentrations in this very shallow subtropical estuarine 

system because of a large number of variables. 

5.4.2  Model Calibration 

The sediment transport model was calibrated against TSS concentration measured from 

November 1 to November 10, 2005. Critical bed shear stresses, dispersion coefficients 

and sediment boundary conditions were changed during the calibration processes. 

Through a calibration process, this study selected the value of critical bed shear stresses 

for erosion and that for deposition as 0.4 N/m2 and 0.1 N/m2, respectively. The above 

bed shear stress values are within the range observed in mud dominated estuarine 

systems (Verney et al., 2006; Araújo et al., 2008, Tolhurst et al., 1999). Horizontal and 

vertical dispersion parameters were also refined through calibration process. The 

horizontal dispersion coefficient was selected as constant over time and space with a 

value of 1 m2/s. The vertical eddy viscosity selected from the hydrodynamic model 

calibration was used as the vertical dispersion coefficient with a scaling factor of 1. Due 

to the lack of observed data, constant TSS concentrations, which were determined 

through trial and error method, were used at source point and open boundary. Generally, 

estuarine systems carry catchment runoff during ebb tides and seawater during flood 

tides. Moreover, highest TSS concentration was observed during ebb tide and lowest 

TSS concentration was observed during flood tide (Figure 5.7(b)) in a tidal period. The 

highest and the lowest observed TSS concentration was 0.4 kg/m3 and 0.1 kg/m3 at 

Station 8 (near lake entrance), respectively. Therefore, a TSS concentration of 0.5 kg/m3 
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at the upstream source point and that of 0.1 kg/m3 at the downstream open boundary 

were used in the model which provided better results. The TSS concentration used at the 

upstream source point was higher than the observed TSS concentration because of the 

concentration gradient from seaward to landward. 
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Figure 5.7: Comparison of simulated and observed TSS: (a) entire study period; and (b) one 

tidal cycle. 

Simulated and observed TSS concentrations of the entire study period matched 

reasonably well (Figure 5.7(a)) compared to the complexity of the sediment transport 

model. The model produced excellent results during the neap tide period. However, 
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simulated TSS concentrations were lower than those observed during the spring tide 

period. The marine borne non-cohesive sediment potentially have been transported into 

the lake by strong spring tidal current which has not been considered in this modelling 

exercise. There is a slight phase difference between simulated and observed TSS near 

the spring tide period (Figure 5.7(b)). However, the magnitudes were quite similar. 

Tidal variation of TSS concentration can be driven by resuspension (Uncles and 

Stephens, 1998) or advection (van Maren and Hoekstra, 2004) or both (Pritchard, 2005). 

Therefore, this study undertook a modelling investigation to determine the dominant 

processes of sediment transport in this shallow estuarine lake. 

5.4.3  Simulation Results 

The numerical model described previously was utilized to characterise the dynamics of 

cohesive sediments within the lake in order to assess the contribution of the main 

forcings; tides, runoff, waves and winds. Additionally, the sensitivity of bed roughness 

on the sediment transport was also investigated. Simulation results demonstrated that 

the TSS concentrations during the ebb tide period (Figures 5.8(b, d and f)) were much 

higher than that during the flood tide (Figures 5.8(a, c and e)). The model replicated the 

observed TSS distribution reasonably well. TSS concentrations mapped during the flood 

tide period showed high concentrations (0.45 kg/m3) at shallow landward stations and 

low concentrations (0.15 kg/m3) at relatively deeper seaward stations, which are in 

agreement with the field observations. TSS concentrations near the eastern and western 

edges of the lake were higher during high tides. Observed salinity was also low at these 

shallow areas during high tides. Therefore, these areas experience relatively low mixing 

with seawater and low flushing by tidal flow. On the other hand, seawater which carries 

low sediments mixes with sediment laden catchment runoff within the channels and 

finally flushes them out of the system during ebb tides. 

Higher TSS concentrations moved seaward during ebb tide. The highest concentration 

zone was formed around the creek mouth and extended up to the middle zone of the 

lake (Figure 5.8(b)). Therefore, the region of highest suspended sediments, the turbidity 

maxima, could be formed within the creek further upstream of the lake which moves 

back and forth under tidal influence. Model results support that advection is the main 
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process of sediment transport within Coombabah Lake which is driven by the tide 

regime. Model produced almost similar results for both spring and neap tidal conditions. 

 

Figure 5.8: Simulated TSS concentrations: (a, b) with no waves and winds; (c, d) with waves; 

and (e, f) with winds (left panel during flood tides and right panel during ebb tides). 

(a) (b)

(c) (d)

(e) (f)
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Modelling results also revealed that the catchment runoff was the main source of TSS 

during this study period. A constant wave force of 0.2 m height and 2 s period directed 

from the south-east (observed within the lake) was used in the sediment transport model 

and it was found that only 5% of the total TSS was borne from the bed resulting from 

resuspension by waves during low tides (Figures 5.8(d) and 5.9). Though, wave action 

is important in the mixing and sediment transport processes of shallow water 

environments (Zhang et al., 2004), no influence of waves on TSS concentrations was 

observed during high tides within Coombabah Lake for the conditions encountered. The 

waves were small because of a limited fetch and their influence diminished before 

reaching the bed sediments during high tides. Resuspension of sediment by waves 

occurred during low tides only. 
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Figure 5.9: Simulated TSS concentrations at Station 4 without and with wave and wind activity 

included. 

