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Abstract

The knowledge and understanding of sediment transport is essential for the 

development of effective management strategies for nutrient and sediment loading in 

estuarine systems. Estuarine suspended sediment (in high concentrations), has the 

ability to adversely impact upon surrounding ecosystems, such as the Great Barrier 

Reef, Australia. Due to a recent decline in water and sediment quality, it has recently 

been mandated that a number of tropical, coastal estuarine systems in Queensland, 

such as the Fitzroy River estuary, have their sediment loading reduced. In order to 

meet these requirements, a greater understanding of the sediment transport dynamics 

and driving processes (such as flocculation and settling velocity) needs to be 

achieved, and the accuracy of estimation improved. 

 

This research project was motivated by the need to improve the general accuracy of 

field measurements for estuarine suspended sediment transport and dynamics. Field-

based measurements (especially settling velocity) are necessary for the 

parameterisation of sediment transport models. The difficulty in obtaining accurate, 

in situ data is well documented and is generally limited to methods that isolate a 

water sample from its natural environment, removing all influences of estuarine 

turbulence. Furthermore, the water samples are often extracted from points 

(Eulerian) where the history of the suspended particles is generally unknown. These 

sampling methods typically contain intrinsic errors as suspended sediment transport 

is essentially Lagrangian (i.e., flows with the net motion of flow-field) in nature.  

 

An investigation into different drogue systems conducted in parallel with a study 

into the tidal states of the Fitzroy River estuary led to the development of a novel 

Lagrangian drogue device, the LAD. Additionally, the water-tracking ability of the 

LAD was tested and found to accurately follow a parcel of estuarine water over a 

slack water period. Therefore the LAD was deployed in the Fitzroy River to assist in 

the further understanding of complex sediment transport processes such as 

flocculation and settling velocity in a natural estuarine flow field. The final device 

(the LAD – Lagrangian Acoustic Drogue) was developed, utilizing the principals of 

acoustic backscatter intensity-derived SSC measurements.  
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The investigation of a series LAD deployments (during slack water) in the Fitzroy 

River estuary, revealed the dominant suspended sediment processes and also gave an 

insight into the prevailing flow-patterns. Results showed the presence of a settling 

lag mechanism between low and high tide, which can initiate a net sediment flow 

upstream with each flood tide. The bulk settling velocity showed comparable results 

at both low and high water. The LAD derived bulk settling velocity as a function of 

concentration (SSC), yielding a strong positive correlation (r2 = 0.73). Also the 

importance of flocculation in the bulk settling and clear up of the water column 

during periods of still water (high and low tide) was demonstrated as all in situ 

settling velocities (0.33 – 1.75 mm s-1) exceeded single grain approximations (0.47 

mm s-1).  

 

This research demonstrates the potential for Lagrangian drogue studies as an 

effective measuring platform for the accurate quantification of estuarine suspended 

sediment dynamics. The application of the LAD in the Fitzroy River has lead to a 

significant improvement in the understanding of the system’s real sediment transport 

processes. This research has provided an effective and accurate technique for 

measuring real settling velocities for input into numerical models or for the 

validation of existing model outputs. Furthermore, this technique shows great 

potential for application in other estuarine systems. 
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C H A P T E R

1 
 

General Introduction  

 
1.1. Background 
 
Estuaries are the dynamic, complex interaction zone in which limnetic and marine 

environments meet. As such, they pave the route for the transportation of fine-

grained suspended sediments (typically cohesive silts and clays), pollution-laden 

matter and nutrients through the system and into the coastal seas. Estuarine 

suspended sediment is derived mostly from natural erosion and resuspension, or 

from anthropogenic inputs such as dredging, agricultural land use activities, 

industrial activities and urbanisation of upland basins (Moss, 1992; Hossain et al., 

2001). Elevated levels of suspended sediment in estuaries can pose both economical 

and environmental problems to the surrounding community. This is due primarily to 

their intrinsic ability to be deposited in navigable entrances, and to thus interfere 

with surrounding ecosystems. The unique hydrodynamic flow patterns coupled with 

high-Suspended Sediment Concentrations (SSC) make estuaries a difficult 

environment in which to predict the processes and phenomena driving it; therefore a 

high priority is placed on detailed quantitative field-based studies. 

 
Estuarine field investigations are complicated by the fact that suspended sediment 

exists mainly in the form of flocs; an agglomeration of finer primary particles 

(Eisma, 1986). Their composition consists of a complex matrix of water, organic 

and inorganic particles in which interactive physical, chemical and biological 

functions can occur (Droppo, 2001). Floc particle characteristics therefore include: 
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stickiness, porosity, density, size and shape (Fugate and Friedrichs, 2002; Dyer, 

1989; Eisma, 1986; review by Van Leussen, 1988). Primarily, the formation of flocs 

can be enhanced or hindered in the water column by physical hydrodynamic effects 

of turbulence (Winterwerp, 2002). Secondary mechanisms leading to floc formation 

(collision), include differential settling (the collision of flocs with different settling 

velocities) and Brownian motion (the random movement of particles causing floc 

collision). However, the effects of the latter two (2) mechanisms, particularly 

Brownian motion (McCave, 1979), are considered negligible in the estuarine 

environment (Winterwerp, 2002). 

 

The transport, fate and behaviour of cohesive suspended sediment transport (in the 

form of flocs) are largely dependent on the interaction processes between three (3) 

layers: the consolidation of the bed, the fluid mud layer (a high concentration 

suspension marking the mud to water interface); and the water column (Odd and 

Cooper, 1989). Recent research has revealed that most fine-grained sediment 

transport occurs within the bottom (benthic) boundary layer (Odd et al., 1992; 

Winterwerp and Kranenburg, 1994; Fugate and Friedrichs, 2002). However, it must 

be noted that a significant amount of sediment transport occurs in the upper water 

column. Fugate and Friedrichs (2002) suggested fragile flocs may dominate the 

upper water column, indicating the need to conduct non-obtrusive investigations of 

sediment dynamics in this domain. This was a source of motivation for this study. 

 

Various sediment transport models (i.e. one, two and three-dimensional by, Lin et 

al., 1983; Ariathurai and Krone, 1976; and Markofsky et al., 1986, respectively) 

have been developed in the hope of further understand the episodic and dynamic 

nature of the SSC profile in estuaries. Most models provide appropriate estimates of 

sediment transport over a large scale (grid size, most often > 500 m), however, their 

ability to predict fine-scale flow and transport dynamics (tens of meters) can be 

largely inaccurate (Wu et al., 1998). The accuracy of these models in simulating the 

real environment is essentially limited and dependent on the input parameters. The 

most fundamental input parameter is the settling velocity (Hill et al., 1998; You and 

Lange, 1995), which is often derived empirically and typically assumed to be 
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constant through time. In general, the prediction of suspended sediment transport 

requires the solution of the general advective diffusion equation: 
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S                                      (1) 

 

where C is the suspended sediment concentration, u is the along channel velocity (in 

the x-direction), WS is the sediment settling velocity and AZ is the eddy diffusivity of 

the estuary.  

 

An error in settling velocity (WS) can be magnified by a factor of three (3) or more in 

the overall computation of sediment transport (Jimenez and Madsen, 2003). The 

accuracy of this value is therefore of paramount concern in the modelling of 

suspended sediment transport. This leads to an increase in importance and priority 

being placed on field-based observations and measurements, particularly that of 

settling velocity. 

 

1.1.1. Suspend sediment settling velocity within a natural system 
 
Stokes’ law defines the settling rate of single, fine-grained, non-cohesive spherical 

particles (of constant size and density) in still water as: 

 

μ
ρρ

×
−

=
18

)(2 gd
W WS

S                    (2) 

 

where WS is the settling velocity of a smooth spherical sediment particle, pS is the 

density of the sediment particle (kg m2), pW is the density of the water, g the 

gravitational acceleration (9.81 m s-1), d is the particle diameter  and μ is the 

dynamic viscosity of the fluid. However, these assumptions do not represent typical 

suspended particles (or settling velocities) in an estuarine environment. One of the 

main contributors to the variation of settling velocity is the process of flocculation 

(and deflocculation), which causes a relative increase or decrease in floc size d 

(Kranck, 1980); therefore, Stokes’ assumption does not apply. Furthermore, the 
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settling velocity of these particles (and SSC profile) varies widely over a complete 

tidal cycle. During the slack water periods of reduced turbulence, the bulk settling 

velocity can be observed as the apparent clearance of fine particles, or decrease in 

SSC (Hill et al., 2000).  

 

The dependence of settling velocity (WS) on concentration (C) of suspended particles 

has been investigated by a number of different authors, i.e. Krone (1962); Owen, 

(1970); Gibbs (1985); Winterwerp (2002); and You (2004). Many of these field and 

laboratory studies have found that in concentrations below the hindered settling 

regime (concentrations more than 2.0 g l-1), the settling velocity  is described by 

the formula:  

SW

 
n

S kCW =                                 (3) 

 

where k and n are constants that depend on the type of particle and turbulence 

properties (Dyer, 1989; Eisma and Li, 1993; Pejrup and Edelvang, 1996). Typically, 

n values are close to 1 (Eisma and Li, 1993); but after collating results from a range 

of authors, Dyer (1989) showed that n can vary from 0.61 (Humber estuary) to 2.6 

(Elbe estuary) – refer to Figure 1.1. However, a great limitation to all of these 

settling velocity studies is in the usage of enclosed settling column apparatus, which 

disregards the actual turbulent flow encountered in natural systems.  

 

The direct measurement of suspended settling velocity is typically limited to 

enclosed Owen tube (type) configurations (Owen, 1971; review by Eisma et al., 

1997; Dearnaley, 1996; Pejrup and Edelvang, 1996; Van Leussen, 1996) and settling 

columns. Settling column configurations are generally conducted either in the field 

or within the laboratory environment (Gibbs, 1985; Curran et al., 2003), and have 

also been used with the addition of a video camera (Sternberg et al., 1999; Hill et al., 

2001; Curran et al., 2003). Generally, the operation of these devices is such that 

samples of estuarine waters are extruded at specific depths, and the bulk settling 

velocity (WS) and SSC (C) are observed over time. These experiments can be 

conducted in the field to minimise floc break-up, or in a laboratory. The major 

limitation of conducting enclosed settling column experiments is that they are not 
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representative of a natural estuarine environment, because they are removed from 

turbulent water motion (Whitehouse et al., 1960). Other limitations include particle 

break-up upon initial sampling (Dyer, 1989), and flocculation (and reflocculation) 

within the column (Dearnaley, 1996). Additionally, there has been evidence of 

residual turbulence and convective currents (caused by environmental temperature 

changes) within the settling column (Dyer et al., 1996; Agrawal and Pottsmith, 

2000; Curran et al., 2003). One or all of these factors can skew the settling velocity, 

thus creating errors. 

 

 
Figure 1.1: Dependence of settling velocity (WS) on concentration (C) in different 

estuaries (adapted from Eisma et al., 1997). 
 

The aim of this study was to develop a new in situ system for the investigation of 

real suspended sediment (SSC) dynamics, within the upper water column. 
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Currently, in situ SSC dynamics can be measured through the implementation of 

various instrumentation techniques and methods. Most of these are deployed or 

utilised in a non-obtrusive manner, which does not affect the ambient turbulence or 

floc distribution in the water column, therefore providing a more accurate 

representation of the SSC distribution and settling velocities (derived mostly from 

subsequent analytical techniques, [Lynch and Agrawal, 1991]). Some of these 

instrumentation methods include: Optical Backscatter Sensors (OBS) and 

Transmissometry (Eisma and Li, 1993), Laser diffraction (Traykovski et al., 1999; 

Agrawal and Pottsmith, 2000; Fugate and Friedrichs, 2002); and more recently, 

SSC-derived measurements from Acoustic backscatterance intensity (Thorne et al., 

1991; Holdaway et al., 1999; Hill et al., 2003; Gartner, 2004). This study uses a 

combination of the aforementioned instrumentation techniques and methodology. 
 

1.1.2. Instrumentation 
 
Below is a summary of some of the common instrumental techniques used in this 

study. 
 

Optical sensors 

 

Optical sensors (including optical backscatter sensors [OBS] and transmissometers) 

measure the turbidity or optical properties of water through the attenuation or 

scattering of light, emitted from a transmitter. Suspended particles in the water 

column scatter the emitted light, with the degree of scattering dependent on the SSC 

(in addition to the size shape and transparency present), (Conner and De Visser, 

1992; Eisma and Li, 1993; Green and Boon, 1993). OBS sensors measure the 

reflected scattered light, while transmissometers measure the beam attenuation along 

a fixed path. Similarly, nephelometer sensors measure light at an angle to the beam 

(backscattering and forward scattering), (Eisma and Li, 1993).  

 

Our understanding of suspended sediment size distribution within the water column 

and the relationship between beam transmission and concentration has been 
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enhanced via the early works of Baker and Lavell (1984) and later works of Ludwig 

and Hanes (1990), Gibbs and Wolanski (1992), Green and Boon (1993), and Fugate 

and Friedrichs (2002). As such, one of the major disadvantages found in optical 

studies stems from a potentially poor calibration relationship with SCC 

measurements. This is primarily due to the size dependency of optical instruments 

and the dynamic variation of sediment sizes in the water column, including 

flocculation (Dyer, 1989).  

 

Laser diffraction 

 

Instruments such as the LISST-100 (Laser In Situ Scattering and Transmissometry 

device) developed by Sequoia Scientific use the technique of laser diffraction to 

obtain a spectra of particle sizes, a profile of volume concentration, and beam 

attenuation (from the transmissometer) within the water column (Agrawal and 

Pottsmith, 2000; Fugate and Friedrichs, 2002; Traykovski et al., 1999). The LISST-

100 specifically measures the angular scattering distribution with a series of 32 

logarithmically spaced ring detectors. The angular arrangement of ring detectors and 

lenses allows particle sizes of 1.25 – 250 µm to be resolved. The laser light emitted 

from the instrument is scattered by particles and measured by a series of 32 ring-

detectors whose radii increase logarithmically. A photodiode behind the ring 

detector measures the transmission loss and is used for scattering correction. The 

detector, situated on the focal plane of the receiving lens, records the energy 

distribution (intensity of light) from the scattered particles. A mathematical 

inversion technique is then applied to obtain a particle size distribution of the water 

column (Sequoia Scientific Inc, 1998; Traykovski et al., 1999; Gartner et al., 2001; 

Fugate and Friedrichs, 2002).  

 

Although the principles of laser diffraction (see, Agrawal and Pottsmith, 2000) have 

been used for many years to investigate suspended sediment characteristics both in 

situ (Bale and Morris, 1987; McCabe et al., 1993) and in laboratory-simulated 

environments (Van Leussen, 1999), this is one of the first instruments capable of 

measuring these characteristics in a non-obtrusive, simultaneous manner. Despite 

this, the implementation of the LISST-100 is applicable only in waters of relatively 
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low turbidity. The laser is ineffective below a transmission level of 30% (i.e. T = 

0.3), and when particles sizes are outside the range of 1.25 – 250 μm. Traykovski et 

al. (1999) showed that the maximum concentration level for this transmission value 

(0.3) is 500 mg l-1 with d = 40 μm (single class size). However, this is expected to 

vary, depending upon sediment type. 

 

Acoustic techniques 

 

Once limited to the determination of flow velocity, the backscattered acoustic 

signals of ADCPs are now being used for the derivation of suspended sediment 

transport dynamics. The potential use of ADCPs to provide a detailed non-intrusive 

spatial and temporal profile of suspended sediment concentration is becoming well 

documented (Thorne et al., 1991; Holdaway et al., 1999; Fugate and Friedrichs, 

2002; Hill et al., 2003; Gartner, 2004), although investigations into its full potential 

and limitations remain ongoing. 

 

The ADCP is based on the Doppler principle. It transmits an acoustic pulse of 

known frequency through the water column and waits to receive a backscattered 

signal from the scatters/suspended sediment in the water in order to measure the 

velocity relative to the ADCP (RD Instruments, 1996). The sound is transmitted in a 

specified series of pings, which are then averaged to form an ensemble. The ADCP 

measures velocity per depth cell (bin) for a fixed depth (profile). The measurement 

obtained is an average velocity for the entire bin. To obtain a velocity profile, the 

echo signal is range-gated, which breaks the signal into segments for separate 

processing (one after the other and keeping in order). 

 

The conversion of backscattered intensity to SSC is complex, and still requires 

considerable work (Hill et al., 2003). A number of investigations have yielded  

positive correlations (for example, Sheng and Hay, 1988; Thorne et al., 1993; Lynch 

et al., 1994; Hill et al., 2003; Gartner, 2004), and therefore documented the potential 

for acoustics to provide a temporal and spatial resolution of SSC. However, 

difficulty can be encountered when applying the corrections for acoustic 

transmission losses such as the spherical spreading of beam energy and 
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absorption/attenuation from the water and suspended particles (Gartner, 2004). It is 

also expected that biological variations will cause difficulties, as the air sacks are 

excellent reflectors, and will dominate SSC signals. 

 

1.1.3. Instrumentational Framework 
 

Suspended sediment transport is essentially Lagrangian, although most field 

measurements and investigations are conducted in a Eulerian framework (Coulliette 

and Marsden, 2001).  

 

Eulerian measurements are conducted at fixed locations, moored at either specific 

heights to obtain temporal data, or longitudinally, at discrete spatial locations (often 

kilometres apart) of an estuary. This method, however, does not directly evaluate 

phenomena occurring between stationary points such as localised flocculation, 

settling and resuspension ‘hotspots’. The term ‘hotspot’ is used to describe observed 

cloudy patches of increased turbidity caused by tidal resuspension or horizontal 

advection with the tide. One of the most difficult tasks in sediment transport studies 

is discerning the difference between local resuspension and horizontally advected 

suspended sediment as they are both detected by an increase (or decrease) in SSC 

(Pritchard, 2005). This change in SSC can not be easily and confidently measured in 

the field at fixed Eulerian points, as advected sediment transport is essentially 

Lagrangian.  

 

Lagrangian drifters and drogues have been used to track (Davis, 1985; Niiler et al., 

1995), investigate and model (Garraffo et al., 2001) the distribution and properties 

of oceanic surface currents for many years (McPhaden, 1986). These 

drogues/drifters operate on a Lagrangian frame of reference which follows and 

tracks the motion of a particular parcel of fluid over time. This not only shows the 

ultimate fate of a water mass, but also gives an insight into the transport pathways of 

the water parcel (Postma, 1967; Van Straatten and Kuenen, 1958). For example, 

Ridd et al. (1998) deployed a drogue into an estuarine environment to investigate 

flow patterns such as axial convergence and divergence fronts. This phenomenon is 

known generally as secondary estuarine circulation, and is caused by transverse 
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salinity or velocity gradients. However, similar drogue studies within estuaries are 

somewhat limited; this is possibly due to the complex logistics and limited timescale 

associated with Lagrangian studies (Johnson et al., 2003).  