Similar to the waves, wind induced currents also increased TSS concentrations during 

low tides (Figures 5.8(f) and 5.9). The effect was higher during stronger wind and lower 

during weaker wind as previously reported by Dunn et al. (2007a). Spatial distribution 

of TSS concentrations during low tide changed quite significantly because of wind 

forces (Figure 5.8(f)). The highest TSS concentration zone was enlarged and extended 
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almost up to the lake entrance by the south-easterly wind. On average, wind generated 

currents increased the TSS concentration by 7% within the lake system. However, TSS 

concentrations at Station 4 increased by approximately 25% during neap tide (Figure 

5.9) because of the extension of the high turbidity zone pushed by the south-easterly 

wind. Although wind and wave have minor effect on TSS concentrations during high 

tide, inclusion of these forces provided improved and more realistic results. However, 

very strong wind influences the TSS concentration during both high and low tides. 

Doubling the wind force in the model increased the TSS concentration within the lake 

by approximately three times the observed typical concentrations. 
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Figure 5.10: Simulated TSS concentration for various bed roughness values. 

Sensitivity of bed roughness to sediment concentration (Figure 5.10) revealed that the 

TSS concentration changed by 7% for a 50% change of bed roughness. Moreover, bed 

roughness did not influence TSS concentration during high tides (< 1%). 

Although, total water flow was distributed by 60% and 40% between the main channel 

and left channel (see Figure 5.1) (Ali et al., 2009b), respectively, interestingly sediment 

discharge was distributed the other way. TSS was distributed by 43% and 57% between 

the main channel and left channel, respectively. TSS concentrations were always higher 
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in the left channel than that in the main channel, which caused higher sediment 

discharges through the left channel than that through the main channel similar to 

another subtropical estuary in Bangladesh (Ali et al., 2007). Although flood tides have a 

higher sediment carrying capacity, in this instance it carries less sediment because the 

main sediment source is located upstream. However, the flood tide may potentially 

transport higher quantities of non-cohesive sediment which has not been considered in 

this modelling exercise. 

5.5 Conclusions 

Intra-tidal variations of sediment concentrations is relatively higher than sub-tidal 

variation within Coombabah Lake. Shallow landward parts of the lake experience low 

flushing and therefore retain high suspended sediment concentrations compared with the 

more well-defined central channels. In contrast to a general tendency, the lake 

experienced higher mixing as well as more flushing during neap tide than the spring tide 

period because of higher tidal range (i.e. higher energy) during the neap tide period. 

Catchment runoff was determined as the main source of cohesive sediment input for the 

lake system. During the study period, wind generated currents contributed 7% of the 

sediment resuspension within the lake. On the other hand, wave action contributed 5% 

of the sediment resuspension but was limited to periods of low tide. Waves were not 

important in this shallow lake system because of a limited fetch and young nature of the 

waves. Sediment dynamics of this subtropical estuarine lake system was dominated by 

advection processes driven by tides, rather than by local resuspension and weak mixing 

process. 

A large number of TSS samples and turbidity recordings from a single station in a short 

period of time are recommended to reduce the number of variables in determining TSS-

turbidity relationship. In contrast, hydrodynamic and sediment data along with weather 

conditions for a longer period of time are also recommended to quantify the influence of 

environmental variables on sediment dynamics. 
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CHAPTER VI 

Conclusions and recommendations 

This study quantified water circulation and mixing processes within a very shallow 

subtropical estuarine system Coombabah Lake in Gold Coast, Queensland, Australia 

from measured flow velocity and salinity data. Residual water transport within the 

shallow waters of Coombabah Lake was identified as the dominant factor influencing 

residual salt transport. Furthermore, this study indicates the net salt flux alternates 

frequently in contrast to the steady state condition. Additionally, this study has 

identified that advective flux was of primary importance in the movement of salts 

within Coombabah Lake (contributing 65% of the total salt flux in this shallow 

subtropical estuary) and that the lake was characterised by greater average water depth 

during neap tide phases, which aids in the diffusion of salts, with a 25% dilution 

occurring within the lake system. The lake was not an inverse type of estuary during this 

study because of freshwater input. 

This study developed and tested a new underwater traversing system that made 

estimation of bed shear stress and roughness height robust. The newly developed 

traverser also made best use of all available techniques of bed shear stress estimation at 

the same time. However, the system was best suitable for unstratified, steady and 

shallow environments. The Log-Profile method was found to be the easiest and most 

useful method for estimating bed shear stress within shallow estuaries and rivers, 

followed by the Inertial Dissipation, Turbulent Kinetic Energy and Reynolds Stress 

methods. More importantly, the Log-Profile method estimates both bed shear stress and 

roughness height, both essential parameters for sediment (or pollutant) transport 

modelling at the same time, whereas the other three methods estimate only bed shear 

stress. Moreover, the other three methods require precise velocity measurement within 

the constant stress layer (within centimetres) near the bottom to determine the bed shear 
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stress. Mean velocity (after filtering noise) within the weak spot appeared reasonably 

accurate, and therefore was used in constructing the velocity profile. However, the same 

data could not be used for calculating turbulent shear stress due to the noise. 

Both observed and simulated velocity supports the classical tidal pumping of sediments 

landward within Coombabah Lake. The hydrodynamic regime of the lake is also 

conducive for the catchment generated suspended sediments to settle within the lake. 

This study found an accurate bathymetry is the most important parameter for modelling 

hydrodynamics particularly within shallow estuarine systems. Bed roughness was found 

as the second most important parameter in the modelling exercise for this region. 

Intra-tidal variation of sediment concentrations were found relatively higher than sub-

tidal variation within Coombabah Lake. Shallow landward parts of the lake experience 

low mixing and tidal flushing, and therefore retain high sediment concentrations 

compared with the channels. Catchment runoff was determined as the main source of 

cohesive sediment for the lake system. Wind generated currents contributed 7% of the 

sediment resuspension within the lake. On the other hand, wave action contributed 5% 

of the sediment resuspension but was limited to periods of low tide. Waves were not 

important in this shallow lake system because of a limited fetch and young nature. 

Sediment transport of this subtropical estuarine lake system is dominated by advection 

processes driven by tides, rather than by local resuspension and weak mixing process. 

This study recommends some improvements to the newly developed traversing system. 

This study also recommends further investigations on Coombabah Lake-Creek system 

for simulating the impact of land use changes within the catchment on the aquatic 

ecosystem health. The recommendations are summarised below: 

 Automation of the traversing system incorporating Procedural Language Code 

(PLC) programming. 

 Reduction of the size of the traversing system to improve it’s portability. 

 An intensive TSS sampling and turbidity recordings from a single station to 

reduce the number of variables in determining TSS-turbidity relationship. 
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 Continuous investigation of salt fluxes for a long period to include seasonal 

variations at any particular location within the lake. 

 Investigation of the variations of characteristic sediment transport parameters 

within shallow estuarine systems. 

 Preparation of maps of a number of systems as a database for future modelling. 

 Modelling pollutant/nutrient export from Coombabah Lake-Creek catchment. 

 Modelling water quality of Coombabah Lake-Creek system. 
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APPENDIX A 

Short-term Variability of Physio-chemical 

Parameters and the Estimated Transport of 

Filterable Nutrients and Chlorophyll-a in the 

Urbanised Coombabah Lake and Coombabah 

Creek System, Southern Moreton Bay, Australia 

Abstract 

Extensive urban development has occurred within the Coombabah Creek catchment and 

surrounds over the last two decades, resulting in concerns about degrading water 

quality. Water quality was investigated three times during summer and three times 

during autumn/winter at two sites: within Coombabah Lake and at several km 

downstream within Coombabah Creek. Physio-chemical parameters, suspended solids, 

chlorophyll-a and filterable nutrients (reactive PO4
3-, NO2

-, NO3
- and NH3

-) were 

measured hourly for 13 hours in order to compare the water quality under different tidal 

conditions at each site. Bathymetric and hydrological data were also collected, which 

allowed short-term nutrient loads to be estimated. From these measurements, the net 

transport of filterable nutrients and chlorophyll-a into Coombabah Lake and the 

intratidal variability of Coombabah Creek and Lake waters were determined. Physio-

chemical parameters, suspended solids and chlorophyll-a concentrations demonstrated 

                                                 
 Dunn, R.J.K., Ali, A., Lemckert, C.J., Teasdale, P.R., and Welsh, D.T., 2007. Short-term variability of 

physio-chemical parameters and the estimated transport of filterable nutrients and chlorophyll-a in the 

urbanised Coombabah Lake and Coombabah Creek system, southern Moreton Bay, Australia. Journal of 

Coastal Research, SI 50, 1099-1105 
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characteristic cyclic variations with the influence of tidal and diurnal cycles apparent. 

Despite elevated nutrient concentrations, chlorophyll-a values indicated an oligotrophic-

mesotrophic environment, with concentrations ranging between 0.11-3.53 μg L-1. 

Maximum concentrations occurred during ebb tides, coinciding with periods of 

increased solar radiation. Elevated total suspended solids were observed during 

increased current velocities during low tide periods and greater wind speeds within the 

lake. Filterable nutrient concentrations and transport estimations also demonstrated tidal 

influences, with increased concentrations observed during sampled high tide phases, 

indicating increased inputs of nutrients originating from sources other than the creek 

and lake. Observed reactive PO4
3-, NOx and NH3

- concentrations exceeded Broadwater 

sub-region values within the Queensland Water Quality Guidelines (2006) 

A.1 Introduction 

Coastal wetlands and estuaries are spatially diverse systems providing important 

habitats for flora and fauna including migratory and indigenous fish and bird species in 

addition to often supporting commercial and recreational fisheries (Stumpf and Haines, 

1998). They also act as filters for contaminants and sediments helping to moderate 

water quality (Faulkner, 2004), absorb wave energy and provide cultural and 

recreational benefits (Lee et al., 2006). However, coastal wetlands and estuaries are 

under pressure from rapidly-increasing urban populations in coastal areas (Pauchard et 

al., 2006). Continued population growth within coastal regions ensures there will be 

ongoing impacts on coastal wetland ecosystems (Lee et al., 2006). Within coastal 

waters, the primary point of entry for nutrients is from terrestrial sources (Pereira-Filho 

et al., 2001) and for this reason, high primary productivity and biological abundance are 

often observed in these regions (Alongi, 1998). In densely populated urban regions 

nutrient supply is greater due to the entry of both domestic and industrial waste and 

urban drainage (Lee et al., 2006). The increase of nutrient concentrations within coastal 

waters can elicit either positive or negative responses in the ecological health of 

systems, including the alteration of species richness and abundance (Faulkner, 2004); 

productivity (Nixon, 1992); and fishing yields (Cederwall and Elmgren, 1980). 

Anthropogenic inputs of nutrients may lead to excessive eutrophication, especially 

where the circulation is restricted, such as in bays and coastal lagoons (Lin et al., 2006). 
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Alterations in chemical characteristics and water quality within coastal systems occurs 

due to changes in biogeochemical flows (Pereira-Filho et al., 2001), as a consequence of 

modified land uses resulting in various ecological consequences (Lee et al., 2006). 