 

It is with this type of Lagrangian framework that this thesis is concerned. A 

Lagrangian drogue (LAD – Lagrangian Acoustic Drogue – see Chapter 4) was 

developed so a parcel of estuarine water could be followed (with the advection of 

the tide) and its properties (including SSC and settling velocities) monitored over 

time, thus eliminating the complication of horizontally advected components. The 

development of new instrumentation has also been seen to produce benefits in terms 

of increased scientific understanding (Dyer, 1989).  

 

1.1.4. Fitzroy River estuary 
 

The new LAD device was tested in the tropical Fitzroy River estuary, Queensland 

Australia (Figure 1.2). This turbid estuary has recently become of significant 

importance, as the Australian National Action Plan has mandated a 50% reduction in 

sediment and nutrients present in the Fitzroy River catchment (Douglas et al., 2005). 

This is primarily due to the potential impact of the catchment's sediment discharge 

on the sensitive Great Barrier Reef (GBR). To achieve this drastic reduction in 

sediment loading, it is imperative that sediment sources (predominately from 

agricultural practices) and dominant processes driving the system be clearly and 

fully understood.  

 

Background 

 

An ongoing increase in the intensity of agricultural land use has been linked to a 

declination of coastal water and sediment quality in Australian coastal waters and 

estuaries, particularly in northern Australia (Zann, 1995; Neil et al., 2002). It is 

thought that increased sediment nutrient loading may have the potential to adversely 

impact upon surrounding vulnerable ecosystems (Done, 1982), and in particular the 

GBR (Done 1982; Larcombe and Woolfe, 1999; Wolanski, 1994). The sediment 

from a number of surrounding Queensland estuaries have been found to discharge 
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into the GBR lagoon, with the Fitzroy River estuary  (Figure 1.2) being a significant 

contributor (Bryce et al., 1998). However, as Neil et al. (2002) found, the current 

sediment yield estimates are limited by the sparse physical data set on suspended 

sediment concentrations and flow dynamics. The effective management of these 

estuaries and catchments is essential to ensure the protection of vulnerable 

ecosystems such as the Great Barrier Reef. Therefore, a detailed understanding of 

sediment sources and transport mechanisms (Douglas et al., 2005) is required, which 

can be developed through the expansion of current field data sets. 

 

 
 

Figure 1.2: The Fitzroy River estuary with inset map of Australia. 

 

The tropical coastal regions of northern Australia display significant annual flow 

variability as most areas exist in a state of either drought or flood. The majority of 

suspended sediment and nutrient loadings are typically transported during flood 
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events via a turbid freshwater plume. A study conducted within a similar tropical 

estuary of northern Australia (Bryce et al., 1998) revealed the dominance of tidally 

land-driven sediment dynamics over the flood events. However, once again 

reference was made to the inaccuracies involved in the flood-event modelling (based 

on, Mitchell and Furnas, 1996) due of the lack available field data.  

 

The Fitzroy River estuary drains a catchment area (dominated by agriculture and 

mining) of approximately 150 000 km3, and is the second largest in Australia. The 

Australia State of the Environment Report (in Hamblin, 2001) estimated that a huge 

5 million tonnes of nutrient- (and pesticide-) laden sediment flows from the 

catchment into the estuary every year. The catchment is dominated by agricultural 

lands, of which 87% is used for pastoral grazing. It receives a mean annual rainfall 

of 820 mm year-1, which occurs primarily during the summer months over short 

periods of time, causing widespread runoff due to the poorly-managed agricultural 

land. 

 

A tide-limiting barrage (located some 60 km upstream of the mouth – see Figure 

1.2) causes the Fitzroy River to behave either as an enclosed bay (with minimal 

freshwater input), or as a fully-flushed freshwater system (during a flood event). 

During the dry periods (majority of the year) the system is entirely salt water 

(salinity of 32 – 36), with minimal freshwater input from three (3) sewage outfalls 

located near the barrage. It is during this bay-like state that the dominant sediment 

transport mechanism comes from strong tidal velocities. The semidiurnal, 

macrotidal velocity (tidal range 0.3 – 4 m) keeps the system in a constant turbid 

state. During the short-lived wet periods, monsoonal rainfall over the catchment area 

(usually between December and February) causes flooding at the barrage, which in 

turn flushes the system with freshwater (more detail in Chapter 2). The high 

velocities exhibited during a typical flood event produce a sediment plume (from the 

scouring, eroding and resuspending of sediment from the estuarine banks) that often 

extends northward to the outer reaches of Great Keppel Bay and the Capricorn 

Coast. With this net seaward sediment loading comes increased nutrient 

concentrations, which have been noted to periodically form transparent exopolymer 

particles (TEPs) (Wolanski, 1994). TEPs are sticky particles formed within high 
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SSC environments that enhance the flocculation ability of particles within the water 

column (Ayukai and Wolanski, 1997; Fabricius et al., 2003). 

 

This study adds to the body of knowledge of suspended sediment transport dynamics 

in the Fitzroy River. The study site is located in the mouth of the Fitzroy River 

estuary before opening into Great Keppel Bay. This section of the estuary is 

characterised by its dynamic suspended sediment concentration and marked 

response to the changes in tidal velocity.  

 

1.2. Thesis objectives and scope 
 
The research work presented in this study was motivated by the potential use of 

Lagrangian drogues in the determination of a systems suspended sediment 

dynamics. A unique device was developed and deployed in the Fitzroy River estuary 

with the aim of understanding some of the important suspended sediment transport 

processes (such as flocculation and settling velocity) and flow field, a combination 

of which have been deemed to potentially influence the GBR via sediment 

discharge. 

 

A revision of the current Eulerian field-techniques and methodologies has 

highlighted some of the common problems associated with the investigation of 

suspended sediment transport at a fixed point. Probably the most significant problem 

in practice is the difficulty involved in differentiating between advection and 

suspension components. One exception is the estimation of the advected component 

from synoptic tidal current data or background levels (Hill et al., 2003). This 

problem associated with Eulerian techniques was seen as a major source of 

uncertainty for the investigation of suspended sediment dynamics. This therefore, 

led to the development of the Lagrangian measuring device (Chapters 3 and 4) for 

testing and use in the Fitzroy River estuary. Also of importance was the device’s 

potential for further applications in other coastal systems. 

 

The research project first involved understanding the Fitzroy River estuary during 

the flood and bay-like states. The flood state was seen as being the most 
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dynamically complex and challenging state, as in addition to the macro-tidal 

dynamics there is a turbulent seaward fresh water flow from the barrage. There is 

also the addition of freshwater runoff and input from local tributaries. Following 

cessation of freshwater flow is the saltwater recovery of the estuary. It was first 

anticipated that this study would coincide with the recovery stage of a large scale 

flood event, and so an investigation of the salinity recovery stage was conducted 

(Chapter 2). However, due to the dominance of the El Niño-drought climate regime 

in Australia from 2002 into 2003, lower than expected rainfall and flood flows were 

experienced (Bureau of Meteorology, 2003), and the focus of the study was forced 

to change. The study therefore focused on neap and spring tidal dynamics during the 

Fitzroy River estuary bay-like state (Chapter 5). 

 

The first drogue developed, used a long sediment staff (ASM-IV) (as outlined in 

Chapter 3) for measuring suspended sediment dynamics, and was tested in a local 

estuarine system (also refer to Appendix). This study highlighted a number of 

shortcomings in both the design and logistics for the deployment of the drogue, 

along with the preferred environmental conditions for optimal use. This 

investigation led to the ASM being replaced with an ADCP, as high depth and 

temporal resolution measurements could be made (Chapter 4). There was also an 

additional logistical benefit gained from implementing the more robust LAD, as it 

was easier to maneuver in the field. 

 

The water tracking ability of the novel LAD was investigated for the further 

application of near-surface sediment and flow dynamics, transport pathways, and in 

particular the quantification of bulk settling velocity within the Fitzroy River 

estuary. This study measured the bulk settling velocities of suspended sediment 

particles (0.33 – 1.75 mm s-1) in a turbulent in situ flow, which until now has been 

poorly understood. It also revealed the general tidal asymmetry, for example, during 

HWS (high water slack), the water tends to clear up earlier (more than ~ 20 minutes) 

than that of during LWS (low water slack). This suggests that during the flood tide, 

there is a net movement of sediment transport upstream. It was also revealed that 

flocculation plays an important role in the bulk settling of particles within the 

14 



 
Chapter 1 

 
 
estuary. In general, we have developed a deployable instrument that can be used in 

any estuary to investigate the suspended sediment dynamics. 

 

1.3. Organisation of Thesis 
 
All chapters in this thesis are self-contained with unique figures, tables and 

references. This thesis is primarily based around a series of preprints, Chapters 2 and 

3, whilst Chapters 4 and 5 have been submitted for reviewing. The thesis layout is 

organised in the follow manner, following Chapter 1: 

 

In Chapter 2 the recovery rate of a freshwater flow event in the Fitzroy River is 

investigated. The estuary’s ability to return to its bay-like state is investigated by 

observing the historical salinity profiles over time. This study has significant 

implications for the migratory pattern of saline-dependent species, but primarily 

gave an indication for the timing of future in situ field studies. 

 

Chapter 3 investigates the development of the first Lagrangian drogue – the ASM 

drogue. It describes the preliminary results for its deployment in a local highly-

turbid river, the Brisbane River, Queensland, Australia. This study provided an 

insight into the various logistical shortcomings and desired conditions for future 

deployments in the Fitzroy River. This study demonstrates the potential use of 

drogue studies as effective measuring platforms for the real quantification of 

estuarine suspended sediment dynamics.  

 

The second and final drogue, the Lagrangian LAD, is described in Chapter 4. In this 

chapter, the importance of slip measurements in Lagrangian field studies emerge and 

thus the quantification of the LAD’s ability to track and monitor a parcel of water is 

determined. The results of this investigation prove the LAD drogue is efficiently 

advected with the net flow of the tide (i.e. Lagrangian), thus allowing the 

investigation of the settling of suspended particles in Chapter 5.  

 

Chapter 5 is the penultimate chapter that provides the suspended sediment results 

from the study introduced in Chapter 4. The LAD was deployed over six (6) slack 
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water periods (both HWS and LWS) to investigate the real bulk water settling 

velocities of the Fitzroy River estuary. The mechanism of flocculation was found to 

play an important role in the bulk settling velocities.  

 

Finally, Chapter 6 offers recommendations and improvements for future field 

research.  
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A Simple Technique for Estimating the 
Recovery Rate of  a Subtropical Estuarine 

System after a Flood Event  
 

Abstract 
 
The Fitzroy River is one of Australia’s largest river systems, with an estuarine 

section extending 60 km from its mouth to a tidal limiting barrage. The Fitzroy 

River, whose catchment is 142450 km2 experiences annual short-lived flooding as a 

result of intermittent heavy summer rainfall events. This study revealed that the 

Fitzroy River estuary behaves as an enclosed bay as it does not experience a 

freshwater inflow after the cessation of a flood event. There was a need to develop a 

predictive estuarine recovery graph as typical formulas, (such as the fraction of 

freshwater) did not apply. Implications of this simplistic (salinity recovery) graph 

will lead to a better understanding and knowledge base for both the independent and 

commercial fisheries.  The reason for this being that a during a flood event, the 

majority of freshwater species (upstream of the barrage) and estuarine-dependant 

(downstream) species are washed into the adjacent Pacific Ocean. The re-migration 

of both the fresh and estuarine-dependant species after the flood event is closely 

related to the rate of salinity recovery.  
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2.1. Introduction 
 
Australian estuaries exhibit highly variable flows with large peak, and annual floods 

due to their lower than world-average annual precipitation, runoff rates and elevated 

evaporation rates (Warner, 1986). As such, each system is vastly unique and 

requires its own hydrodynamic and transport analysis. However, depending upon the 

severity and duration of a flood event, all estuarine hydrodynamic processes are 

bypassed with the advent of the increased floodwater. Often, pre-existing long-term 

monitoring schemes overlook these events because of their short-lived nature. This 

then becomes a problem as most nutrient and sediment transport occurs during a 

flood.  

 

Typical estuarine systems comprise of a consistent freshwater input either from 

branching tributaries or anthropogenic inflows such as tertiary treated sewage. An 

increase in freshwater discharge (flood-water) gives rise to an increase in flow and 

circulation, thus resulting in a subsequent relocation of the salinity intrusion (not 

considering tidal influence). A series of adverse affects are followed by this setback 

of salinity. The most predominate being an increase in turbid suspended 

sediment/nutrient loading in the water column. This affects the light-dependent 

productivity and consequently trophic (food-web) structure, which directly 

influences the diversity of species in the river. Several surveys of the Fitzroy River 

catchment (both upstream and downstream of the barrage) have identified 97 species 

of fish of which 26 are species of native freshwater fish (Burghuis and Long, 1999), 

12 species of prawns and three species of crab: mudcrabs, spanner crabs and sand 

crabs; the estuarine section of the Fitzroy River catchment is the focus of this study. 

The increased flow associated with a flood forces the non-tolerant freshwater species 

out of their estuarine habitat and into the ocean with the tolerant freshwater species 

(originating from upstream) closely following. After the flood, the freshwater 

species are then forced to migrate back upstream (over the fish-way [Stuart and 

Cooper, 1999] at the barrage) before the saltwater reaches the barrage. Meanwhile, 

estuarine-dependant species migrate from the ocean to a region downstream of the 

barrage. The study of the saltwater penetration and estuarine recovery (or flushing 

time) after a flood indicates the diversity of species abundance at a time – this has 

implications for commercial and recreational fisheries.  
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The flushing time is often a good indicator for the health of a system. A long 

flushing time can result in an increased chance of algal blooms as nutrients can build 

up in the system. The flushing time can be calculated using a variety of techniques, 

the most common and simplest method being the fraction of freshwater (Rasmussen 

and Josefson, 2002; Eyre and Twigg, 1997; Alber and Sheldon, 1999). Other 

methods include the Water and Salt Budget Method, and one-dimensional analyses 

of the conservation of volume, momentum and mass (Gillibrand and Balls, 1998). 

The only method that doesn’t consider discharge is the Tidal Prism Method (the 

difference between the volumes of water at high and low tide). It has been stated that 

this method is limited as it yields flushing times of shorter durations than other 

calculations (Kennish, 1986). Approximate calculations for the flushing time of the 

Fitzroy River generated values of an order of magnitude shorter than that observed. 

Bowden (1967) stated that the length of the flushing time depends on the river 

discharge. But what happens when there is no constant inflow and thus no river-

discharge (except for flooding events)? One must then assume that the estuary acts 

as an enclosed bay. 

 

This paper presents a simplified method for obtaining the salinity-based recovery 

time of a bay like estuary after a flood event. For this study the site to be considered 

is the Fitzroy River estuary (Figure 2.1). The Fitzroy River is a unique estuary as it 

essentially behaves as an enclosed bay for 60 – 75% of the year (during the dry 

season). A comparison is made with the salinity data observed over a three-year 

period (2000 – 2003). The motivation for this study was driven by the inherent lack 

of available community based data on the subject of flooding events and their 

recovery. Based on historical data, a crude graph predicting the salinity recovery in 

the Fitzroy River has been developed. The reason for this is that, because of the 

complicated morphology of the system more detailed calculations can only be 

obtained by means of a complete knowledge of the tidal current field and 

bathymetry, which we do not yet have. 
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2.2. Description of study area 
 
The Fitzroy River, Australia is located in an agricultural sector of northeast 

Queensland and is one of the largest systems on the eastern cost of Australia. It has 

an estuarine section that extends 60 km from its mouth (which is typically defined as 

the cross-sectional transect between the last two points of land before widening into 

the ocean) to a barrage that marks the upper tidal limit.  The catchment area of 

142450 km2 comprises of almost 10% of Australia’s productive agricultural land 

and as such, farms and local industries boarder the riverbanks.  One of the main 

sources of nutrients (particularly phosphorous and pesticides) and sediment into the 

system are from the runoff of the surrounding agricultural areas. A large-scale 

rainfall event causes the system to flood at the barrage (site 13, Figure 2.1) thus 

allowing the sediment and nutrient laden floodwater to enter the lower Fitzroy 

River.  

 

 

Figure 2.1: Fitzroy River estuary Australia with thirteen EPA monitoring sites 
marked by a circle and distance (km) from mouth. Site 1, located at the mouth of the 

estuary (2.5 km AMTD) to site 13, located 59.6 km AMTD. 
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The semidiurnal tidal range at the barrage ranges from 1.7 m at neap tides up to 5.8 

m at spring tides. The large tidal excursion results in high velocity tidal flows that 

dominate the mid-lower sections, closer towards the mouth (Noble, 2002). This led 

to a constant increased level of turbidity and subsequent lower levels of algal 

growth. 

 

2.3. Methods 
 

The Environmental Protection Agency (EPA) and Department of Natural Resources 

(DNR) Queensland, Australia, have implemented a consistent water sampling and 

monitoring regime on a monthly basis. Historical results can be found from 1978. 

However more reliant results with newer measuring techniques and instruments 

have only been available since 2000. There are currently thirteen (13) monitoring 

sites (Figure 2.1) located along the axis of the estuary from the mouth of the estuary 

to the barrage that these agencies use. 

 

2.3.1 Water quality data 
 
Each month (from 1998 to 2002), a survey of the river was conducted, taking six (6) 

hours (or a half tidal cycle) for the thirteen sites. At each site, the salinity was 

measured using a YSI Grant 3800 Water Quality Logger. This instrument is 

calibrated to EPA standards and is used for the majority of all EPA monitoring 

systems. 

 

2.3.2. Decay method  
 
In situations where the decrease of a variable (salinity) in a fixed time interval (days) 

is proportional to the magnitude of the variable at the beginning of the time interval 

the exponential decay can be determined. In a bay the diffusion of a substance from 

a source can be considered to behave in an experimental manner of the form 

 
kt

ot eDD −=                                  (1) 
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can be used for the recovery of a freshwater inflow into a bay, where Dt is the 

distance of the salinity intrusion (above 33 0/00) from the barrage  at time t, D0 is the 

initial distance of the salinity intrusion, e  is the base of the natural log, k is the 

recovery rate constant and t is the time interval. For the case of the Fitzroy River, the 

source is considered to be at the barrage. Values of k and t for the Fitzroy River are 

determined from the salinity time series data. 