Investigations have previously assessed environmental changes caused by 

anthropogenic inputs of nutrients and organic material (Carmouze and Vasconcelos, 

1992) and time- and tide-series observations of physio-chemical, nutrient and sediment 

parameters (e.g. Dittmar and Lara, 2001) in coastal systems. However, fewer studies 

(e.g. Pereira-Filho et al.; (2006)) have quantified these entries. Australia’s eastern 

seaboard is constantly changing from demands by populace for growth, coupled to the 

economics of increased tourism and development, where ~84% of the population lives 

within the coastal region (Lee et al., 2006). One such region is the Coombabah Lake-

Creek system in southern Moreton Bay, south-east Queensland, Australia, one of the 

fastest-growing regions in the developed world (Skinner et al., 1998). The catchment 

and local surroundings have undergone rapid urban expansion, including waterfront and 

golf course developments. Coombabah Lake is the largest estuarine lake in southern 

Moreton Bay covering ~2 km2 (Gutteridge et al., 2003). Despite its modest dimensions, 

Coombabah Lake is ecologically important as it is a valuable fish (Queensland Fisheries 

Act 1994) and migratory bird habitat (Chinese-Australia Migratory Bird Agreement 

(1974) and Japan-Australia Migratory Bird Agreement (1986)). In addition to being 

ecologically significant, the lake system is unique within southern Moreton Bay as it 

behaves as an inverse estuarine lake during summer periods (Benfer, pers. comm.). The 

objectives of this study were to observe the intratidal variability of water quality 

parameters (WQP); total (TSS), organic (OSS) and mineral (MSS) suspended solids; 

filterable nutrients (reactive PO4
3-, NO2

-, NO3
- and NH3

-); and chlorophyll-a (chl-a) 

concentrations in the shallow urbanised Coombabah Creek-Lake waters and estimate 

the transport of filterable nutrients and chl-a at the Coombabah Lake entrance. This 

study provides the first account of physical, biological and chemical intratidal 

variability and estimates of filterable nutrient and chl-a transportation within the 

Coombabah Creek-Lake system. Such information permits an initial understanding of 

the system’s behaviour that will assist future management decisions in this ecologically 

and economically important region. 
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A.2 Methodology 

A.2.1 Site description 

Coombabah Creek (6914320 m N, 536570 m E; Figure A.1) is an urbanised moderately 

impacted (Cox and Moss, 1999) sub-tropical tidal creek. The creek is ~17 km in length, 

and originates from the Nerang State Forest. The catchment is urbanised with 

residential, commercial and industrial development and has an area of 44 km2. The 

creek flows through Coombabah Lake (6912750 m N, 534400 m E; Figure A.1), a 

shallow body of water characterised by fine sediments located in the mid-tidal region of 

the creek, with urban development positioned to the east and along the southern and 

western shorelines. Coombabah Creek ultimately discharges into the Gold Coast 

Broadwater, a vitally important coastal system both economically and recreationally 

within southern Moreton Bay. The depth of the creek ranges from ~3 to <1 m, and the 

width varies between ~90 to ~200 m. With the exception of shallow channels, the lake 

is characterised by a relatively flat bathymetry (Lee et al., 2006). Depth within the lake 

ranges from typically <0 to ~1 m relative to mean water level at low tide, with large 

portions of the lake becoming exposed during this period. Episodically large inputs of 

freshwater occur during periods of heavy rainfall, predominantly occurring during 

summer periods. 
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Figure A.1: Study area of Coombabah Lake and Coombabah Creek in southern Moreton Bay, 

Australia (inset). 

A.2.2 Experimental design 

Physio-chemical parameters were monitored in situ and water samples were collected at 

Coombabah Lake and Coombabah Creek during summer (November, 2005) and 

autumn-winter sample periods (May-June, 2006). Three sampling events occurred at 

each site during both seasonal sample periods. Sample collection and in situ 

measurements were conducted at 1 hour intervals for typically 13 hours at both sample 

locations, capturing ebb and flood tides. Sampling commenced during the morning high 

tide and incorporated both neap and spring tide periods. Hydrological parameters, 
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conductivity, temperature and turbidity were measured continuously during selected 

summer lake sampling periods. Hydrological data and water samples were collected at 

the creek and lake simultaneously during 4/11/05 and 11/11/05. Lake samples were 

collected in the main channel at the north-eastern entrance (6913140 m N, 535070 m E; 

Figure A.1). This site is ~160 m in width and is the only connection between the 

catchment and creek waters through the lake during low tide. Lake sediments have been 

characterised in a previous study (Lee et al., 2006). A time lag of three hours (Lee et al., 

2006) was used to synchronise tidal observations between high tides occurring at the 

Gold Coast tidal station and Coombabah Lake-Creek system. An assessment of sample 

depth was also conducted at the lake entrance during summer sample periods. Water 

quality parameters, chl-a, suspended solids and nutrient concentrations were compared 

with the Broadwater sub-region values within the Queensland Water Quality Guidelines 

(QWQG) (2006). Statistical significance was measured at α = 0.05. 

A.2.3 Water sample collection and analysis 

Surface water samples for the determination of TSS, OSS, MSS, chl-a and filterable 

nutrient concentrations were collected ~0.30 m below the water surface using a pole 

sampler and an acid-washed (10% v/v HCl), sample-rinsed 500 ml low density 

polyethylene (LDPE) sample bottle (Nalgene). Additional samples from varying depths 

were also collected at the lake using an adjustable custom-built multi-port sampler. 

Samples were collected at heights of ~0.06, 0.30 and 1.2 m above the surface sediments 

through acid-washed tubing and collected by vacuum into acid-washed, sample-rinsed 

500 ml LDPE bottles. Furthermore, nutrient and chl-a samples were also collected from 

cross-channel surveys at the lake entrance sample site. These cross-channel sites were 

nearly equally spaced across, and were used to detect spatial variability of analyte 

concentrations passing through the sites at any given time. If the concentrations from 

each of the cross-channel sites were found to be equivalent, then a single mid-channel 

sample site could be used as a representative sample of all waters passing through the 

sampled lake site. This cross-channel survey was conducted twice (4/11/05 and 

11/11/05). Nutrient samples were immediately filtered through pre-washed, pre-ashed 

GF/F membranes (25 mm Ø, Millipore) and transferred into 10 ml sterilised polystyrene 

sample-rinsed tubes. Samples were stored frozen (-20 oC), typically one hour after 
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collection awaiting analysis. Filterable nutrient concentrations were determined by an 

automated nutrient analyser (Easychem Plus Random Access analyser; Systea 

Analytical Technologies). Natural filtered seawater references produced by the National 

Low Level Nutrient Collaborative Trials were used as quality assurance. Recoveries 

were good – averaging 93.2% for all filterable nutrients from the filtered seawater 

certified references. Suspended sediment concentrations were determined 

gravimetrically. TSS samples were filtered through pre-washed, pre-ashed GF/F 

membranes (47 mm Ø, Millipore), before membranes were air-dried in a desiccator to 

constant weight (Balls, 1994). Membranes were afterwards ashed (550 oC, 2 h) for the 

determination of OSS as loss of weight. MSS were determined as the difference 

between TSS and OSS. Chl-a samples were filtered through pre-washed, pre-ashed 

GF/C membranes (25 mm Ø, Millipore) immediately after collection. Membranes were 

then stored frozen in foil-wrapped glass vials. Chl-a concentrations were determined 

spectrophotomtrically (665, 750 nm) after acetone extraction and calculations according 

to Lorenzen (1967). 

A.2.4 In situ water quality parameters 

Physio-chemical data were collected at the surface water collection depth. Water 

temperature (oC), pH, dissolved oxygen (mg L-1), salinity and reduction-oxidation 

(redox) potential (mV) were recorded in situ with a multi-probe analyser (TPS 90-

FLMV; TPS Pty. Ltd.), calibrated daily. Turbidity (NTU) was also recorded in situ 

using a nephelometric turbidity meter (Analite 160; McVan Instruments). 

A.2.5 Field instrumentation 

During an extended summer sampling period (31/10/05 to 12/11/05) a submersible 

sensor base was positioned at the lake entrance sample site consisting of: 1) 

conductivity, temperature, depth (CTD) and turbidity gauge (NIXIC-CTD-ADC; 

Falmouth Scientific, Inc.); 2) 3-dimensional open water current meter, Acoustic 

Doppler Current Profiler (ADCP) (Aquadopp® side-seeing profiler 2 MHz; Nortek 

AS); 3) high resolution 3-dimensional acoustic Doppler velocimeter (ADV) (Vector 

fixed stem velocimeter; Nortek AS); and 4) a submersible tide gauge (XR-420-TG; 

Richard Brancker Research Ltd.). CTD and turbidity high frequency data were collected 
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using time-averaged data (3.5 minute bursts at a frequency of 10 Hz) obtained every 15 

minutes. ADV data collection were obtained using time-averaged data, with burst 

intervals of 30 minutes at a frequency of 32 Hz and 4096 samples per burst. 

Submersible tide gauge data were acquired continuously at 1 Hz. Velocity profiles were 

also undertaken along two Coombabah Creek transects (located approximately 1) 

6915290 m N, 537450 m E and 2) 6914360 m N, 536800 m E), using a vessel-mounted 

ADCP (Workhorse Monitor; RD Instruments) during 4/11/05 and 11/11/05. Water 

sample collections and in situ WQP measurements were made along these transects. 

Transects were measured over consecutive ebb-flood tide phases. 

A.2.6 Transport estimations 

Transport estimations were determined during summer sample periods at the lake 

entrance. Cross-channel surveys indicated that concentrations were very similar, 

permitting the use of a single sample point. Calculations of water volume transport were 

obtained from current velocity and depth measurements. The area of the entrance cross-

section was determined during a bathymetric survey described in Lee et al., (2006). 

Mass transport values were derived from measurements of water flow and the depth-

averaged analyte concentration using the formula: 

iii cqf   (A.1) 

where f, q and c are instantaneous flux, flow and concentration values, respectively. For 

instantaneous flux calculations, concentrations were converted from µg l-1 to g m-3, then 

multiplied by the instantaneous water volume transport (m3 s-1) at that time to find flux 

in g s-1. Nutrient concentrations measured along the depth profile were used to provide 

depth-average concentrations. During this study positive (+) and negative (-) values 

represent transport out of and into the lake, respectively.  

A.2.7 Meteorological measurements 

Meteorological conditions for sampling periods were obtained from a weather station 

(Australian Bureau of Meteorology station 040764, Gold Coast Seaway) positioned ~7 

km south-east of Coombabah Lake. Conditions during the 4/11/05 and 11/11/05 were 
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recorded using a data logging weather station (WeatherMaster 2000; Environdata) 

positioned within the lake. 

 

Figure A.2: Water depth (left) and sample velocity profiles (right) of the sampled Coombabah 

Lake entrance channel. 