 

2.4. Results and Discussion 
 
At least once every year the Fitzroy River undergoes a flushing mechanism or 

flooding. The term flushing is adopted when the usual estuarine water has been 

replaced with that of fresh floodwater. Figure 2.2 demonstrates the salinity recovery 

at monthly intervals after a flood. Once the system has been fully flushed from a 

flood (with axial salinity distributions of ~ 0 0/00) the recovery rate is independent of 

the magnitude of the rainfall event, because there is no further inflow. Figure 2.2a 

and b depicts the recovery of the Fitzroy estuary during periods of no inflows for 

Case A: 9 Jul 2002 – 21 Jan 2003, total of 196 days and, B: 13 June 2001 – 18 Dec 

2001, total of 188 days, respectively. For Case A, there was a minor flooding event 

on 10 June 2002 (15000ML Day-1) and then there was no flooding of the barrage 

until after February 2003 (not included) where the flooding reached a peak flow of 

over 350000ML Day-1. For Case B, there was a Peak flood (82500 ML Day-1) on 10 

Feb 2001, a minor flood recorded 5 March 2001 (20000ML Day-1) and no flooding 

after 5 April 2001.  

 

To determine the decay rate it is essential to determine a starting point. The time 

series commences at (Day 0) with a location rather than an ambiguous guess of time 

since flood. Day 0 is taken as time at which the saltwater penetration (330/00) is in 

movement (upstream) and has reached the site AMDT 10 km (Figure 2.1). The 

reason for this location is that it is the first point at which the open mouth of the 

estuary converges to a uniform width.  
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Figure 2.2(a): Case A: vertical distribution of salinity (0/00) at the thirteen 
longitudinal sites from the mouth of the Fitzroy River at monthly intervals after a 

rainfall event, 20 Feb 2001 – 18 Dec 2001. 
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Figure 2.2(b): Case B: vertical distribution of salinity (0/00) at the thirteen 
longitudinal sites from the mouth of the Fitzroy River at monthly intervals after a 

rainfall event, 9 Jul 2002 – 21 Jan 2003. 
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2.4.1. Salinity distribution  
 
The salinity profiles during these two rainfall events (Figure 2.2) demonstrate a full 

spectrum of mixing regimes ranging from well mixed to highly-stratified. The most 

prominent feature of both Figure 2a and b is that there is a distinct discontinuity of 

salinity that starts approximately AMTD 25 km and ends at AMTD 33 km. This is a 

direct result of the ‘cut through’. Due to the shear force of the past floods, the 

morphology of the system has been altered and now the majority of all flow 

bypasses site AMTD 28.1 km (Figure 2.1) and travels via the ‘cut-through’. This 

resulted in a salinity lag in the area. Even during periods of no rainfall, there is a 

receding spike of 5 0/00 at this monitoring site. Balls et al. (1997) suggested that a 

constant reduction in salinity at any given geographical location in an estuary 

corresponds with an increase in nutrient concentration at that site. This suggests that 

this area could result in algal blooms and should be monitored more rigorously (not 

in the scope of this paper). 

 

Figure 2.2a commences with a system that is fully flushed (not shown) and by Day 

0, it can be seen that the 31 0/00 vertical halocline is in motion as all overland flow 

from the flood has ceased and the salinity had reached AMDT 10 km. As the 

saltwater movement begins, there is evidence of salt wedge at a distance of AMDT 

20 km (Day 0) at a depth of 7 – 9 m. After this stage, a partially mixed regime 

dominates and continues for the duration of the dry period (Day + 196). It is at this 

stage all fresh floodwater has been dispersed, leaving saline-ocean water (> 31 0/00) 

to reach the barrage. 

 

Figure 2.2b similarly starts just after the system has been flushed out (20000 ML 

Day-1 on 5 March 2001) where salt wedge penetration has begun to make its way 

upstream (Day 0) on 13 June 2001. Once again, day zero was recorded as the point 

closest to AMDT 10 km, which was AMDT 20 km (or 40 km from the barrage).  

Further upstream, a more prominent halocline depicting that of a salt-wedge can be 

distinguished from AMDT 40 – 50 km (or 10 – 20 km from barrage). At Day 20, the 

sharpness of the upstream haloclines had decreased and a partially mixed salinity 

regime dominated. The only mixing was induced by the tide and density differences 

as the flow had stopped since Day 0. The estuary progressed to return to a well-
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mixed state at Day +160 till the final Day +188 where the salinity discontinuities 

evened out (at AMDT 30 km). It must be noted that the according to the 

hydrographs for the flow of the barrage, there was no recorded flow from 20 Feb 

2001. However, due to excess overland runoff and groundwater flow from the flood, 

the salinity recession did not occur until 113 Days later.  It was ensured that day 

zero represented a system that was initiating recovery. 

 

When considering Total Suspended Sediment (TSS) data (not shown) no apparent 

Turbidity Maxima was observed, even in the region marking the 

saltwater/freshwater interface. This factor confirms that the system behaves more 

like an enclosed bay.  

 

2.4.2. Saltwater penetration 
 
The exponential decay equation has been used to define most dye-tracer experiments 

and anaerobic sewage treatment for the determination of liquid retention time of the 

BOD5 – Biochemical oxygen demand after five days.  

 

 To asses the recovery time in days after a flood event, the saltwater penetration (for 

Case A) was monitored. This involved locating the first salinity reading above a 

nominal salinity level of 31 0/00 and plotting it as a function of distance form from 

the mouth (Figure 2.3). The inverse of the distance from the mouth (distance from 

barrage) was taken so that an exponential equation emerged (see Equation 2). 

 
Exponential decay for Case A:  

 
teD 0155.050 −=                                                                          (2) 

 

The limitation of this function, D0 = 50 km (from the barrage), represents the 

maximum (seaward) distance of freshwater, i.e. where the 310/00 isohaline starts. The 

other limitation of this function is the due to fact that it is an exponential decay 

function and as such the asymptote corresponds to the 310/00 saline water not ever 

reaching the barrage. Although not always the most precise measure of accuracy, the 
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correlation coefficient yielded in an r2 value of 0.9584. This value corresponds to the 

high strength of the exponential relationship between the two variables (distance and 

time). The decay constant for the relationship is 0.0155. It can be observed that Case 

B, represented by the triangular plots in Figure 2.3, all fall within the error bars of 

Case A. For the purpose of this paper Case B was purely used for validation of the 

exponential decay function. 

 

 

Figure 2.3: Salt water penetration (above 33 0/00) after a flood event. Vertical error 
bars denote an uncertainty of ± 6 km due to tidal excursion. Case A is fitted with an 
exponential decay function of, D=50e-0.0155t where D, is distance from barrage (km) 

and t is time since flood (days). Correlation coefficient is 0.958. 

 

2.4.3. Influence of tidal excursion 
 
As the monthly salinity profiles were taken at sporadic tidal times, it was important 

to factor in a degree of uncertainty. The tidal velocity and related hydrodynamics 

was intensely studied over a two-week period (01/06/03 – 14/06/03). This study (not 

included in this paper) involved conducting cross-sectional transects of a vessel-

mounted RDI 1200 kHz ADCP fitted with pressure sensor and bottom tracking 
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device at an average frequency of every half-hour at various locations in the Fitzroy 

River. These results yielded in average tidal velocities ranging from 0 m s-1 (at both 

high and low tide) to 1 m s-1 (mid ebb tide). Taking a conservative average tidal 

velocity of 0.55 m s-1 results in an error of 6 km over a half tidal cycle (as observed 

by y-error bars in Figure 2.3). 

 

2.4.4. Validity of graph 
 
The validity of the exponential function graph was tested with an extensive set of 

historical data, not included in this paper. This validity data was arbitrarily chosen 

from the EPA data set form 1980 – present. Due to the conservative limits of the 

function, all data fell well within the bounds of the (Case A) exponential function 

and associated y-error bars.  

 

2.5. Summary 
 
The study has provided an insight into the time-varying salinity distribution after a 

rainfall event that causes flooding at the barrage of the Fitzroy River. The 

distribution of salinity in the Fitzroy River is one that displays a plethora of 

scenarios depending on the freshwater inflow, evaporation, local rainfall, tidal 

response to mixing and the salinity of the adjacent Pacific Ocean. 

 

Implications of this simplistic graph represent the migratory patterns of the species 

in the river. With the onset of the salinity intrusion after a flood one can expect an 

abundance of saline-tolerant fish species. Kimmer (2002), discovered that the 

abundance or survival of estuarine-dependant species increased with freshwater 

inflow, however the key mechanisms were difficult to quantify. There therefore a 

need to further investigate the variations of flow patterns and salinity on a variety of 

species perhaps in a regulated laboratory environment.  This study has provided an 

approximate salinity recovery graph for the Fitzroy River estuary after a flood event. 

It is encouraged that this graph be used as a basis for both commercial and 

independent fisheries for the associated recovery of saline-tolerate species with time 

after a flood event. 
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Abstract 
 
In situ measurements of estuarine parameters are usually made at fixed sites, 

strategically chosen to best represent the system. However, this method does not 

accurately evaluate phenomena occurring between these stationary points (such as 

the flocculation and deflocculation of suspended sediments). To alleviate this 

problem, a new drogue was developed so a specified parcel of estuarine surface 

water could be followed and its properties monitored over time. The drogue was 

equipped with a Global Positioning system (GPS) for monitoring the drogues 

position, an ASMIV sediment staff for measuring optical backscatterance levels 

every 1 cm at 6 second intervals, within the top 2 m of the water column, and a 

Greenspan CTD sensor for monitoring temperature and conductivity of the water 

parcel at 20 cm depth. Data collected from a trial experiment showed that while the 

device was beneficial for studying estuarine sediment dynamics, the horizontal scale 

of estuaries (~ 100 m) poses limitations on the drogue’s use. 
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3.1. Introduction 
 
Sediment transport dynamics within estuarine systems have received a lot of 

attention in the past due to their association with the transportation of pollutants and 

fine-grained natural elements. The fine-grained particles or Suspended Particulate 

Matter (SPM) are significant carriers of pollutants due to their ability to adsorb 

chemicals (McCave, 1979; Van Leussen, 1998). SPM often results from natural 

erosion or anthropogenic inputs such as dredging, agricultural activities, industrial 

activities and urbanization of upland basins (Moss et al., 1992 and Hossain et al., 

2001). Suspended sediments in estuaries also pose both economical and 

environmental problems on the surrounding community due to their inherent ability 

to be deposited in navigable entrances, thus interfering with the surrounding 

ecosystems. 

 

Suspended sediments in lakes and estuarine systems can exist in the form of flocs 

(Eisma, 1986). The term ‘floc’ is used to describe an agglomeration of finer primary 

particles that have joined or ‘flocculated’ together to form larger secondary particles. 

Kranenburg (1994) noted the findings of Krone (1963; 1986) and Partheniades 

(1965) had significantly contributed to our present understanding of a floc structure. 

One of the most obvious effects of flocculation occurrence is observed within 

estuaries of high primary particle concentration, whereby the appearance of water 

can actually ‘clean up’ due to the agglomeration process. This is because it is the 

finer particles that scatter light, causing the estuary to appear turbid.  

 

To accurately predict certain processes and phenomena, one must obtain quantitative 

data derived from in-situ investigations for use in predictive computer modelling, 

especially in the field of estuarine sediment dynamics; laboratory-based research is 

limited due to the difficulty of reproduction or calculation of all necessary 

parameters. That is, there will always be factors of ambiguity. The quantification of 

SPM in estuarine systems and coastal waters has been extensively studied especially 
since McCave (1979) and Downing et al. (1981) documented the potential of 

Optical Backscatter sensors. Since then, non-obtrusive in situ instruments such as 

optical instruments, video cameras and drogues (as in this study) have been used 
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(see also the review paper by Wren et al. [2000] for further details of suspended 

monitoring instrumentation).  

 

Numerous suspended sediment studies conducted in rivers, estuaries and related 

catchment areas have been conducted throughout the world, the majority being 

investigated at fixed sites, chosen to best represent the system. A common study is 

that conducted on established traverses approximately 5 km apart within a tidally 

influenced river (Cox, 1998). But what happens between these sites? Although one 

is left to assume there is a constant relationship between them, this isn’t always the 

case. Drogues and drifters have been used for years to track and monitor surface 

currents (Richardson, 1981; Kery and Foley, 1995; Crisp and Griffiths, 1995). 

Drifters (measuring platforms developed to follow the same parcel of water) are 

ideally designed to provide estimates of changes along the trajectory of the water 

parcel (Righi and Strub, 2001). The principle of a drogue is adopted in this study to 

measure the suspended sediment in a constant parcel of water for the duration of a 

complete tidal cycle. 

 

The objective of this paper is to introduce a novel drogue-based instrument and 

present some of the preliminary results.  These results have indicated that despite the 

limitations due to the changing water masses in estuaries, the use of this instrument 

will improve our understanding of sediment dynamics. 

 

3.2. Description of Instrument 
 
The most effective method of obtaining conclusive data is to combine and 

synchronise an array of instruments so that different measurements are made in 

similar water parcels on similar time scales (Sternberg, 1989). This was adopted 

when designing the drogue (see  

 

Figure 3.1). In its trial experiment (reported here) the drogue carried three self-

contained battery-operated instruments. These instruments were the Argus ASM-IV 

(optical backscatterance) Sediment staff, a Greenspan CTD probe and a portable 

Global Positioning System.  
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Figure 3.1: Schematic drawing of drogue-based instrument. (1)- ASM-IV Sediment 
Staff; (2)- Lowrance Globalmap-100 GPS and housing; (3)- Greenspan CTD350 

Multiparameter Sensor. (NB: redrawn here for clarity). 
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The drogue-based instrument was primarily designed to track a parcel of upper 

estuarine water (depths ~ 1 m). This was achieved by attaching a series of four (4) 

stainless steel vanes to the buoyant portion of the structure (consisting of a resin 

coated block of high-density foam), which allowed the drogue to flow with the 

current. The size of the vanes was primarily limited to 500 mm deep, which was 

sufficient to track the upper water column without interfering with the sample 

volume of water below. The 5 mm thick detachable vanes can be replaced with 

longer depth vanes if required. One of the main concerns in designing the whole 

system was to ensure that the instrument was not directly influenced by the wind. 

For this reason, the top of the float sat flush with the water surface, while the vanes 

were placed away from the centre in order to minimise influences on the parcel’s 

sediment dynamics. 

 

3.2.1 Sediment staff 
 
The 2-meter Argus Surface Meter, ASM IV (a high-resolution sediment staff) 

operates with 100 infrared sensors (central optical frequency of 900 nm) per meter. 

These sensors are located on an active board protected by a clear epoxy resin and 

embedded in a stainless steel rod. Each sensor samples a fixed volume of 

approximately 0.5 cm3
, at a fixed distance between 5 and 10 mm from the rod. Data 

from all sensors were logged internally every 6 seconds, with the time stamp 

synchronised with the other sensors (based on the programming PC clock). 

 

This study documents the first time the ASM-IV Optical Backscatterance Sediment 

Staff has been used to track a parcel of water; the ASM IV instrument was 

developed primarily for high-resolution measurements at the bottom of moving 

water (in a fixed position). The sensors embedded in the Optical Backscatterance 

staff measure the reflected and refracted light scattered by the suspended particles 

(McCave, 1979). The advantage of measuring suspended sediment characteristics 

with a non-obtrusive instrument is that the aggregates or flocs will not be broken up 

by routine methods of sampling and testing (Gibbs, 1981, 1982; Gibbs and Konwar, 

1982, 1983). 
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GPS Tracing Device 

 

As Wilson (1999) predicted, the emergence of more advanced telemetry 

technologies has led to increased usage by drifter designers and researchers. 

Additionally, the recent advent of the Selective Availability ending in May 2000 has 

seen the accuracy of the civilian GPS increase threefold. Accuracy has changed from 

+/-200 m to +/-10 m (Meldrum, 1999). The Lowrance Globalmap-100 Global 

Positioning System (GPS) was adopted in this study with accuracy between 5 – 10 

m. The internal GPS data logger was programmed to update the trail every 10 

seconds (maximum capacity of 3000 track points per trail) which allows a running 

time of approximately five hours. The default GPS setting outputs NMEA 0183 

$GPRMC data sentences through a computer serial port using RS232 protocols. The 

GPS was attached to the top of the drogue in an airtight container; a weatherproof 

GPS receiver antenna was then connected to the GPS to heighten its receiver results. 

The principal function of the GPS was to determine the path and relative velocity of 

the drogue as a function of the time. 

 
Greenspan Smart Sensors 

 

The Greenspan CTD350 sensor combines the functions of Conductivity, 

Temperature and Pressure (Depth). This non-cabled sensor (with fully-sealed RS232 

connector between the data logger and PC) was fixed to the base of the float (depth 

20 cm) and remained submerged at all times. Pressure is measured using a ceramic-

faced pressure sensor with a sensing range of 0-10m and an accuracy of ± 0.07% FS 

(over temp range ± 25°C). Conductivity is obtained using an integrated toroidal 

sensor with a range of 0-60000 μS and an accuracy of ± 0.7% FS (over temp range 0 

– 50°C). Temperature was derived from an embedded sensor with a range of 0-50°C 

and an accuracy of ±0.2°C.  

 

A Greenspan PS310 pressure sensor was deployed separately to monitor the tidal 

elevation of the estuarine system near the drogue deployment site. The onboard 
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microprocessor converts the output voltage to a 16 bit digital signal so that the 

software program, SmartCom® can display in real units, i.e. meters of depth. 

Both probes use a total of nine Li/Mn02, Lithium Thionyl Chloride 3.6V AA cells. 

This configuration supplies 10.8 volts at 5.2A Hr-1. Whilst sampling, the PS310 and 

CTD350 have a current draw of 32 mA and 70 mA respectively. All sensors were 

sampled and stored every 5 seconds. 

 

3.3. Methodology  
 

3.3.1 Site Description 
 
The unique deep morphology of the Brisbane River and its associated high-

concentration of SPM makes it an ideal location to deploy and study the nature of 

the drogue (see photograph of drogue, Figure 3.2). The site selection within the 

Brisbane River was guided by the need to find a convenient location with little or no 

boat traffic, and which was nominally deeper than 2.3 m.  