A.3 Results and discussion 

A.3.1 Hydrological data 

Observed tidal levels at the lake entrance displayed mixed tides with a maximum range 

of 1.00 m during the spring tide and 0.68 m during neap tide periods (Figure A.2). Tidal 

asymmetry was observed with ~5.5 h rising period and ~7.5 h falling period, indicating 

potential pumping of sediments from downstream Coombabah Creek and other external 

southern Moreton Bay sources. The lake entrance maximum depth-average velocity 

observed during flood and ebb tide periods was 0.80 m s-1 and 0.65 m s-1, respectively 

(Figure A.2). Observed lake entrance peak flows were 58.3 m3 s-1 and -57.2 m3 s-1. 

Additionally, ADCP transect data revealed peak flows of 164 m3 s-1 and -142 m3 s-1 

during ebb and flood tide phases at the Coombabah Creek transect sites during the 

summer sample periods. Higher maximum and lower minimum peak flows within the 

creek were observed at the downstream transect site compared with the upstream 

transect location. Seasonal variability of flow volumes with respect to the magnitude of 

mean flow is to be expected within the lake-creek system. This current study does not 
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take into account such seasonal events, including periods of heavy rainfall, in which 

case flow values would be expected to increase significantly. 

A.3.2 Variability within Coombabah Lake and Creek 

Physio-chemical water quality parameters 

Surface WQPs measured within the lake-creek system showed characteristic cyclic 

variations with the influence of tidal and diurnal cycles apparent. Variability ranged 

between 0.38-151% relative standard deviation (% rsd) (Table A.1). Due to the range of 

most riverine (~7-7.6) and ocean (~8.2) waters, pH values were characterised by the 

lowest variability. Observed pH and salinity values were similar within the lake-creek 

system. Mean pH values complied with the Broadwater values within the QWQGs of 

8.0-8.4. Water temperature varied due to time of day, water column depth and season, 

with values ranging from 25.6-29.6 oC during the summer and 15.3-19.6 oC during the 

autumn-winter sample periods. Maximum temperatures within the lake-creek waters 

occurred between 1500-1600 h. Dissolved oxygen (DO) concentrations were 

significantly greater within the creek compared with the lake waters (p <0.001, df = 

162) (Table A.1), possibly being due to a higher oxygen demand within the shallower 

lake waters. Low DO levels may be explained by high concentrations of organic matter 

within the lake sediments, as oxygen is consumed during the consumption of organic 

matter. DO concentrations exhibited seasonality within the creek with significantly 

greater concentrations observed during the summer sampling events (p = 0.006, df = 

78). DO concentrations were significantly greater (p = 0.003, df = 162) during daylight 

hours compared with night hours, presumably due to the net production of primary 

producers during hours of solar radiation. DO saturation values within the lake ranged 

from 53-79%, which is below the lower Broadwater QWQG values. In comparison, the 

creek DO water saturation values ranged from 62-105%. Mean creek values during the 

summer (103%) and autumn-winter (80%) periods were comparable with the 

Broadwater QWQG values of 90-105%. These results support previous findings of Cox 

and Moss (1999). 
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Table A.1: Minimum (min), maximum (max), mean, standard deviation (sd), and percent relative standard deviation of physio-chemical parameters, 
chl-a and suspended solids within the Coombabah Lake-Creek system (n = 42). 

 Lake Creek 

Summer min max mean sd % rsd min max mean sd % rsd 

pH 7.97 8.09 8.04 0.03 0.38 7.84 8.57 8.10 0.14 2.60 

salinity 29.5 36.8 33.2 2.11 6.37 30.5 36.2 34.2 1.68 4.93 

redox 42.0 285 182 53.4 29.3 -29.0 158 27.4 42.6 151 

temperature 25.6 29.1 27.4 1.04 3.53 26.2 29.6 27.9 0.83 2.72 

DO 4.52 6.06 5.46 0.34 6.14 5.94 8.18 6.84 0.49 7.17 

chl-a 0.11 3.53 1.48 0.94 63.2 0.11 3.32 1.60 0.92 56.3 

turbidity 6.25 36.0 16.53 7.90 47.8 - - - - - 

TSS 93.2 520 227 112 50.4 158 437 286 63.9 22.4 

Autumn-Winter min max mean sd % rsd min max mean sd % rsd 

pH 8.00 8.37 8.12 0.09 1.09 8.01 8.24 8.11 0.07 0.83 

salinity 29.6 35.5 33.5 1.86 5.55 30.3 36.2 34.1 2.01 5.88 

redox 34.0 280 170 49.6 29.8 -26.0 162 51.3 37.4 74.6 

temperature 15.4 19.6 17.8 1.33 17.1 15.3 19.4 17.7 1.24 6.82 

DO 5.01 6.12 5.54 0.34 6.12 5.90 7.03 6.58 0.33 4.97 

chl-a 0.11 2.14 1.07 0.59 55.0 0.11 2.99 1.05 0.74 70.4 

turbidity 6.27 34.38 14.2 6.97 49.0 - - - - - 

TSS 93.8 513 212 104 50.4 27.2 240 127 51.5 40.1 
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Chlorophyll-a 

Chl-a concentrations within the lake-creek system were comparable with concentrations 

previously reported in southern Moreton Bay (Abal and Dennison, 1996; Moss and 

Cox, 1999). Mean concentrations were below the Broadwater QWQG value (2.5 µg L-

1), and suggested an oligotrophic-mesotrophic system based on chl-a concentrations 