 

 
 

Figure 3.2: Photograph of Drogue prototype deployed in Brisbane River on 23 
August 2002. 
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The sub-tropical Brisbane River (Figure 3.3), one of Moreton Bay’s major 

tributaries, is located in South East Queensland and has a catchment of 13560 km2 

(Eyre et al., 1998). The region is generally dominated by two (2) climatic patterns - 

summer and winter. The summer months are controlled by heavy rainfall and 

thunderstorms that result from the moist and unstable subtropical maritime airflows. 

Conversely, the winter months bring forth the stable anticyclonic air pressure 

systems with perfect clear skies and light winds (Auliceims, 1990). 

 

Several studies have made considerable contribution to the understanding of the 

Brisbane River (e.g. Bennett, 1986; Moss, 1987; Odd and Baxter, 1980; and Rankin 

and Milford, 1979).  The water quality and physico-chemical parameters associated 

with the lower reaches of the river were studied by Straughan (1967) and Moss 

(1979, 1987). A study on the suspended sediment budget (Eyre et al., 1998) found 

the enhanced sediment trapping ability and turbidity of the river has resulted from 

years of dredging and anthropogenic modifications of the morphology of the river.  

 
 

Study AreaStudy Area

 
 

Figure 3.3: Location of Brisbane River, Queensland with respect to Australia. 
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More recently, Hollywood et al. (2001) conducted an extended study on the 

sediment dynamics within the Brisbane River. They discovered this highly-modified 

microtidal estuary experienced a turbidity maximum in the mid-reaches, which was 

driven by a combination of tidal asymmetry and tidal straining. This persistent 

feature was the driving force behind the drogue development as it was necessary to 

design a system that could follow the behaviour of the turbidity maximum during 

the ebb and flood tide (where turbidity levels were observed to drop significantly).  

 

3.3.2. Trial experiment 
 

A trial experiment to test the drogue was undertaken on 23 August 2002. The 

weather conditions were generally calm and sunny, although some showers had 

occurred in the region, prior to the experiment (no gauging data was available). The 

drogue was deployed approximately two hours before the flood tide and recovered 

approximately four hours later. The short duration of deployment was necessary as 

after this time the drogue would have moved into an area of high boat traffic, with 

significant risk of damage and/or loss. 

 

For this preliminary study a Greenspan PS310 Pressure Sensor, as previously 

detailed (which utilises a ceramic-based capacitive element as the transducer) was 

deployed close to the river’s edge to monitor the tidal response over a half tidal 

cycle. The location of the sensor is marked by the number 1 and can be observed in 

Figure 3.4. 
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Figure 3.4: Track of drogue given by GPS unit. Deployment time 10:05 am, turn of 

tide 12:28 pm and retrieval of drogue 1:30 pm. (1)-Location where the PS310 
Pressure sensor was fixed (near the entrance of the Oxley Creek inlet). 

 

3.4. Results and Discussion 
 
The results from the preliminary deployment of the drogue-based instrument 

quantify some of the main governing physical attributes of the Brisbane River. As 

previously discussed, the recording of the drogue’s trajectory in the Brisbane River 

was achieved by the GPS. Figure 3.4 shows that the drogue (deployed at 10:05 am) 

changed its direction from proceeding upstream to downstream at 12:28 pm. This 

correlates with Figure 3.5, which suggested that at the change of tide, the drogue 

started to follow another water parcel of different temperature and conductivity.  

 
As can be seen from Figure 3.5, the flooding tide reached its peak at 11:20 am on 23 

August 2002 and, after this point in time the tide started to reach its slack period at 

~11:50 am. The GPS data revealed (see Figure 3.4) the drogue did not change 

direction until 12 – 12:30 am, leaving a time lag between that of the drogue and the 

actual tide. Hollywood et al. (2001) also observed a similar tidal velocity lag in the 
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Figure 3.5: Results from the CTD probe and Pressure Probe. (a) Tidal pressure over 

stipulated drogue deployment time; (b) Temperature of the water parcel at the 
drogue; (c) Conductivity readings from the water parcel at the drogue. Slack tide 
starting at ~11:50 am and finishing at ~11:17 am with the commencement of the 

ebbing tide. 

 
 
Brisbane River. Figure 3.5 also presents the conductivity and temperature data 

derived from the CTD. The data reveals that there was a gradual warming of the 

surface water until about 12:20 am, when a more rapid change occurred. This 

warming may have been the result of solar radiation. The conductivity signal varied 

throughout the deployment, this may have been a result of the tidal straining 
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processes encountered in the estuary. Tidal straining is the name given to the 

process, which can lead to a decrease in vertical salinity stratification during the 

ebbing tide. It is caused by an interaction between the vertical sheared tidal currents 

and the along-channel salinity gradient (Simpson et al., 1990). 
 
Examples of the backscatter data derived from the ASM-IV are graphed in Figure 

3.6. The data presented from sensors 2 and 100 (at depths of 22 cm and 122 cm 

below the water surface, respectively) were normalised by dividing the recorded 

values by the maximum recorded by that sensor during deployment. The data 

reveals that the reflectivity values measured by Sensor 2 initially increased until 

11:10 am, before decreasing to extremely low values at 11:50 am. At 12:10 pm a 

dramatic increase in backscatter was observed until 12:15 pm, when it reached and 

maintained a nearly constant value. Sensor 100 followed a similar trend although the 

signal lagged that of Sensor 2 by approximately 30 minutes. It is likely the unsteady 

nature observed in the early stages of deployment resulted from tidal straining, 

which has been shown to cause rapid changes in SPM levels (Hollywood et al., 

2001). The lag indicates the water column was probably stratified, and that the 

parcel of water that SPM was initially at the surface moved downward through the 

water column with time; in time suggesting a very complex settling/mixing process 

was active. This may have been caused by a frontal structure resulting from the 

inflow of Oxley Creek (location shown in Figure 3.4), observed during the field trip. 

 
These results suggest that, in addition to the scattering profile data, it is also 

necessary to determine the vertical salinity/temperature distribution so that vertical 

changes in these (resulting from different mixing processes) can be quantified. 

Additionally, determination of the in situ vertical particle size distributions will help 

distinguish between flocculation and settling, both of which can lead to reduced 

backscatter, and deflocculation and vertical advection of material, which can lead to 

enhanced backscatter. 
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Figure 3.6: Normalised ASM-IV (Sediment staff) graphs of Reflectivity. (a) Sensor 

2 and (b) Sensor 100. Numbers ascending from the top of the staff, near the head 
unit. 

 

3.5. Conclusions 
 
This paper has presented a unique method for the investigation of sediment 

dynamics within an estuary; albeit with some limitations. Future deployments will 

be carried out with simultaneous traverses of the LISST-100 (Laser Insitu Scattering 

and Transmissometry) sediment-sizer, so the ASMIV-derived turbidity levels can be 

related to particle distribution (obtained by the LISST-100) as in Hollywood et al., 

(2001). One of the major shortcomings of the LISST100 is its limitation to measure 

flocs exceeding 250 μm. This can pose a problem in estuaries such as the Halifax 

Inlet where the large flocs or marine snow (> 250μm) account for 36 – 100% of the 

total suspended particle matter concentrations (Syvitski et al., 1995). Therefore the 

use of other methods of obtaining concentration levels and size distributions (such as 
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the AGC Floc Camera Assembly (Heffler et al., 1991) and the high-resolution video 

camera (Sternberg et al., 1999) is recommended. The latter method comprises a 

sediment trap attached to a video camera where time-lapse images of the settling 

aggregates are taken through the water column. 
 

The LISST (which is also equipped with a Seabird SBE 37i CTD) will also be used 

to investigate any changes in vertical structure that may arise from tidal straining, or 

by the drogue encountering and estuarine front. Additionally, a Nortek Vector 

current meter for recording the background turbulence levels when dissipation rates 

exceed 10-4 m2 s-3, will be attached to the base of the sediment staff. This will give 

details of the turbulent levels near the drogue, which will help to quantify the 

influence of tidal straining and the importance of turbulence in any settling and/or 

flocculation process. The LISST will assist in determining whether the process is 

resuspension and/or flocculation, as it will permit the determination of particle size 

distribution. 

 

It is evident from this investigation that careful considerations must be made when 

selecting a suitable drogue deployment location. Ideally the site ideally must have 

no external inputs (including wind and freshwater inflows). While this limits the 

study sites to some extent, it will certainly enhance our understanding of the water 

within the upper depths of an estuary. 

 

3.6. References 
 
Auliciems, A., 1990. Climates of the Brisbane Valley. In: P. Davie, E. Stocker and 

L.D. Choy (Editors), The Brisbane River, a source-book for the future. 

Queensland Museum, Brisbane, pp. 7-16. 

Bennett, J.C., 1986. Use of Mathematical Modelling in Water Quality Management 

of the Brisbane River, Proceedings Hydrology and Water Resources Seminar, 

Griffith University, Brisbane. 

Cox, M.E., 1998. Distribution of Salinity and Other Physico-Chemical Parameters in 

the Brisbane River Estuary, Moreton Bay. In: I.R. Tibbetts, N.J. Hall and 

 
The Quantification of Estuarine Suspended Sediment Dynamics: A Drogue’s Perspective 

51



 
Chapter 3 

 
 

W.C. Dennison (Editors), Moreton Bay and Catchment. School of Marine 

Science, The University of Queensland, Brisbane, pp. 185-202. 

Crisp, N. and Griffiths, G., 1995. Observations of tidal and wind-driven currents, 

and acoustic backscatter using an acoustic Doppler current profiler on a 

surface-following buoy. In: S.P. Anderson, G.F. Appell and A.J. Williams 

(Editors), Proceedings of the IEEE Fifth Working Conference on Current 

Measuremen, St. Petersburg, Florida, pp. 30-34. 

Downing, J.P., Sternberg, R.W. and Lister, C.R.B., 1981. New instrumentation for 

the investigation of sediment suspension processes in the shallow marine 

environment. Marine Geology, 42: 19-34. 

Eisma, D., 1986. Flocculation and de-flocculation of suspended matter in estuaries. 

Neth, J. Sea Res., 20(2/3): 183-199. 

Eyre, B., Hossain, S. and McKee, L., 1998. A Suspended Sediment Budget for the 

Modified Subtropical Brisbane River Estuary, Australia. Estuarine, Coastal 

and Shelf Science, 47: 513-522. 

Gibbs, R.J., 1981. Floc breakage by pumps. Journal of  Sedimentary Petrology, 51: 

670-672. 

Gibbs, R.J., 1982. Floc breakage during HIAC light-blocking analysis. 

Environmental Science Technology, 16: 298-299. 

Gibbs, R.J. and Konwar, L.N., 1982. Effect of pipetting on mineral flocs. 

Environmental Science Technology, 16: 119-121. 

Gibbs, R.J. and Konwar, L.N., 1983. Sampling of mineral flocs using Niskin bottles. 

Environmental Science Technology, 17: 371-375. 

Heffler, D.E., Syvitski, J.P.M. and Asprey, K.W., 1991. The floc camera. In: J.P.M. 

Syvitski (Editor), Principles, Methods and Application of Particle Size 

Analysis. Cambridge University Press, New York, pp. 209-221. 

Hollywood, S., Lemckert, C., Howes, T. and Neumann, L., 2001. Suspended 

sediment dynamics in a highly modified microtidal estuary, Proceedings of 

Coasts and Ports 2001, Gold Coast, Queensland, Australia, pp. 517-522. 

Hossain, S., Eyre, B. and McConchie, D., 2001. Suspended Sediment Transport 

Dynamics in the Sub-tropical Micro-tidal Richmond River Estuary, Australia. 

Estuarine, Coastal and Shelf Science, 52: 529-541. 

 
The Quantification of Estuarine Suspended Sediment Dynamics: A Drogue’s Perspective 

52



 
Chapter 3 

 
 
Kery, S. and Foley, J., 1995. Low Drag Subsurface Buoy with  Integral Acoustic 

Doppler Current. In: S.P. Anderson, G.F. Appell and A.J. Williams (Editors), 

Proceedings of the IEEE Fifth Working Conference on Current Measuremen, 

St. Petersburg, Florida, pp. 30-34. 

Kranenburg, C., 1994. The Fractal Structure of Cohesive Sediment Aggregates. 

Estuarine, Coastal and Shelf Science, 39: 451-460. 

Krone, R.B., 1963. A study of the rheological properties of estuarial sediments, 

Hydraulic Engineering Laboratory and Sanitary Engineering Laboratory, 

University of California, Berkeley. 

Krone, R.B., 1986. The significance of aggregate properties to transport processes. 

In: A.J. Mehta (Editor), Estuarine Cohesive Sediment Dynamics. Springer-

Verlag, Berlin, pp. 66-84. 

McCave, I.N., 1979. Suspended Sediment. In: K.R. Dyer (Editor), Estuarine 

Hydrography and Sedimentatio. Cambridge University Press, pp. 131-185. 

Meldrum, D., 1999. Recent Developments at Dunstaffnage: the GPS-Argos Drifter, 

the Smart Buoy and the Mini Drifter. In: S.P. Anderson, E.A. Terray, J.A.R. 

White and A.J. Williams (Editors), Proceedings of the IEEE Sixth Working 

Conference on Current Measurement, San Diego, CA, pp. 75-81. 

Moss, A.J., 1979. Report on a special survey of pesticides and heavy metals in the 

Brisbane River Estuary in 1978, Unpublished Report, Water Quality Council 

of Queensland. 

Moss, A.J., 1987. Studies of the Trophic Status of the Brisbane River Estuary. Water, 

March 1987. 

Moss, A.J., Rayment, G.E., Reilly, N. and Best, E.K., 1992. A preliminary 

assesment of Sediment and Nutrient Exports from Queensland Coastal 

Catchments., Queensland Department of Environment and Heritage. 

Odd, N.V.M. and Baxter, T., 1980. Port of Brisbane Siltation Study. Proceeding of 

the International Conference of Coastal Engineering. 

Partheniades, E., 1965. Erosion and deposition of cohesive soils. Journal of 

Hydraulics Division, ASCE, 91: 105-139. 

Rankin, S.N. and Millford, S.N., 1979. Computer Simulation of Brisbane River - 

Part 1 Salinity. Journal of Australian Water and Wastewater Association, 

6(1): 9-16. 

 
The Quantification of Estuarine Suspended Sediment Dynamics: A Drogue’s Perspective 

53



 
Chapter 3 

 
 
Richardson, P.L., 1981. Gulf-stream trajectories measured with free-drifting buoys. 

Journal of Physical Oceanography, 11: 999-1010. 

Righi, D.D. and Strub, P.T., 2001. The use of simulated drifters to estimate vorticity. 

Journal of Marine Systems, 29: 125-140. 

Simpson, J.H., Brown, J., Matthews, M.D. and Allen, G., 1990. Tidal Straining, 

Density Currents, and Stirring in the Control of Estuarine Stratification. 

Estuaries, 13(2): 125-132. 

Sternberg, R.W., Berhane, I. and Ogston, A.S., 1999. Measurement of size and 

settling velocity of suspended  aggregates on the northern California 

continental shelf. Marine Geology, 154: 43-53. 

Sternberg, R.W., Shi, N.C. and Downing, J.P., 1989. Suspended Sediment 

Measurements. Nearshore Sediment Transport. Plenum, New York, 231-257 

pp. 

Straughan, D., 1967. Intertidal fouling in the Brisbane River, Queensland, 

Proceeding of the Royal Soc, Queensland, pp. 25-40. 

Syvitski, J.P.M., Asprey, K.W. and LeBlanc, K.W.G., 1995. In-situ characteristics 

of particles within a deep-water estuary. Deep Sea Research 2, 42(1): 223-

256. 

Van Leussen, W., 1988. Aggregation of Particles, Settling Velocity of Mud Flocs: A 

Review. In: W. Dronkers (Editor), Physical Processes in Estuaries. Springer-

Verlag, Netherlands, pp. 348-403. 

Wilson, T.C.J., 1999. Current and Emerging Satellite Technologies: Implications for 

Drifting Buoy Design. In: S.P. Anderson, E.A. Terray, H.J. White and A.J. 

Williams (Editors), Proceedings of the IEEE Sixth Working Conference on 

Current Measuremen, San Diego, CA, pp. 95-100. 

Wren, D.G., Barkdoll, B.D., Kuhnle, R.A. and Derrow, R.W., 2000. Field 

Techniques for suspended-Sediment Measurement. Journal of Hydraulic 

Engineering, 126(2): 97-104. 

 

 
The Quantification of Estuarine Suspended Sediment Dynamics: A Drogue’s Perspective 

54



 
Chapter 4 

 
 

  C H A P T E R

4 
 

Submitted to Flow measurement and Instrumentation

A New Lagrangian-Acoustic Drogue 
(LAD) for Monitoring Flow Dynamics in 
an Estuary: a Quantification of  its Water-

Tracking Ability  
 

Abstract 
 
We describe a novel in situ measuring device developed for the investigation of 

near-surface sediment and flow dynamics in an estuary. The Lagrangian Acoustic 

Drogue (LAD) comprises a unique configuration of instruments including a 

downward-facing 600 kHz BBADCP (Broadband Acoustic Doppler Current 

Profiler) mounted on a Lagrangian float (with vanes); a DGPS (Differential Global 

Positioning System); and a CTD (Conductivity, Temperature, Depth) sensor. Open 

ocean studies have revealed the necessity of understanding the Lagrangian nature of 

the drifter or drogue, as in the field these devices are subject to a complex 

combination of erroneous slip-producing forces such as wind, waves and tidal 

velocity. As the ocean and estuarine systems are two vastly distinct environments, a 

separate study was conducted using the LAD in an estuarine environment. The main 

objective of this study was to directly quantify the LAD’s ability to track and 

monitor a Lagrangian parcel of water over a slack-water period. Further application 

of this study (not included here) included the derivation of sediment concentrations 

and bulk settling rates (from the acoustic backscatter signal). It was found that the 

LAD confidently tracked a parcel of water to a depth of 4.5 m. It was also found that 
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the water tracking ability (slippage) was directly related to the magnitude of tidal 

velocity. This study also revealed characteristics about the physical state of the 

estuary itself, and gave positive insight into future of drogue-based studies in 

estuaries. 
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4.1. Introduction 
 

New and direct in situ measurements of flow and sediment transport in estuaries and 

coastal systems are becoming rare, as numerical simulation models are readily 

available, and more cost-effective. Minimal routine field measurements of standard 

parameters (such as salinity, temperature and sparse Suspended Sediment 

Concentration [SCC] measurements) are now typical for the calibration of one- 

(Odd and Owen, 1972; Lin et al., 1983) and two- (O’Connor, 1971; Ariathurai and 

Krone, 1976; Liu et al., 2002) dimensional numerical models. Whilst the application 

of these numerical models can provide appropriate estimates on a large-scale (grid 

size, most often > 500 m), the finer-scale flow and transport dynamics (in the order 

of tens of metres) tend to be largely inaccurate. This is particularly significant when 

considering vertical profiles of suspended sediment concentrations in one-

dimensional and some two-dimensional models (Wu et al., 1998; Liu et al., 2002).  