(Quinn, 1991). Mean chl-a concentrations within the lake and creek waters were not 

significantly different, nor was there any significant difference in concentrations within 

the lake and creek waters during neap and spring-tide sampling events. Increased and 

maximum chl-a concentrations were observed during morning ebb tides, occurring 

during periods of increased solar radiation. Significantly greater concentrations were 

observed during daylight hours (p< 0.001, df = 156) compared with samples collected at 

night-time. Benthic algae associated with mangrove vegetation on the margins of the 

lake and upper Coombabah Creek flushed during the ebb tide may have contributed to 

the increased concentrations. Furthermore, the summer period – characterised by longer 

daylight hours and greater water temperatures – demonstrated significantly greater chl-a 

concentrations within the lake and creek waters compared with the autumn-winter 

concentrations (p = 0.039, df = 156), suggesting greater phytoplankton biomass during 

the summer period. 

Suspended solids 

Knowledge of suspended sediment dynamics is essential for quantifying fluxes of 

substances and determining the fate of pollutants (Regnier and Wollast, 1993). Bottom 

water lake entrance turbidity values ranged from 13.67-403.69 NTU during the summer 

period and surface waters ranged from 6.25-36.0 NTU, with an average of 15.4±7.50 

NTU. Mean turbidity values exceeded the Broadwater QWQG value (6 NTU). Shallow 

estuarine systems tend to have periodically high turbidity values due to tide- and wind-

induced resuspension of bottom sediments and, as such, turbidity is not always a useful 

health indicator of such systems. Lake turbidity and TSS values significantly correlated 

(r = 0.906, p <0.001, n = 83). TSS concentrations ranged between 93-520 mg L-1 and 

27-440 mg L-1 with mean values of 226.8 mg L-1and 202.6 mg L-1 for the lake and 

creek, respectively. TSS concentrations displayed changes in relation to tidal activity. 

Increased current velocities and shallower water depths during low tide periods resulted 
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in an increase of TSS concentrations within the lake-creek system, with maximum 

concentrations occurring during low tide. This was more pronounced within the 

shallower lake sample site. Turbidity values and TSS concentrations within the system 

remained relatively constant (~50% rsd) with greater variability within Coombabah 

Creek. TSS concentrations were not significantly different between seasons within the 

lake-creek system. TSS concentrations were influenced by both tidal action and locally-

generated wind waves. Wave heights of 200 mm are commonly observed in 

Coombabah Lake during strong wind speeds. Maximum TSS concentrations observed at 

the lake entrance did not coincide with maximum flow values, but rather with increased 

wind speeds observed during the sample events. The maximum fetch at the lake 

entrance is ~1700m, with winds from a south-westerly direction. Northerly winds also 

create wave actions of interest. During the summer sampling period, increased lake TSS 

concentrations occurred during periods of elevated wind speeds (11/11/05). Maximum 

hourly wind speeds ranged from 8-30.5 km h-1 from the north-east during this sample 

period, with an overall mean of 16.8 km h-1. Wind speeds greater than 15 km h-1 were 

sustained for ~9.5 h and coincided with elevated TSS concentrations. Winds from the 

north with reduced speeds (max. 15.2 km h-1, mean 7.48 km h-1) (4/11/05) corresponded 

with lower TSS concentrations compared with periods of increased wind speeds during 

the same tide phases. Results suggest that prolonged winds with speeds exceeding 15 

km h-1 from a northerly direction have the ability to directly influence TSS 

concentrations at the lake entrance and shallower regions. Resuspension events within 

the lake may impact nutrient cycling (Tengberg et al. 2003). The influence of 

bioturbation should not be underestimated within the system. OSS and TSS 

significantly correlated within the system (r = 0.990, p <0.001, n = 153), with OSS 

contributing 9.98±0.05% to the TSS concentrations under all sample conditions. 

Organic suspended sediments originate largely from phytoplankton in marine 

environments; however, no relationship was observed between OSS and chl-a 

concentrations. This is not uncommon in estuarine and coastal environments as part of 

the OSS is organic dentritus originating from terrestrial runoff (Pereira-Filho et al., 

2001). 
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Figure A.3: Coombabah Lake-Creek system filterable nutrient concentration box-plot 

representation. 

Filterable nutrients 

Surface water filterable lake and creek nutrient concentrations were not significantly 

different through the duration of this study. Reactive PO4
3- concentrations within the 

lake-creek system ranged from 1.30-18.2 µg L-1, with a mean concentration of 

6.98±4.21 µg L-1 (Figure A.3). Elevated reactive PO4
3- concentrations exceeded the 

Broadwater QWQG concentration (6 µg L-1). Mean NO2
- and NO3

- concentrations 

within the lake-creek system were 2.13±1.80 µg L-1 and 17.1±8.76 µg L-1, respectively. 