 

Laboratory-based investigations of complex flow and fine-grained suspended 

sediment dynamics are also limited in their application and are therefore often used 

as a secondary investigation to field trips (Gibbs, 1985; Dyer et al., 1996; Sternberg 

et al., 1999). These limitations are primarily due to the difficulties involved in 

simulating a real environment. Therefore, the successful investigation and validation 

of flow fields and suspended sediment dynamics (via numerical simulation models 

or laboratory investigations) will always require in situ measurements and field 

observations.  

 

Direct measurements of suspended sediment settling velocity and SSC are typically 

limited to Owen tube configurations (review by Eisma et al., 1997; Dearnaley, 1996) 

and on-board settling chambers. The various limitations of these devices are well 

known. Probably the most common is associated with the observation of particle 

flocculation and reflocculation as a result of residual turbulence and convection 

currents (Gibbs, 1972; Dyer et al., 1996; Agrawal and Pottsmith, 2000; Curran et al., 

2003). From a physical science perspective, there is also the additional fact that the 

still water environment of a settling column is not representative of an estuarine 

environment (Whitehouse et al., 1960).  
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Alternatively, indirect estimations of settling velocity via SSC measurements may 

be made by a number of instruments and have the advantage of gathering actual in 

situ data. Some of these include: optical methods and devices such as optical 

backscatterance sensors (OBS) and transmissometers (Baker and Lavell, 1984); laser 

diffraction instruments such as the LISST-100 or Laser In Situ Scattering and 

Transmissometry profiler (Fugate and Friedrichs, 2002; Agrawal and Pottsmith 

2000); and acoustic backscatterance devices, such as the Acoustic Doppler Current 

Profiler (ADCP), (Thorne et al., 1993; Hill et al., 2003). Previously these 

instruments have been under-utilised in their application for determining settling 

velocity. For example, ADCP measurements of mean river velocity (in estuaries 

only) have been typically limited to investigations from either a moving vessel (via 

cross-sectional transects of the estuary for spatial data) (Muste et al., 2004a), or from 

a fixed bed location for temporal data (Muste et al., 2004b). 

 

Two (2) approaches are commonly used for modelling and observing flow dynamics 

and suspended sediment transport; namely the Eulerian and Lagrangian approaches. 

Most field measurements are conducted within the Eulerian framework (Coulliette 

and Marsden, 2001) at fixed locations, moored at either specific heights to obtain 

temporal data, or longitudinally, at discrete spatial locations (often kilometres apart) 

of an estuary. However, this (Eulerian) method does not directly evaluate 

phenomena occurring between stationary points such as localised 

flocculation/settling and resuspension ‘hotspots’. The term ‘hotspot’ is used to 

describe observed cloudy patches of increased turbidity caused by tidal resuspension 

and horizontal advection with the tide. One of the most difficult tasks in sediment 

transport studies is discerning the difference between local resuspension and 

horizontally advected suspended sediment as they both are detected by an increase 

(or decrease) in SSC (even if only the bottom-boundary layer is considered) 

(Pritchard, 2005). This change in SSC cannot easily and confidently be measured in 

the field at fixed Eulerian points, as the advected (sediment transport) is essentially 

Lagrangian, and so often the advected component can only be estimated from the 

synoptic tidal current or background levels (Hill et al., 2003).  
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On the other hand, a Lagrangian approach adopts a frame of reference that follows 

or tracks the motion of a particular parcel of fluid over time, and so not only shows 

the ultimate fate of a water mass, but gives an insight into the transport pathways of 

the water parcel. In this paper a Lagrangian drogue (LAD – Lagrangian Acoustic 

Drogue, see Figure 4.1) was developed so a parcel of estuarine water could be 

followed (with the advection of the tide) and its properties monitored over time, thus 

eliminating the complication of advected and resuspended components.  

 

The objectives of this paper are two-fold. The first is to describe a novel technique 

of utilising an ADCP as a Lagrangian, non-obtrusive in situ monitoring device for 

the investigation of suspended sediment dynamics; we call this the LAD 

(Lagrangian Acoustic Drogue). The second is to investigate and understand the 

LAD’s behaviour and ability to behave as a Lagrangian particle tracking device 

within an estuarine environment. The ability of the device to behave in a Lagrangian 

manner is most important, as it will be subjected to various forces in the field (i.e. 

slip-producing forces such as wind and waves) that will cause it to deviate from the 

Lagrangian flow path. A number of studies (Niiler et al., 1987; Chereskin et al., 

1989; Niiler et al., 1995) have been conducted in the open ocean to quantify the 

difference between the design and environmental parameters that affect the slip of 

ocean drifters, but none to date have been conducted within an estuarine 

environment which has a different set of hydrodynamic driving forces altogether.  

 

We first discuss the principles behind the development of the LAD and its unique 

advantages in measuring suspended sediment dynamics. We then investigate the 

LAD’s ability to track a surface parcel of water over a range of tidal conditions 

within a macrotidal estuary. Finally, we determine the LAD’s in situ Lagrangian 

nature and its vertical limitation in the water column. 
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4.2. Principles of the LAD’s operation 
 

4.2.1. Lagrangian framework and slippage 
 

Lagrangian particle-trackers and drifters have been used by scientists for hundreds 

of years (McPhaden, 1986). Drifters are predominately used in ocean circulation 

studies (Niiler et al., 1995; Krauss and Boning, 1987; Richardson, 1981) and are 

essentially Lagrangian-measuring platforms designed to track a parcel of water 

(Righi and Strub, 2001). They have been used in a variety of different conditions for 

a variety of different reasons: to follow the mixing of a river plume (Naudin et al., 

1997), to track ocean currents (Richardson, 1981; Van Aken, 2002), and to monitor 

estuarine surface currents (Shih and Sprenke, 1999; Schacht and Lemckert, 2002).  

 

Lagrangian drifters are particularly valuable for observing the spatial structure of a 

flow field and provide an insight into the flow dynamics which cannot be revealed 

using Eulerian data (Johnson et al., 2003). The LAD (Figure 4.1) was therefore 

designed with an ADCP (facing downwards) so as to capture and thus understand 

the Lagrangian temporal flow dynamics and circulation patterns of the estuary as it 

tracks a parcel of water over time.  

 

Devices such as drogues and drifters that are deployed within the ocean or estuary 

will experience a combination of complex tracking errors (referred to as, slippage). 

These are mainly due to environmental forces such as the wind, waves and tide 

(Niiler et al., 1995). The quantification of these forces on the device is far too 

difficult to determine without direct in situ measurements. Slippage is an average 

measure of the velocity of water that flows past the drifter or drogue. Many years of 

investigation into the slip producing forces acting on Lagrangian ocean drifters has 

been conducted. The results have identified that slip is caused by both non-linear 

and random slip producing forces generated by surface gravity waves, surface winds 

and flow interaction with the seabed (Weller, 1980). For example, wind acting 

directly on a device would produce a slip force in the direction of the wind (Niiler et 

al., 1995). There is therefore a need to quantify the uncertainties in relation to the 

water-tracking ability in all drogue or drifter investigations.  
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(a) 

 
 

(b) 

 

 

Figure 4.1: Illustration of Lagrangian Acoustic Drogue (LAD): Schematic diagram 
of LAD design (a), and photograph of LAD before deployment (b). Note the 

Greenspan CTD is not shown in this photograph. 
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Niiler et al. (1995) directly quantified the difference between the design and 

environmental effects on the slippage of ocean drifters that were deemed important 

by theoretical models developed by Chhabra (1985) and Chereskin et al. (1989). 

These factors were: wind, waves, upper ocean shear, internal tension between the 

float and the drogue and intrinsic drifter parameters such as the size and shape of the 

tether, float and drogue. Niiler et al. (1995) applied the model of Chhabra (1985), 

which employed time-dependant forces on the drifter for flexible two-dimensional 

drifters with concentrated buoyancy elements. The data set closely conformed to the 

model, which then led to a simplified relationship accounting for up to 77% of the 

variance of total slip, to be derived. Here the slippage (US) was investigated to be a 

function of the velocity of the wind (waves) UW, Drag area ratio, R (ratio of the drag 

area of the drogue to the sum of the drag area of the tether and surface floats) and 

the velocity difference across the drogue’s length (ΔU) such that  

 

U
R
bU

R
aU WS Δ⎟

⎠
⎞

⎜
⎝
⎛+⎟

⎠
⎞

⎜
⎝
⎛=                  (1) 

 

the coefficients a and b, were determined for each drogue and tether. 

 

In the context of the Niiler et al. (1995) ocean investigation, the drogue’s water-

tracking ability or slippage was defined as being the average velocity of water flow 

past the drogue (vertical extent of 6 – 10 m) as measured by two (2) current 

measuring devices at the top and bottom of the drogue. This also represents the 

average velocity past the drogue if the shear between the current measurements 

remains constant. 

 

According to the best knowledge of the authors, to date there has been no extensive 

theoretical analysis or empirical study into the ability of drogues to track a water 

parcel within an estuarine environment. The dominant physical driving forces acting 

in such environments are wind-stress, gravity (in the form of tidal currents) and 

buoyancy (a vertical force that is effected by the density and temperature of water 

masses). In previous open-ocean drifter investigations it has been the effect of wind 
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stresses (more than 10 m s-1) and wind waves that produce the largest slip force 

(Niiler et al., 1987). In macrotidal estuaries such as the Fitzroy River estuary, 

Queensland, the most significant physical driving force is tidal velocity. Typical 

macrotidal estuarine velocities exhibit more than 0.4 m s-1, while on a global basis, 

90% of the area mean velocities exhibited by drifters in the open ocean are 0.04 – 

0.1 m s-1 (Paduan and Niiler, 1993). Given these inherent differences between the 

estuarine and ocean environments, this study has developed specific methodologies 

to investigate the water tracking ability of drifters within an estuarine environment. 

 

4.2.2. ADCP technology and application 
 

The primary element in the understanding of sediment transport is the interaction of 

sediment particles and estuarine hydrodynamics. The fragile nature of sediment 

particles and their complex existence (in the form of flocs) led to the development of 

various non-obtrusive flow and SSC measuring devices (see Section 1). The main 

instrument comprising the LAD is the ADCP. Recent investigation into the 

derivation of SSC estimates from acoustic backscatter intensity measured by ADCPs 

has provided a new technique for high-resolution (in space and time) concentration 

measurements that have been previously unavailable. (Thorne et al., 1991; Osborne 

et al., 1994; Holdaway et al., 1999; Hill et al., 2003; Gartner, 2004).  

 

The ADCP is based on the Doppler principle. It transmits an acoustic pulse of 

known frequency through the water column and then measures the backscattered 

signal from ‘scatters’ (such as suspended sediment) in the water, in order to measure 

the velocity relative to the ADCP (RD Instruments, 1996). The sound is transmitted 

in a specified series of pings, which are then averaged to form an ensemble. The 

ADCP measures velocity per depth cell (bin) for an entire depth-profile. This bin 

measurement is an average velocity for the entire bin. To obtain a velocity profile, 

the echo signal is range gated which breaks the signal into segments for separate 

processing sequentially. 
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Intrinsic ADCP limitations 

 

The LAD’s ADCP, or more specifically, the RDI-BBADCP (RDI - Broadband 

Acoustic Doppler Current Profiler) will here-forth be referred to as the BBADCP. 

Compared with the narrow-band ADCPs, BBADCPs allow more velocity data to be 

gathered at a high vertical and spatial resolution and at faster rate, which in turn 

leads to a reduction in variance and increased accuracy (RD Instruments, 1996). 

 

A limitation of BBADCPs is that they cannot be used to measure water velocities 

directly at the surface, or on the bottom of seabed. The top of the water column 

(when mounted facing down) is affected by a transducer waiting time (or blanking 

period) which varies according to the frequency of the ADCP, e.g. for the 1200 kHz 

unit (boat-mounted), the blanking distance is 0.5 m and for the 600 kHz it is 1 m 

(mounted on the LAD). The blanking period is the minimum time lapse before the 

transducer can accurately receive the echoes after transmission. At the bottom of the 

water column, the water velocity is affected (approximately last 6% of depth), by the 

side-lobe contamination, caused by the interference of the seabed with the radial 

acoustic beam and so is usually rejected (RD Instruments, 1996).  

 

4.2.3. LAD description and deployment specifications 
 

The LAD drogue (Figure 4.1) was designed to track a parcel of water with minimal 

influence from surface winds, small surface undulations and rotation. The overall 

size and design of the drogue was limited by the area available to re-construct the 

drogue in the deployment vessel (construction space area 1 m2). The air-sea ratio of 

the drifter design (surface area ratio of drogue above water: to drogue below water) 

was kept to a minimum to reduce the effects of wind and surface waves on the 

exposed portions of the LAD (i.e. that above sea level). The LAD consists of a self-

contained 600 kHz BBADCP (facing down with transducer head approx 1 m from 

surface), an external Trimble® GeoXM DGPS - Differential Global Positioning 

System (for submetre accuracy) and a Greenspan CTD (CTD P300) (Conductivity, 

Temperature and Depth sensor) mounted at a depth of 40 cm from the surface for a 

reference probe (see Figure 4.1a). 
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For open ocean studies, drifters are made to withstand rough conditions for periods 

of up to several years. They are therefore constructed from more robust materials 

and are substantially larger than the drogue developed in this study. The LAD vanes, 

baseplate and connections are constructed out of aluminium and marine grade 

stainless steel. The weight of these members combined with the weight of the 

instruments (e.g. BBADCP and battery pack etc.) were used to size a float which 

ensured that the top of the drogue float would be at the surface (i.e. neutrally 

buoyant), see Figure 4.1a. The LAD float is comprised of a high-density polystyrene 

buoy coated in a thick urethane spray for waterproofing. The housing for the DGPS 

is a PVC container with a clear Perspex lid and threaded o-ring for complete water-

proofing and to enable unobstructed DGPS signals. Additionally, a very light and 

thin tether (of 3 m length) with floating waterproof strobe-light was attached to the 

LAD for visual observation. 

 

According to Spain (2003), there is a trade-off between the resolution, range and 

noise for the configuration of the BBADCP. The most important set-up 

configuration in this study was the depth resolution (25 cm bin size) for the latter 

calibration of SSC samples. Secondly, it was important to configure the drogue to 

account for the unwanted random velocity error (noise) which was counter-balanced 

by adopting more pings per ensemble. Averaging reduces the standard deviation 

(SD) of the velocity error by the square root of the number of averaged pings (N), 

i.e. SD ∝ N-1/2, because random error is uncorrelated from ping to ping (RD 

Instruments, 1996). This study used 120 pings ensemble-1, which gave a small 

velocity standard deviation of 3.2 cm s-1. Given the nature of the study site and 

frequent observations of random sediment plumes and hotspots, the BBADCP 

ensembles were averaged over 1.5 minutes. The BBADCP was configured to 

operate in mode 1: the most robust method with the highest profiling range and 

precision within a few cm s-1 (Spain, 2003).  

 

The Trimble GeoXM DGPS receiver was synchronised with ADCP and attached 

separately on the top of the LAD float. This receiver was operated at a frequency of 

1 Hz. Initialisation and satellite acquisition is automatically achieved by the DGPS, 

which records with a verified accuracy of 2 to 5 m. 
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4.3. Field Experimentation 
 

4.3.1. Study site 
 

The Fitzroy River, Australia, has an estuarine area that extends approximately 60 km 

from its mouth (Figure 4.2) to a tide-limiting barrage, with a number of minor 

tributaries. The location and nature of the barrage essentially forces the river to 

behave as an enclosed bay (with minimal freshwater input), with the exception of 

seasonal flooding events when the river receives its primary natural freshwater 

inflow (Schacht and Lemckert, 2004).  There is however, a constant minor source of 

freshwater from the three sewage treatment plants and fish ladder, located at the 

barrage (approximately 35 ML day-1). The semidiurnal tidal regimes are macrotidal, 

with a mean tidal range from 0.3 to 4 m and marked spring and neap tides. The 

estuary exhibits shorter and faster tidal velocities during the flood tide than the ebb, 

which is a reflection of the estuary’s flood-asymmetry. This action is known to 

induce sediment resuspension, making it a naturally highly-turbid system. 

 

Due to the natural undulations of the combined sand and silty-clay sea-bed 

topography, the induced resuspension (at the onset of mid-tide, which typically 

exhibits high velocities) occurs at ‘hot-spots’. In some localised areas these spots are 

indicated by large visual plumes, which exhibit turbidity more than four (4) times 

that of the surrounding water (August 2004, Schacht unpublished observations). 
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Figure 4.2: Map showing location of study site (marked by the dashed rectangle) 
with respect to the Fitzroy River and Australia. Note Mud Island is largest island 

within the study area, Source: AUSLIG: RASTER Geodata, 2000. 
 

4.3.2. Deployment  
 

Six (6) LAD deployments were completed over the flood and ebb slack water period 

of three (3) separate surveys during the dry season of 2004 (August). The three 

survey periods were required to capture a selection of distinct tidal ranges (spring, 

neap and intermediate range) so as to clarify the effects of tidal velocity on the 

water-tracking ability of the drogue. As Niiler et al. (1995) confirmed the most 

important slip-producing force in oceans to be wind, it was assumed that the tidal 

velocity and ability of the LAD to react to the changes in tidal velocity would 

convey the greatest slip-producing force in the present estuarine investigation. 

 

Preliminary site investigations found that moderate wind conditions (more than 10 – 

15 knots) exist during the day and cause wind-waves in the region. These conditions 

created an unsafe and undesirable environment to deploy the LAD, and caused the 
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LAD to travel in the direction of the wind, rather than the current; thus all 

deployments were conducted over night as minimal wind conditions were present 

(less than 5 knots). The individual deployments and specific conditions for each 

individual release (A – F) are described in Table 4.1 below. Note that each 

individual deployment is grouped in a pair (A and B, C and D, E and F) 

corresponding to the flood and subsequent ebb (or vice versa) for the specific 

survey. 