Mean NOx (NO2
- + NO3

-) concentration greatly exceeded the Broadwater QWQG (4 µg 

L-1). Maximum NOx concentrations were observed at the lake entrance during high tide 

phases, with concentrations ranging between 9.75-46.8 µg L-1. NH3
- surface 

concentrations dominated the lake-creek dissolved inorganic nitrogen (DIN: NO2
-+NO3

-

+NH3
-) concentrations with a mean contribution of 37.9±16.1% and a mean 

concentration of 20.6±9.42 µg L-1, which exceeded the Broadwater QWQG value (8 µg 

L-1). Variability of the surface water concentrations included: 166% rsd for reactive 

PO4
3-; 188% rsd for NO2

-; 195% rsd for NO3
-; and 218% rsd for NH3

-. This was despite 

the physio-chemical parameters, which have an influence on nutrient concentrations, 

being much less varied. Several observations indicate that the high variations of 
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filterable nutrient concentrations in the lake-creek system were caused by dynamic 

processes within the estuarine system, rather than analytical aspects. Firstly, the nutrient 

concentrations measured were typical of concentrations reported in Australian and local 

coastal waters (Abal and Dennison 1996; Cox and Moss, 1999; Moss and Cox, 1999; 

Water Ecoscience, 2003). Secondly, nutrient concentrations plotted against time (Figure 

A.4) demonstrated a pattern with respect to the high and low tide phases. Maximas 

occurred during high water periods and minimas occurred during periods of low water 

(Figure A.4). Therefore, concentrations seem to be responding to natural cycles, and 

indicate genuine changes. The maximas and minimas observed are likely due to the 

mixing of two end-member waters with different concentrations, suggesting that the 

dominant sources of filterable nutrients are external to the lake-creek system. This 

observation may be explained by the hydrology of the Broadwater. During flood tides, 

waters entering the lake-creek system originate from the heavily urbanised Paradise 

Point area and Coomera River. The lower reaches of Coomera River are highly 

developed, including a number of canal and golf course developments, and upstream 

land uses include crop growing, dairy farming and cattle grazing. The ebb tide brings 

waters from Paradise Point and Coomera River past the creek entrance and flood waters, 

then enter the urbanised creek before entering the lake. Additionally, the initial ebbing 

waters during high water may also aid in the downstream transportation of potentially 

elevated concentrations from upstream golf course developments and other catchment 

nutrient sources. This is admittedly one of several possible interpretations of the results. 

No significant differences were observed between periods of no rainfall and low 

recorded rainfall within the lake and creek waters. During heavy rainfall events 

industrial and commercial development, waterfront housing and impervious surfaces 

within the catchment and lake-creek foreshores act as point and non-point nutrient 

sources (Gutteridge et al., 2003). No significant differences in filterable nutrients were 

identified between seasons within the lake-creek system. Lake NO3
- (p = 0.035, F = 

3.122) and NOx (p = 0.022, F = 3.510) concentrations demonstrated significant 

differences between the four sample depths. Mean concentrations showed a general 

trend of greater concentrations in the surface waters (~0.3 m below the water surface) 

compared with the deepest sampled waters (~0.06 m above surface sediments). This 
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may be explained by the consumption of filterable nutrients in the overlying waters by 

benthic planktonic and bacterial communities (Alongi, 1994). 

 

Figure A.4: Coombabah Lake filterable reactive PO4
3- mean concentrations during summer ebb 

and flood tides. 

A.3.3 Filterable nutrient and chl-a transport estimations 

Tides are major agents of transport in most coastal environments. The transport of 

filterable nutrients and chl-a at the lake entrance sample site during ebb-flood tide 

phases were determined using Equation A.1. Mean instantaneous nutrient transport 

loads during the summer sample periods were all negative values, indicating 

transportation of filterable nutrients into the lake. Lake entrance transport estimations 

included: -0.010±0.171 g s-1 for reactive PO4
3-; -0.014±0.068 g s-1 for NO2

-; -

0.126±0.569 g s-1 for NO3
-; and -0.152±0.757 g s-1 for NH3

-. Observed mean flux values 

for surface waters chl-a were determined as 0.016±0.066 g s-1, with a maximum 

transportation load determined as 0.167 g s-1. Estimates were derived solely from 

directly-measured values of flow and concentration collected across the range of 

measured flow values encountered during the summer sample periods. These 

estimations do not detail seasonal variations. The results do, however, provide 

estimations of filterable nutrients and chl-a transportation and their short-term summer 
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variability at the entrance sample site. Flow-averaged mean chl-a transport rates were 

greater during the ebb tide phases at the lake entrance. Additionally, flow-averaged 

transport rates during sampling events demonstrated greater fluxes during flood tide 

periods for NO2
-, NO3

-, NH3
- than ebb tide periods, and were very similar for reactive 

PO4
3- during ebb and flood periods. Such results indicate that external sources 

transported nutrients into the lake during the sampling period. Even if the results 

obtained in this study are not representative of the whole year, they indicate a potential 

for eutrophication of lake waters as a result of nutrient input from external sources 

within southern Moreton Bay. Additionally, waters that enter the lake through a 

secondary shallower entrance channel during high tide periods would also increase 

nutrient loads entering the lake system. 

A.4 Conclusion 

Physio-chemical parameters, suspended solids and chl-a concentrations within the lake-

creek system demonstrated cyclic variations, with parameter variability ranging between 

0.38-151% rsd. pH and chl-a values complied with the Broadwater QWQG sub-region 

values, and both DO and TSS values failed to abide by the specified guideline values. 

Tides and winds in excess of 15 km h-1 were identified as influential in elevating lake 

entrance suspended sediment concentrations. Filterable nutrient concentrations 

demonstrated values typically encountered in Australian and local coastal waters. 

Nutrient concentrations were tidally influenced, with increased concentrations occurring 

during sampled high tide phases. Reactive PO4
3-, NOx and NH3

- concentrations 

exceeded Broadwater QWQG sub-region values. Mean negative transport values 

indicated nutrient inputs from external sources into the lake system during the sample 

period. Continued assessment is required to provide a better understanding of the 

hydrodynamics and biogeochemical processes in the ecologically-significant region of 

Coombabah Lake and Coombabah Creek, which is an important link to material transfer 

to the Gold Coast Broadwater, southern Moreton Bay. 
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