 

Table 4.1: Observed LAD deployment conditions  

 
 

For the purpose of this study, the definition of ‘slack water’ was taken as the 

minimum point of velocity (close to zero m s-1) measured by the DGPS. This is the 

time at which the net current forces acting on the surface areas of the drogue cause it 

to slow to a near stop and progressively change direction (transition from ebb to 

flood, or flood to ebb tide). In this study, it is the difference between the slack water 

measured by the DGPS and the slack water measured by the first bin of the 

BBADCP that later determines the slippage of the LAD. 

 

The study site (marked by the dashed rectangle) was located close to the mouth of 

the Fitzroy River estuary, and adjacent to Mud Island (Figure 4.2). Preliminary 

visual inspections showed this region was highly-turbid due to high tidal velocities. 

The DGPS track from each deployment (A – F) is shown in Figure 4.3, and are 

separated into the flood (a) and ebb (b) deployments. The deployment tracks are 
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discussed later in Section 4. Figure 4.3c depicts a typical cross-sectional profile of 

the estuary at transect A – B.  

 

The aim of each deployment was to capture the most data both before and after slack 

water, without the LAD running aground or drifting too far up or downstream. 

Therefore the LAD was deployed approximately 1½ hours before the predicted (ebb 

or flood) slack water and retrieved approximately 1½ hours after. This time period 

was selected to ensure there was a contingency window for the predicted variations, 

as there was sometimes a difference of up to 60 minutes between the predicted (at 

Port Alma station, Table 4.1) and measured tidal elevation. This discrepancy 

resulted in one of the deployments (i.e., E) being let out only 25 minutes before 

slack water. In this study, data is presented from a ‘window period’ of 42 minutes 

before and after slack water (with the exception of deployment E), giving a total of 

84 minutes' deployment time. It should be noted here that deployment E is included 

only in the visualisation of the deployment profiles (Figure 4.6) and is not included 

in the slippage relationship (Figure 4.5). The time period of 42 minutes was the 

maximum corresponding time (both before and after slack water) for each 

deployment that the LAD was in the water. This ensured the LAD times and 

distances could be compared directly, as each deployment took place during a 

distinct tidal range. 

 

4.3.3. Calibration and other instruments 
 

A separate self-contained CTD profiler was primarily used for the calibration and 

verification of the LAD. This profiling instrument, containing a SEACAT SBE 19-

03 CTD (Conductivity, Temperature and Depth recorder) with pump attached, 

nephelometer and Flowjet centrifugal pump (for bulk water collection) was 

deployed and lowered to the seabed at a steady rate of approximately 10 cm s-1 every 

20 minutes (recommended by DRL Software, 2003) to monitor the dynamics over 

the changing tidal cycle and to account for the different turbulent fluctuations of 

various time-scales in the study area. All of the profiling instrument’s measuring-

sensors were located within the same 200 mm radius, so the same parcel of water 

was measured. The profiling instrument was deployed within a radius of no less than 
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7 m and no more than 15 m of the drogue (because of interference with the acoustics 

beam). For the last two (2) deployments (E and F), a Sequoia LISST-100, with SBE 

37-SI MicroCAT was used for profiling instead, primarily to investigate the in situ 

particle size distribution (though not within the scope of this project).  

 

The deployment of the LAD and the profiling of the other instruments were 

conducted from a 5.5 m aluminium boat. Due to the nature of the fast-flowing 

currents, it was imperative that the boat stayed within 30 m radius of the drogues. 

Care was taken to minimise propeller-induced bubbles that could interfere with the 

ADCPs.  

 

4.4. LAD observations and tracks  
 

The focus of this study was confined to a 5.7 km length of the river extending 

upstream from its mouth. The estuary consists of a main channel that extends along 

its southern bank, with a central intertidal mud-bank ridge, and a shallower channel 

on its northern bank (which is often unnavigable at low water), see typical cross-

sectional diagram, Figure 4.3c. 

 

The tracks from the six (6) LAD deployments (Figure 4.3) give a clear 

representation of the short-term flow patterns occurring within the study region. The 

ebb tide deployments (Figure 4.3b) depict a noticeably larger radius of curvature 

than that of the flood-tide releases with a tendency to hug the estuarine banks. This 

observation is consistent with the findings from the drogue work conducted by Ridd 

et al. (1998) on axial convergence fronts. Axial convergence fronts (a form of 

secondary estuarine flow rotation, [Dyer, 1973]) occur in well-mixed estuaries due 

to an 'interaction between the cross-channel gradient in the axial velocity and axial 

density gradient' (Ridd et al., 1998). It is often denoted by a central convergence 

zone (often by an accumulation of floating debris in the middle of channel) during 

flood tides and central divergence zone on the ebb tide (Ridd et al., 1998; Nunes and 

Simpson, 1985). Most LAD deployments were made in the deeper channel (towards  
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Figure 4.3: LAD tracks of the six deployments, separated into (a) Ebb tide and (b) 
Flood tide. Note a typical cross-sectional transect as per the Boat mounted 1200 kHz 

ADCP in (c). 
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the south); however, it must be noted that the LAD was deployed on the northern 

side of the channel during deployment B during an ebb flow. It is postulated that this 

is the reason the LAD drifted closer to the mud banks. 

 

The flood-tide tracks and their sharp turning point (Figure 4.3) reflect the estuary’s 

flood asymmetry – where the duration of the falling tide exceeds the rising tide, 

resulting in a peak flood current (Walton, 2002). Maximum currents exhibited 

during this study were just under 0.3 m s-1, although currents outside of the window 

period exceeded 0.35 m s-1. The factors affecting the tidal asymmetry in the Fitzroy 

River estuary are the general hydrodynamics and morphology, and more specifically 

the bottom friction, location of tidal flats, tributary inflow (Escoffier and Walton, 

1979), and tide-limiting barrage (referred to in Walton, 2002).  

 

4.5. LAD’s water-tracking ability 
 

4.5.1. Water parcel properties 
 

For the purpose of this investigation, a change in the properties of a tracked water 

parcel was considered as a marked change in the vertical velocity stratification (or 

increased slip past the LAD). That is a change in velocity of approximately more 

than 0.15 m s-1 (derived from Section 6 and discussed later). Other important 

parameters that describe the water tracking capability are the conductivity, 

temperature and suspended sediment concentration changes (although the latter is 

more complex due to the continual resuspension and settling due to turbulence).  

 

The conductivity and temperature of the water parcel have been investigated, and 

show little change during the window period of each deployment (see Table 4.1). 

For example, the largest spatial and temporal temperature range (over the entire 

depth of water column) during a deployment was 0.308°C (during deployment E), 

with a mean and median variation of 19.744°C and 19.763°C. The largest 

conductivity changes were during deployment F, 530 μS cm-1, with a mean and 

median variation of 49652.7 μS cm-1 and 49676 μS cm-1. The variation of 

 
The Quantification of Estuarine Suspended Sediment Dynamics: A Drogue’s Perspective 

72



 
Chapter 4 

 
 
temperature and conductivity was only deemed acceptable after running a 1.6 min 

average filter through the whole data set collected for each deployment (not only the 

42 minute window period), which was logged every 0.5 second. There was a distinct 

variation between the window period (now maximum range of conductivity less 

than 100 μS cm-1) and the whole deployment (maximum range more than 500 μS 

cm-1). This demonstrates that the water parcel characteristics do not vary 

considerably with time during the short duration of the window period. 

 

4.5.2. LAD water parcel lag (slippage) 
 

Niiler et al. (1995) directly quantified the effects of environmental and design 

parameters on the water-tracking capability (slippage) of several designs of open 

ocean drifters. They did this primarily by attaching a vector measuring current meter 

(VMCM) to the top and bottom of the drifter and measured the velocity of the water 

that slipped past the drifter. A similar methodology is adopted in the present 

investigation, in that the slippage (or LAD water parcel lag) is measured from the 

difference between the top (DGPS) and bottom (first depth bin of the BBADCP) of 

the LAD. 

 

The DGPS and BBADCP were synchronised together so that both were making the 

same spatial (GPS locations) and temporal measurements. This then enabled a 

comparison between the two. The slippage of the LAD (within the physical extent of 

drogue) could then be calculated between the upper limit of the LAD using the 

DGPS (height datum = 0 m) and the lower limit, using the first bin from the 

BBADCP (height datum = 0.65 m (length of vane) + 1.89 m (blanking distance until 

first bin) = 2.54 m) see datum information in Figure 4.1a. Note a distance of 1.89 m 

exists between the physical extent of the drogue and the first bin. For the purpose of 

this study the water parcel lag was therefore defined as the distance the tracked 

water parcel moved (as measured by the first bin of the BBADCP) relative to the 

LAD (as measured by the DGPS).  
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To determine the water parcel lag, the point of zero velocity (at slack water) had to 

be determined for both the DGPS (previously described) and the upper bin of the 

BBADCP, and their difference calculated. 

 

For consistency, the DGPS readings, averaged at 5 second intervals were then 

averaged every 1.5 minutes to match the corresponding BBADCP velocity outputs. 

An example of how the water parcel lag is determined for deployment A (in the 

temporal domain) is included in Figure 4.4 and depicts the LAD velocities derived 

from the DGPS, and the velocity from the first bin of the BBADCP over the window 

period of 84 minutes. Slack water (as measured by the min DGPS velocity) is at 

exactly 42 minutes after deployment, as this was the centre from which the window 

period (of 42 minutes) was measured either side.  

 

 

 

Figure 4.4: Determination of water parcel lag (slippage) for deployment A. Slack 
water is measured via the DGPS slack water, depicted by the dotted vertical line. A 

second order polynomial was fitted to the BBADCP velocity and the minimum 
(slack water) was found at 40 minutes (grey vertical line). Deployment A had water 

parcel lag of 2 minutes. 
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A second order polynomial equation for the measured BBADCP velocity (V) as a 

function of time (t) was fitted to the data and yielded in, 

 with correlation coefficient, r2436.0008.00004.0 2 +−= ttV 2 = 0.67. Note that for 

the other deployments the correlation coefficient was well above r2 = 0.67. To find 

the minimum velocity for slack tide, the minimum (turning point) of the polynomial 

function was found, ⎟
⎠
⎞

⎜
⎝
⎛ −

=
a
bt

2
, where t is time in minutes from deployment; b is -

0.008; and a is 0.0004. The BBADCP derived time of slack water for deployment A 

was approximately 40 minutes after deployment, as measured by the BBADCP 

giving a water parcel lag of two (2) minutes. The distance can easily be calculated 

by applying a simple filter to change the time domain to distance. 

 

Figure 4.5 shows the absolute water parcel lag (in the spatial domain) for 

deployments A, B, C, D and F, as a function of the total distance traveled. Note that 

deployment E cannot be compared or included in this figure, as the window period 

for this deployment is 20 minutes less than the others. As the window period was the 

same for each deployment and velocity was (essentially) symmetrical over the slack 

water axis, the tidal velocity during the study period was represented by the distance 

the LAD traveled during each deployment. For example, during higher velocities the 

LAD traveled farther than during a lower velocity flow.  

 

A linear regression through the data points (represented by a solid line) for each 

deployment revealed they are in extremely good agreement (correlation coefficient = 

0.92). The linear regression equation appears below. 

 

Y = 0.213x – 95.828                  (2) 
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Figure 4.5: LAD water parcel lag in upper water column as a function of the total 
distance travelled during each deployment (A-F), with deployment E not included. 

A linear regression (marked by a solid line) agrees extremely well with the data 
points (correlation coefficient ~ 0.92). Note: This figure depicts the spatial domain 

so water parcel lag is defined as the absolute distance the tracked water parcel 
moved (as measured by the first bin of the ADCP) relative to the LAD (as measured 

by the DGPS). 

 

 

Despite this level of correlation, it is interesting to note the deviation of deployment 

A, marked by data point (A). This point seems to be affected by the highest 

measured velocities (of this study) exhibited on this day, which suggests there could 

be a limitation of LAD water tracking capabilities at high tidal velocities. Note again 

that deployment E is omitted. The figure shows that water-tracking ability of the 

drogue is directly related to water velocity, and of course morphology. Thus, the 

faster the tidal velocity, the greater the water parcel lag. It also demonstrates that the 

vertical limitation of the tracked water parcel could extend further down the water 

column than the first bin. 
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4.6. Finding the LAD vertical limitation 
 

The previous section demonstrated that the water-tracking ability of the LAD is 

directly related to the magnitude of the tidal velocity. Now the vertical (depth) 

limitation (outside the physical constraints of the LAD) of the LAD’s ability to track 

a parcel of water in a Lagrangian fashion can be investigated. To achieve this, the 

BBADCP has the advantage of measuring velocities at various depths within the 

water column at the same time. 

 

The velocity difference between that of the first BBADCP bin (located at a depth of 

1.89 m) and every other bin (located every 0.25 m) was calculated and represented 

in Figure 4.6. This approach also enables us to investigate the presence of velocity 

gradients.  

 

This figure (Figure 4.6) shows a temporal and spatial representation of the velocity 

differences or slippage past the LAD (in m s-1) for each deployment (labelled A – F). 

The 42-minute window period is shown either side of slack water, which is 

represented by a dashed line down the centre. Note that the range for velocity 

difference is only between 0.02 m s-1 and 0.22 m s-1, and that the theoretical velocity 

standard deviation from the initial configuration is 0.032 m s-1. 

 

Within each contour plot Figure 4.6a to f there are marked areas of increased 

velocity. Most of these areas (marked by a darker contour colour, i.e. darker than 

0.02 – 0.07 m s-1 depicted by the light grey shade) extend the entire depth of the 

water column, showing that the LAD itself has moved synchronously with the tide. 

An example of slippage is shown in Figure 4.6d (circled), where there is evidence of 

stratification (other than vertical) below 4.54 m. In this study, a marked change in 

velocity or demonstration of slippage was shown by a change of more than 0.15 m s-

1, depicted by the darkest contour plot colour.  
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Figure 4.6: Deployment profiles (A – F) respectively, (a) – (f) of velocity difference 
(between that of the first bin and subsequent others) over the duration of the 84 

minute window period. Note the time of slack water as measured by the DGPS is 
marked by the dashed line down the centre and in the middle of each deployment. 
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Note the overall background colour of the contour plot, accounting for more than 

85% of the entire figure, is light grey, which depicts a velocity difference of 0.02 – 

0.07 m s-1. This in itself suggests the drogue was moving in parallel with a single 

parcel of water (Lagrangian). Generally, deployments during ebb tides (B, C and E) 

have shown better water-tracking capabilities, more specifically within the upper 4-5 

m. The CTD casts depict a vertically well-mixed water column with little to no 

salinity or temperature stratification.  

 

In Figure 4.6, deployment B exhibits a velocity anomaly (or velocity slippage) after 

80 minutes. When compared with the track of deployment B in Figure 4.3, it can be 

observed that the LAD is in close proximity to Mud Island; a shallow mangrove-

dominant region with high bottom velocities. 

 

Deployment D had a higher velocity difference compared with the other 

deployments, especially when in close proximity to the seabed (4.54 – 5.54 m). 

Deployment D was the only track that travelled along the same path for the flooding 

and ebb tide: depicting the lack of a developed axial convergence front. However, 

after 23 minutes into the window period, the LAD had to be repositioned (only 10 m 

and still within our 30 m rule) as it was touching the boat. This caused the increased 

velocity anomaly between 23 and 27 minutes.  

 

Whilst deployed less than 2 km apart in the same main channel, deployments C and 

F demonstrate the best water-tracking ability. This is shown over their entire depth 

profile, with velocities rarely exceeding the range of 0.02 – 0.07 m s-1 and high 

percentage of velocities existing within the range of 0 – 0.02 m s-1 (depicted by the 

lightest grey shade). It can also be seen from Figure 4.5 that these data points show 

perfect correlation on the linear relationship of tidal velocity and water parcel lag, 

demonstrating a near-perfect ability to behave in a Lagrangian manner.  

 

Figure 4.6 demonstrates the LAD's ability to flow in a Lagrangian manner. It 

displays the spectrum of velocities and slippage observed from the perspective of the 

LAD. The similarity of these panels (each deployment) demonstrates the LADs 
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ability to consistently track a parcel of water under different tidal velocity 

conditions. 

 

From the results, the Fitzroy River estuary is a vertically well mixed estuary with 

little to no stratification forced by the constant fresh-water source of the three (3) 

sewage outlets or rainfall events. Due to the case of strong bottom velocities clearly 

exhibited in deployments B and D at a depth of approximately 4 m, a conservative 

4.5 m was assumed to be the vertical limit of the tracked water parcel. This value is 

assumed applicable for the overall Lagrangian ability of the LAD; for different tidal 

regimes. 

 

4.7. Conclusions 
 

This paper specifically investigated the ability of a novel estuarine device, the LAD 

to follow a parcel of water over time for the further and unique application of 

measuring SSC within a Lagrangian framework. The benefits of conducting 

sediment transport investigations through a Lagrangian framework is that direct 

settling measurements (without the complication of advected SSC) can be made as 

transport is naturally a Lagrangian process. 

 

Ocean drifter studies, in particular Niiler et al. (1995) revealed the importance of 

quantifying and understanding errors such as slippage that affect the Lagrangian 

path of the drifter/drogue. From a number of experimental design and environmental 

variables, they attributed the greatest slip-producing force to be from wind. Using a 

similar criterion, but with a rigid and set drogue design and, in an environment of 

negligible wind conditions, we found the greatest slip-producing force in estuaries to 

be tidal velocity. 

 

The LAD was deployed over the slack water period of three (3) distinct tidal 

conditions and velocities for both the flood and subsequent ebb tide (or vice versa). 

We found that during all deployments the slippage was directly proportional to the 

velocity of the LAD. Thus, faster currents exhibited more slippage than slower 

currents. We then measured the extent to which the LAD measured a Lagrangian 
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parcel of water. We found that as a holistic and conservative limitation over the 

variety of tidal velocities, the LAD follows a Lagrangian parcel to a depth of 4.5 m. 

 

This investigation also gave us an insight into the preferred conditions (no wind) and 

logistical constraints for the deployment of the drogues in estuaries and led to the 

focus of night work for calmer conditions and less boat traffic. It has proved its 

capability to follow a parcel of water, and has also provided an insight into the flow 

patterns within the study site. It also revealed that during the three surveys, the 

Fitzroy River estuary was in a vertically well-mixed state, with no major velocity or 

density stratification. Until now, a Lagrangian BBADCP drogue (LAD) has not been 

used to quantify its water-tracking ability within an estuarine system. This study has 

provided positive insight into the capability of drogues to follow Lagrangian parcels 

in the upper water column of estuaries. 

 

Given the already wide application of ADCPs for flow velocity and now SSC 

measurements, this study demonstrates the need to further explore other methods of 

measuring sediment transport in the field, such as measurement via a Lagrangian 

framework. 
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The Bulk Settling Velocity of  Estuarine 
Particles over Slack-water Tide  

 

Abstract 
 
Previous methods for measuring the settling velocity of suspended sediment within a 

water column have been undertaken using systems that isolate a water sample from 

its natural environment and place it into one free of natural water column motions. 

That is, the water sample no longer interacts with its natural surroundings, but 

instead with solid boundaries. In this study, we describe a new methodology and 

device (LAD – Lagrangian Acoustic Drogue) for indirectly and non-obtrusively 

measuring the bulk sediment settling velocity within natural estuarine environments 

during periods of slack water. In a study of the Fitzroy River Estuary, Queensland, 

Australia, the LAD was used to measure suspended sediment and flow dynamics 

across both HWS (High Water Slack) and LWS (Low Water Slack) periods. 

Collected data was used to derive bulk settling velocities, with the relationship 

between bulk settling velocity and suspended sediment concentration (C) found to 

be  (r327.1004.0 CWS = 2 = 0.73). The bulk settling velocity range (0.33 – 1.75 mm s-

1) in the estuary generally exceeded the calculated single grain settling velocity (0.47 

mm s-1), thus demonstrating that flocculation plays an important role in settling 

dynamics during slack water periods. The LAD approach allows for the direct 

estimation of bulk settling velocities within their natural environment, without any 

limitation incurred by bounded devices.  
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5.1. Introduction 
 
Estuaries are dynamic, complex regions dominated by interacting tidal and 

freshwater influences. They are the main pathway for the transportation of fine-

grained suspended sediment (including cohesive silts and clays) and pollution-laden 

matter into the coastal seas. Their fluctuating flow patterns, coupled with high-

Suspended Sediment Concentrations (SSC), make estuaries a difficult environment 

to quantify and to accurately model. This (therefore) leaves a high priority for 

detailed quantitative field-based studies in order to underpin model calibration and 

parameterisation.  

 

In addition to resuspension, gravitational settling and particle flocculation are known 

to be the two (2) dominant factors in determining SSC within the estuarine water 

column (Krank and Milligan, 1991). These latter two factors are heavily influenced 

by the effect of turbulence (Winterwerp, 2002) and by floc characteristics within the 

estuarine system; including stickiness, density, size and organic nature (Dyer, 1989; 

Eisma, 1986; review by Van Leussen, 1988). Furthermore, the presence of sticky 

transparent exopolymer particles (TEPs), often formed from the injection of 

nutrients into high SSC environments (Wolanski, 1994) can facilitate the growth of 

marine snow aggregates (macro-flocs > 500 μm) in estuaries by colliding with other 

suspended particles in the water column (Ayukai and Wolanski, 1997; Fabricius et 

al., 2003). Floc collision (or break up) causes a relative increase (or decrease) in floc 

size (and density), which in turn has a direct effect on the settling velocity of the 

suspended particle (Kranck, 1980; Van Leussen, 1999). Therefore, a realistic 

characterisation of the transient nature of the estuarine SSC profile and the 

associated settling velocity requires continuous measuring techniques, and 

instrumentation that is highly responsive to these mechanisms. 

 

In estuarine systems, flocs are notoriously fragile (Dyer, 1989); therefore, the 

characterisation of their size and associated settling velocity requires non-intrusive 

and non-perturbing in situ measurements and techniques. As a result, a number of 

indirect techniques for measuring suspended sediment loads have evolved, including 

Optical Backscatter Sensors (OBS) and Transmissometry (Eisma and Li, 1993); 

Laser diffraction instruments (Traykovski et al., 1999, Agrawal and Pottsmith, 2000; 

 
The Quantification of Estuarine Suspended Sediment Dynamics: A Drogue’s Perspective 

88



 
Chapter 5 

 
 
Fugate and Friedrichs, 2002); and, more recently, detailed non-intrusive spatial and 

temporal profile of SSC derived measurements from acoustic backscatter intensity 

devices such as the Acoustic Doppler Current Profiler, ADCP (Thorne et al., 1991; 

Holdaway et al., 1999; Fugate and Friedrichs, 2002; Hill et al., 2003; Gartner, 2004). 

 

Some direct techniques for the measurement of settling velocity include: 

sedimentation analysis (analogous to pipette analysis) (Kranck, 1980); Coulter 

counter (Gibbs, 1972); Owen tube configurations (Owen, 1971; review by Eisma et 

al., 1997; Dearnaley, 1996) or settling column, which can be used either in the field 

or laboratory (Gibbs, 1985) and sometimes with a stilling chamber and/or video 

camera (Sternberg et al., 1999; Hill et al., 2001; Curran et al., 2003). Direct 

techniques (in particular, Curran et al., 2003) whilst measuring the mass-settling 

velocity of particles in a vertical chamber, generally do not simulate the natural 

estuarine environmental processes (Whitehouse et al., 1960). It has been made clear 

(Stolzenbach and Elimelich, 1994; Winterwerp, 2002) that flocculation by 

differential settling in a column is vastly different from the process in the natural 

field environment. With the introduction of video imagery, (Dearnaley, 1996), it was 

found that particle flocculation and re-flocculation occurred in settling chambers, 

which led to the recommendation  that the settling analysis be conducted within the 

initial minutes of sampling. It was also found that residual turbulence from the 

“pour-in” and mixing stage, along with convection currents (caused by 

environmental temperature changes), have the ability to somewhat skew the 

laboratory-based results (Dyer et al., 1996; Agrawal and Pottsmith, 2000; Curran et 

al., 2003).  

 

The aim of the present study was to quantify the in situ bulk settling velocity (as 

defined below) of flocs during a slack water (SW) period. To achieve this, a 

Lagrangian Acoustic Drogue (LAD) system was designed and constructed to track 

and monitor the suspended sediment dynamics in the upper water column in a non-

perturbing Lagrangian manner. This paper will firstly define some important terms 

and deployment considerations, and then proceed to describe the study site and the 

LAD system in more detail. The results will be presented and discussed. It will be 
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shown that the LAD system could be used to derive a bulk suspended sediment 

settling velocity for the slack water periods.  

 

5.1.1. The bulk settling velocity 
 

In this study, the bulk settling velocity is defined as the effective suspended sediment 

settling velocity that produces an observed and measurable change in turbidity, or 

SSC that occurs within an estuary during the reduction in tidal velocity that occurs 

when the tide changes direction. This definition is analogous to the Hill et al. (2000) 

study on the effective bulk-settling velocity of particles from a flood plume, only the 

observed clearance (from settling) was dependent on the longitudinal length and 

thickness of the plume, rather than a reduction of tidal velocity.  

 

More specifically, Hill et al. (2000) investigated the role of flocculation and 

effective settling rates in determining the sediment removal rate from flood plumes. 

They did this by comparing the calculated single-grain Stokes’ settling velocity with 

the actual settling velocity measured in the field. Their findings added to a number 

of studies that suggested floc sizes are dependent on their ‘age’, relative to its 

flocculation time-scale. For example, larger flocs will form in high concentrations 

over shorter time-periods (Gonzalez and Hill, 1998). They also found that to 

produce ‘observed’ clearance rates in the water column, the bulk settling velocity 

generally exceeds that of single grain loss. In this study we also compare the bulk-

settling velocity to that of a single settling velocity to show the influence of 

flocculation on the clearing process. 

 

5.1.2. Sediment accumulation and transport: Eulerian verses Lagrangian 
 

There are two (2) commonly-used approaches for modelling and observing flow 

dynamics and suspended sediment transport: the Eulerian approach and the 

Lagrangian approach. Most estuarine field measurements adopt a Eulerian approach, 

whereby measurements of the moving flow are taken at fixed locations over long 

periods of time (Coulliette and Marsden, 2001). On the other hand, the Lagrangian 
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approach adopts a frame of reference that follows the motion of the flow (e.g. 

advected with the tide) over typically shorter time periods, and so not only reveals 

the ultimate fate of a water mass (and suspended sediment), but also gives insight 

into the transport pathways of the water parcel.  

 

Suspended sediment transport and accumulation of fine-grained sediment in 

estuaries and coastal systems is primarily due to the mechanism of settling lag (Van 

Straatten and Kuenen, 1958; Postma, 1961). The concept of settling lag is based on 

the suspended sediment reacting with a specific inertia to the various changes in 

tidal velocity. This dynamic nature of tidal velocity imposes a time lag between the 

turn of tide, minimum velocity, and time taken for the suspended material to settle. 

Over the duration of a full tidal cycle the settling lag results in a net flux of sediment 

into an estuary (Pritchard, 2005). Most conceptual models of settling lag and lag-

driven transport are derived from Eulerian SSC measurements; however, this poses 

certain limitations and difficulties. The SSC measurement often contains 

contributions from locally-resuspended sediment, plus advected suspended sediment 

from elsewhere. It is therefore advantageous to consider the Lagrangian behaviour 

of suspended matter over a tidal cycle, as sediment transport is fundamentally a 

Lagrangian process (Postma, 1967; Van Straatten and Kuenen, 1958), and the 

effects of resuspension and advection can be differentiated. 

 

Lagrangian drifters and drogues have been used to track (Davis, 1985; Niiler et al., 

1995), investigate and model (Garraffo et al., 2001) the distribution and properties 

of the oceanic surface currents for many years (McPhaden, 1986). However, similar 

studies conducted within estuaries, small lakes and coastal environments are 

somewhat limited due to the complex logistics and limited timescale associated with 

Lagrangian studies (Johnson et al., 2003). Despite these limitations, drogues have 

been deployed in estuarine environments to investigate flow patterns such as axial 

convergence/divergence fronts (Ridd et al., 1998), defined as the secondary 

circulation caused by transverse salinity or velocity gradients. 

 

The LAD, described in Section 5.3, was developed to not only elucidate the complex 

flow patterns in the Fitzroy River, Queensland, Australia, but also to provide unique 
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measurements of Lagrangian sediment dynamics, and in particular the suspended 

sediment bulk settling velocity during slack water.  

 

5.2. Study site description 
 

The Fitzroy River estuary, Queensland, Australia is a macro-tidal estuary located at 

Latitude 23°30’S and Longitude 150°50’E (see Figure 4.1). The estuary drains a 

catchment area of approximately 150 000 km3, and is the second-largest seaward-

draining catchment in Australia. The catchments’ area is dominated by agriculture 

and mining activities and thus the land management of these industries is of high 

importance. It receives a mean annual rainfall of 820 mm year-1, which occurs 

primarily as short lived tropical lows during the summer months (December to 

February); often resulting in major flood events. When the estuary is not recovering 

from a flood event, which takes a number of months (Schacht and Lemckert, 2005), 

it is often experiencing drought conditions (Rochford, 1951). 

 

A tide-limiting barrage (located some 60 km upstream of the mouth) causes the 

lower estuarine component of the Fitzroy River to essentially exist in one of two 

states: as an enclosed bay where the water is highly saline, or as a fully flushed 

freshwater system (Schacht and Lemckert, 2005). During the dry periods (majority 

of the year), the system gradually becomes entirely sea salt water, with only minimal 

freshwater input from three (3) sewage outfalls located near the barrage. During this 

bay-like state, the dominant mechanism driving the sediment transport are the strong 

macro-tidal velocities (tidal range 0.3 – 4 m), which keeps the system in a constant 

state of turbidity. During the short-lived wet periods, monsoonal rainfall over the 

catchment area causes flooding at the barrage, which in turn flushes the system with 

freshwater (Schacht and Lemckert, 2005). The high velocities exhibited during a 

typical flood event produce a sediment load (from the scouring, eroding and 

resuspending of sediment from the bed and estuarine banks) that extends northward 

to the outer reaches of Great Keppel Bay and the Capricorn Coast (see Figure 4.1). 

With this net seaward sediment loading comes an unquantified increase in nutrients 

washed from upstream. 
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Figure 5.1: Location of study site within the Fitzroy River, Queensland, Australia. 
Insert shows the general location (more specifically the SW point) of each LAD 

deployment, labelled A – F. 

 

5.3. Instrumentation methodology 
 

5.3.1.  LAD (Lagrangian Acoustic Drogue) 
 

The LAD (Figure 4.2) was designed to track a parcel of upper estuarine water near 

and during slack water periods, with minimal influence from surface winds, small 

surface undulations and rotation (Chapter 4). The drogue is approximately 1.6 x 1.6 

x 0.7 m deep and has aluminium vanes and a polyurethane covered float. 

 

The LAD instrumentation consists of a self-contained RD Instruments 600 kHz 

Broadband ADCP facing down, with the transducer head 1 m below the surface, and 

an external Trimble® GeoXM Differential Global Positioning System (DGPS). 
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Figure 5.2: Schematic of the LAD. 

 

 

The LAD deployments were conducted at night to minimise wind induced effects on 

the water surface and on the LAD itself. As described later, wind (and other external 

environmental forces) can cause the device to deviate from a truly Lagrangian path. 

For ease of recovery, safety, and security, a very light and thin tether (of 3 m length) 

with floating waterproof strobe-light was attached to the LAD. The ADCP bin 

length was set to 0.25 m with a sampling rate of 120 pings ensemble-1; ensembles 

were averaged over 1.5 minutes. The bottom tracking function was also selected so 

that the velocity was measured with respect to the bed. The ADCP permitted 

determination of the water velocity profile below the LAD (Chapter 4) and 

validation of its Lagrangian nature. 

 

Acoustic backscatter problem in the Fitzroy River 

 

An initial intention of this study was to calibrate the acoustic backscatter intensity 

with frequent, rigorous bulk water SSC estimates. However, it was found that the 

site was subject to intense bioactivity and as a consequence, the suspended sediment 

concentration could not be determined from acoustic return signal calibration, as the 
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bioactivity return signals dominated that of the SSC. This is a problem for such 

backscatter devices, and requires caution in their use in biologically-active regions. 

However, it should be noted that this did not impose limitations on the current study, 

as the co deployment of other instruments and high frequency measurements 

enabled the investigation of sediment dynamics and bulk settling velocity through a 

Lagrangian frame of reference.  

 

5.3.2. Other Instrumentation 
 

Other instruments were used during the study (see Table 5.1), to support the LAD 

deployments and measurements. 

 

Table 5.1: Instrumentation details and sampling rates 
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5.3.3. Vessel-based profiling and seabed measurements 
 

For the intended SSC calibration and support of the LAD (during each deployment), 

a profiling device was lowered to the seabed every 20 – 30 minutes along side the 

LAD, or approximately every hour between LAD deployments. The device (CTD1) 

measured conductivity, temperature and depth using a SeaCat SBE 19-03 CTD, and 

was used for the first two (2) surveys. A second device (CDT2) incorporating a 

LISST-100 (Laser In-Situ Scattering and Transmissometry) for the investigation of 

sediment volume concentration, interfaced with a SBE 37-SI MicroCAT CTD 

(Conductivity, Temperature and Depth probe) instrument was used for the final 

(third) survey. The LISST-100 was used to investigate particle size distribution in 

the water column whilst simultaneously taking CTD measurements (described 

below). Due to the limitations of the LISST-100 in measuring particle distribution 

and volume concentration in turbid environments such as the Fitzroy River estuary, 

(i.e. when the effective transmission is below 30% [i.e. T = 0.3] and when particle 

sizes fall outside the range of 1.25 – 250 μm, (Traykovski et al., 1999) the LISST-

100 was used only for one survey period (and only worked for a small number of 

casts).  

 

The profiling device/s (either CTD1 or CTD2) were lowered from a 5.5 m research 

vessel with a mechanical winch at a constant rate of approximately 10 cm s-1. Other 

instruments attached to each profiling device to measure the same water parcel on its 

descent to the seabed, included a nephelometer (for turbidity measurements (units: 

NTUs), and a diaphragm pump for collecting bulk water samples for use in the 

gravimetric determination of total SSC. 

 

The bulk water samples were taken at 1 metre depth intervals (including a surface 

sample at 0.3 mbs – metres below surface) approximately every 20 – 30 minutes, 

while NTU readings were taken approximately every 15 minutes. The bulk water 

samples were vacuum filtered with pre-weighed glass-fibre filter papers (GF/B) and 

oven-dried to determine total SSC concentrations. Nephelometric measurements 

were then calibrated against the SSC.  
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During the LAD deployments (whilst profiling with either the CTD1 or CTD2) the 

boat-mounted ADCP was used to obtain depth-average velocity profiles in the water 

column (sampled at 0.16 Hz, averaged over a two minute period). These 

measurements served as a verification of the velocity measured by the LAD.  

 

A Greenspan CTD350 multi-parameter sensor was deployed on the seabed in the 

middle of the channel for the duration of the whole study to record the sites tidal 

fluctuations, due to the lack of direct knowledge of the local tidal properties. The 

sensor recorded pressure data (at 60 second intervals).   

 

5.3.4. LISST-100 instrument 
 

The LISST-100 (Laser In Situ Scattering and Transmissometry device) developed 

by Sequoia Scientific uses the technique of laser diffraction to obtain a spectra of 

particle sizes, volume concentration and beam attenuation (from the 

transmissometer) in the water column (Agrawal and Pottsmith, 2000; Fugate and 

Friedrichs, 2002; Traykovski et al., 1999). Although the principles of laser 

diffraction (see Agrawal and Pottsmith, 2000) have been used for many years to 

investigate suspended sediment characteristics both in situ (Bale and Morris, 1987; 

McCabe et al., 1993) and in laboratory-simulated environments (Van Leussen, 

1999), this is the first instrument capable of measuring these characteristics in a non-

perturbing, simultaneous manner.  

 

By conducting simultaneous profiles with the LISST-100 (measuring mean volume 

concentration VC (μl l-1)) along with mean SSC (mg l-1) bulk water samples, the 

density of the particles can be estimated according to Mikkelsen and Pejrup (2000): 

 

VC
SSCpp WS =− )(                    (1) 

 

where  the effective mean density of the particles in suspension, p)( WS pp − S is the 

suspended sediment bulk density ( in kg m-3) and pW is the bulk density of the water. 

The actual determination of in situ sediment density is essential for the calculation 
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of mass concentration (Gartner et al., 2001) and settling velocities (Voulgaris and 

Meyers, 2004). 

 

5.4. Deployment Methodology 
 

During the dry season of August 2004, six (6) LAD deployments were conducted 

over HWS and then LWS (or vice versa) during three (3) separate survey periods. 

These distinct survey periods encapsulated some of the different tidal ranges 

exhibited in the Fitzroy River estuary: neap, spring and an intermediate tidal range. 

The objective of each survey was to monitor the suspended sediment changes in the 

upper water column under a weakening tidal velocity (i.e. around LWS period) and 

then to wait in the field to capture the following slack water period, (i.e. around 

HWS).  

 

Previous studies on the LAD’s water-tracking ability (Chapter 4) indicated that the 

preferred conditions for deploying the LAD were at night due to the minimal wind 

conditions (less than 5 knots). External environmental forces, such as wind (Niiler et 

al., 1995) and waves cause slippage in the direction of the acting force, which can 

deviate the LAD from a truly Lagrangian pathway. The LAD’s water tracking ability 

is discussed in Section 4.2.  

 

The study was carried out during limited freshwater flows (from the barrage) and the 

last major recorded flood was in February 2003. The measured environmental 

conditions are shown in Table 5.2, for each deployment A – F. Survey 1 includes 

deployments A (HWS) and B (LWS); survey 2, deployments C (LWS) and D 

(HWS); and survey 3, deployments E (LWS) and F (HWS). Tidal range (measured 

from the Australian Height Datum, AHD) for surveys 1, 2 and 3 were 2.88 m, 1.56 

m and 2.39 m respectively. Whilst these tidal ranges do not represent the full extent 

of the Fitzroy River estuary’s minimum and maximum tidal range, they still provide 

an array of different tidal conditions. 
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Table 5.2: Measured environmental conditions (including tides and hydrodynamics) 
during LAD deployments A-F. 

 

 

5.4.1. Slack water and window period 
 

In this paper, the definition of slack water (SW) is taken as the point at which the 

LAD reached minimum velocity, as derived from the DGPS, corresponding to the 

change in tide. This is the time at which the net flow velocity forces acting on the 

surface areas of the drogue caused it to slow to a stop and to progressively change 

direction.  

 

The aim of each deployment was to capture most of the data both before and after 

SW, without the LAD running aground or drifting too far up or downstream. The 

LAD was typically deployed approximately 1.5 hours before the predicted HWS or 

LSW and retrieved approximately 1.5 hours after predicted slack water. This amount 

of time was needed to ensure a contingency window for the expected predicted 

variations. However, during one of the deployments (E) a difference of up to 60 

minutes between the predicted (Port Alma station, Table 5.1) and measured tidal 

 
The Quantification of Estuarine Suspended Sediment Dynamics: A Drogue’s Perspective 

99



 
Chapter 5 

 
 
elevation was observed. This resulted in one of the LAD, being released only 25 

minutes before SW.  

 

5.4.2. Water tracking ability 
 

Of great importance in Lagrangian investigations is the ability of a drogue or drifter 

to efficiently track a parcel of water despite environmental influences such as wind, 

current stratification, density changes and waves. These environmental factors can 

cause an erroneous velocity relative to the actual mean flow under investigation. The 

average velocity of water flow past a drogue (water-parcel tracking device) is 

referred to as the slip velocity (Niiler et al., 2005). Therefore, for a drogue to be an 

effective water-follower it must have minimum slip velocity. 

 

Based on direct studies conducted by Niiler et al. (1995), and theoretical studies by 

Chhabra (1985) and Chereskin et al. (1989), an investigation of the LAD water-

tracking ability (see Schacht and Lemckert, 2005) revealed that it consistently 

followed a Lagrangian parcel of water to a vertical depth of approximately 4.5 m 

(this was conservative). Below this depth, complications with flow and sea-bed 

topography interaction led to further stratification, as would be expected in any 

depth limited channel flow, and slip relative to the LAD.  

 

5.4.3. Calculation of settling velocity  
 

Stokes’ law defines the settling rate of single, fine-grained, non-cohesive spherical 

particles (of constant size and density) in still water as: 

 

μ
ρρ

×
−

=
18

)(2 gd
W WS

S                   (2) 

 

where WS is the settling velocity of a smooth spherical sediment particle, pS is the 

density of the sediment particle (kg m-3), pW is the density of the water, g the 

gravitational acceleration (9.81 m s-1), d is the particle diameter and μ is the dynamic 
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viscosity of the fluid. Various correction factors have been applied to Stokes’ law to 

account for different sediment shapes that are inherently found in the field, however 

the greatest limitation is its assumption of single-particle settling velocity (Kranck 

and Milligan, 1991).  

 

Bulk settling rates 

 

It is known that there is a site specific correlation between floc size, settling velocity 

and suspended sediment concentration. An increase in concentration will result in 

more collisions and hence the growth of larger particles, which in turn affects the 

settling velocity (Van der Lee, 2000). As outlined by You (2004), the dependence of 

settling velocity on sediment concentration can be categorised into three (3) regimes: 

free (less than 0.4 g l-1); enhanced (0.4 to 2 g l-1); and hindered (more than 2 g l-1). 

However, many field and laboratory studies based on settling tube arrangements 

covering all three regimes (Dyer, 1989; Eisma and Li, 1993; Pejrup and Edelvang, 

1996) have shown that settling velocity can be estimated by: 

 
n

BS kCW =                   (3) 

 

where WBS is the bulk settling velocity, C is the concentration, and k and n are site-

specific constants depending mainly on the type of particle and turbulence 

properties. Typically n values are close to 1 (Eisma and Li, 1993) but can change 

from n = 0.61 (Humber estuary in, Van Leussen, 1999) to n = 2.6 (Elbe estuary). It 

should also be noted that most of these experiments (e.g. Pejrup and Edelvang, 

1996) are conducted at periods other than SW, where flocculation and fragile flocs 

are dominant. 
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5.5. Results and discussion 
 

5.5.1. LAD Short-lived circulation patterns and velocity 
 

The LAD deployments are characterised into HWS and LWS deployments, as it has 

been identified that the hydrodynamic mechanism of asymmetry (Pritchard, 2005) 

and secondary circulation (Ridd et al., 1998) are usually different for each. The 

LWS deployments (B, C and E) in Figure 5.3, travelled along paths of wider 

curvature than the HWS deployments (A, D and F) which followed very similar 

paths before and after the turn of the tide, especially in deployments A and D; 

indicating a lack of secondary circulation patterns such as axial convergence zones 

(Ridd et al., 1998). 

  

The locations (Figure 5.1) of the LAD deployments (and subsequent location of 

where SW occurred during the deployment) are important factors in determining the 

shape and extent of the LAD trajectory. Deployment B had its SW located 

approximately three (3) kilometres downstream of the others, and as such, was 

found to be apparently influenced by the circulation patterns within the adjacent bay.  

 

Figure 5.4 shows the LAD velocity as measured by the DGPS for each deployment. 

The window period covers 42 minutes before and 42 minutes after SW, as this 

represented the period of maximum deployment overlap. This figure shows the 

difference in velocity both before and after slack water. It can be seen here that 

deployment B was influenced by an axial surface divergence (Ridd et al., 1998) 

which caused the LAD to move steadily towards the edge of the estuarine banks at a 

rate of approximately 0.1 m s-1. 
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Figure 5.3: LAD deployment tracks as measured by the DGPS for each deployment 
(a) A to (f) F showing distance travelled and velocity vectors. Each deployment has 

unique axes. Note B, C and E were deployed during the LWS, with A, D and F 
deployed during the HWS. Also note, scale (northing and easting) is different for 

each deployment and each reference velocity vector is unique. 
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Figure 5.4: LAD velocity with respect to the track, as measured by the DGPS for 
each deployment window period (A-F), showing the lowest velocities coinciding 

with SW. 

 

5.5.2. General tide-forced dynamics  
 

Time-series comparisons of tidal-induced turbidity dynamics as recorded by the 

CTD1, CTD2 and the bottom-mounted Greenspan pressure probe are shown in 

Figure 5.5 The velocity profile measurements were derived from the boat-mounted 

ADCP, and the tidal elevation data was taken from the bottom-mounted Greenspan 

CTD probe with the SSC data derived from water sample analysis. The tidal 

elevation line is shown in Panel one (1) for the duration of each survey. The depth-

average tidal velocities (measured by the boat-mounted ADCP) are shown in Panel 

two (2), and the SSC (averaged over all depths) are depicted in Panel three (3). The 

visualisation of the combined tidal elevation and velocity gives an indication of the 

velocity lags between high and low tide (elevation), HWS and LWS (minimum 

velocity). The velocity lag for all deployments is measured between 35 and 70 

minutes (see Table 5.2). While the lags were expected to be noticeably longer on the 

flood than the ebb due to phenomena of the settling lag (Postma, 1961; Van Straaten 

and Kuenen, 1958) a consistent difference between the two tidal types could not be 
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found. However it should be noted that this figure portrays a general indication of 

the lags (and sediment dynamic), as velocity measurements (by boat-mounted 

ADCP) were conducted only every ~ 20 minutes. This therefore validates the need 

to conduct measurements at a higher frequency, as in the case of the LAD. 

 

 

 
 

Figure 5.5: Tidal elevation (m), tidal velocity (m s-1) and SSC for each survey: (a) 
survey 1, (b) survey 2 and (c) survey 3 with each deployment, labelled A-F. Note 

that joined data points depict measurements within the related window period. Also, 
the vertical dashed line shows the time of either HWS or LWS. 

 

In Figure 5.5, the vertical bars in the second panel (tidal velocity) represent the 25th 

(lower) and 75th (upper) percentile of the velocity data obtained over a two (2) 

minute period. The main data point represents the average, or the 50th percentile. Of 

note is that all corrupted bottom bins (typical ADCP side beam-lobe error – see RD 

Instruments, 1996) were omitted from the analysis as this caused a great degree of 
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velocity scatter. The vertical error bars for all six (6) deployments (depicting range 

of velocity scatter) do not exceed ~ 70 mm s-1. The highest velocity range measured 

by the boat-mounted ADCP was recorded during deployment F, whilst the lowest 

were recorded during deployment D.  

 

The fluctuations of sediment concentration in Figure 5.5 are most prevalent in 

deployment C, ~ 120 mg l-1. This is likely to be due to faster acceleration around 

LWS than HWS, and also because of the tidal hydrodynamics before this 

deployment – which exhibited high velocities (and therefore a higher degree of 

turbulent mixing), that would have contributed to resuspension, and thus higher 

concentration fluctuations. The least degree of sediment fluctuation is exhibited 

during deployments D and E. Deployment D showed the most variability in depth-

averaged flow velocity and least degree of sediment concentration range (~ 20 mg l-

1). This is a result of the neap tidal range producing small flow velocity.  

 

5.5.3. Temporal suspended sediment and velocity variability 
 

When the data recorded with the nephelometer were calibrated against the SSC 

measurements, a strong linear relationship was found: SSC = 1.06 x NTU+0.855, 

where NTU is the nephelometric reading and r2 = 0.86, (n = 180) for the duration of 

the sampling period; indicating the suspended sediment optical properties remained 

consistent throughout the entire study. 

 

Examples of the suspended sediment dynamics taken from alongside the LAD (bulk 

water (SSC) and nephelometric measurements) and velocity magnitude and 

direction (from the LAD’s ADCP) for a HWS and LWS deployment are presented 

in Figure 5.6 Figure 5.7, respectively.  

 

For example, Figure 5.6a (deployment F) depicts the suspended sediment dynamics 

as the velocity decreases (Figure 5.6b) with the onset of HWS, and then 

simultaneously increases and changes direction (Figure 5.6c) after the SW period. 

The concentration isopleths were observed to decrease linearly (an indication of 

settling) more than 20 minutes before SW, leaving a surface turbidity of less than 40 
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NTUs. There was a prolonged and gradual decline in turbidity levels (settling) over 

a period of more than 63 minutes. After this period it is then expected that, with the 

increase in tidal velocity, there will be an increase in turbidity (and SSC) from 

sediment resuspension.  It must be noted that as we are observing a clearance in the 

water column (due to bulk settling of particles) in the field, rather than in the 

confines of a settling column and thus the system is relatively unbounded and 

subjected to natural flow patterns. 

 

In general, the turbidity isopleths during all of the LWS deployments (B, C and E), 

decrease and the water column begins to clear up approximately 10 minutes before 

slack water (e.g. deployment B, Figure 5.7). In comparison to the HWS 

deployments, the settling period is more rapid and responsive to the changes in tidal 

velocity. This is due to the tidal asymmetry of the system, explained later. For 

example, in Figure 5.7 the concentration isopleths were observed to follow a gradual 

rise, (depicting an increase in NTUs) until approximately 10 minutes before SW, 

when there was a definite drop in NTUs (indication of settling of suspended 

sediment particles). The highest turbidity isopleth (115 NTU) shows more drastic 

changes with time, i.e. the peak at 30 minutes, demonstrating the response to a 

decreasing tidal flow. Surface waters at the beginning of the deployment (more than 

85 NTUs) clear to 50 – 75 NTUs as a result of SW. 

 

During the HWS deployments (A, D and F) the water started to clear up more than 

20 minutes before slack water, giving more time for settling over the incoming tide. 

 

The results presented here reflect the process of settling lag (hydrodynamic 

asymmetry), as first defined by Postma (1961), which suggests that ‘fluid 

accelerations are typically lower around HWS than LWS, leading to a longer period 

when sediment can be deposited, and thus to lower concentrations on the ebb than 

the flood’ (from Pritchard, 2005). Generally, the flood tides exhibit a longer settling 

period that starts more than 20 minutes before HWS, whereas the LWS do not start 

responding to the changing hydrodynamics until ~ 10 minutes before HWS. 
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Figure 5.6: Deployment F. Time series of suspended sediment and flow dynamics 
over the 84 minute window period of HWS showing (a) Turbidity (NTU); and the 

velocity (relative to the bed) magnitude (m s-1) and direction (º) as measured by the 
LAD’s BBADCP are shown in the subsequent panels of each figure (b) and (c), 

respectively). Note the hatched area at the bottom of each panel depicts the seabed. 
Also the vertically dashed central line shows SW at 42 minutes. 
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Figure 5.7: Deployment B. Time series of suspended sediment and flow dynamics 
over the 84 minute window period of LWS showing (a) Turbidity (NTU); and the 

velocity (relative to the bed) magnitude (m s-1) and direction (º) as measured by the 
LAD’s BBADCP are shown in the subsequent panels of each figure (b) and (c), 

respectively). Note the blanked white areas depict areas of no measurement. 
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5.5.4. Particle size distribution and single grain settling velocity 
 

Due to the high concentration of suspended sediment in the study site, the 

transmission of the LISST-100 was only above T = 0.3 (recommended) for a limited 

period of time and only worked just after slack tide for deployments E and F. An 

example of a typical LISST-100 profile from Deployment F (just before SW) is 

shown in Figure 5.8. This figure depicts a tri-modal distribution with: fines of 1.36 – 

2.23 μm (accounting for 12% of the total concentration), 31.6 – 51.9 μm (for 59%), 

and more than 230 μm (accounting for 29%). The mean sizes of these ranges were 

taken as the middle ring size: 1.89, 51.9 and 230, with 51.9 μm representing most of 

the sediment size in the study region. 

 

 

 

 

Figure 5.8: Sample particle size distribution during deployment F from the LISST-
100 profiler. 

 

 

As previously outlined, by using the volume concentration derived from the LISST-

100 with simultaneous measurements of the SSC, the density of particles in the 

Fitzroy River estuary can be determined with Equation (1), (Mikkelsen and Pejrup, 

2000). Due to the large difference in calculated densities (but similar distribution 

and size class) from cast to cast, the average normalised effective density (for the 
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period of the LISST-100 profiles, - 16 in total both E and F) was calculated as 1370 

+/- 182.8 kg m-3, indicating high levels of flocculation, Stoke’s settling velocities 

were determined for the two (2) density estimates using the most frequent particle 

size of ~ 51.9 μm. This gave WS = 0.47 mm s-1 (using density of 1370 kg m-3), while 

for a density of 2650 kg m-3 (for clays) WS = 2.29 mm s-1.  

 

5.5.5. In situ bulk settling velocity and clear-up rate in the Fitzroy River  
 

The bulk water settling velocity was determined for the period of SW (both HWS 

and LWS), but more specifically during the lower tidal velocities ranging from 0 to 

less than 0.42 m s-1 for all six (6) deployments. A unique method was adopted for 

calculating the bulk settling velocity, in that each NTU contour line (e.g. see Figure 

5.6), was linearly interpolated from the time settling started to when it started to rise 

again, or to the end of the record, to obtain an estimate of settling rate 

(distance/time) for each isopleth line. For example, as shown in Figure 5.6, for 

deployment B, the 100 NTU drops approximately 1.9 m over a time period of 41 

minutes, which yields a settling at a rate of 0.77 mm s-1. This value represents the 

bulk settling velocity for the 100 NTU isopleth. This method was adopted for each 

isopleth (where the isopleths were approximately 5 – 15 NTUs apart) of each 

deployment and the NTU levels then converted to SSC estimates using the 

previously described relationship. 

 

It was found that the bulk settling velocities for the LWS deployments were highly 

dependent upon SSC with a strong linear correlation,   (r384.10031.0 CWBS = 2 = 0.95, 

n = 10), whereas the HWS tide deployments showed a weak correlation with, 

 (r216.10062.0 CWBS = 2 = 0.40, n = 6). This weak correlation is likely to be due to the 

nature of the flood tide leading up to HWS and its gradual (and longer) tidal settling 

period (or observed clearance as in the work of Hill et al., 2000). The smaller data 

set for the HWS would also have contributed to the weak correlation. Due to the fact 

that the HWS and LWS bulk settling velocities are of the same magnitude and the 

SSC of similar properties, all deployments were combined for a general overview of 

bulk settling velocities within the Fitzroy River estuary. The relationship between 
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the entire bulk settling clear-up rates and concentration (HWS and LWS 

deployments) were then plotted on a logarithmic scale (similar to Dyer, 1989) in 

Figure 5.9 and fitted to the following algorithm: 

 

)004.0( 327.1CWBS =  (r2 = 0.73), 

 

for n = 16 contour lines, where Ws is the bulk-settling velocity (mm s-1), C is the 

concentration, and n is the slope of the line. As previously mentioned the slope of 

the line is unique for each estuary but n = 1.327 (settling index) is typically within 

the range of 0.61 and 2.6 (Dyer, 1989) and is dependent on factors including the 

tidal range and flow regime, particle characteristics, and instrumentation methods 

used. The mean error (from this combined algorithm) for the HWS bulk settling 

velocities was +/-0.276 mm s-1 whereas LWS was +/-0.105 mm s-1. 

 

 

 
 

Figure 5.9: Relationship between bulk settling velocity and concentration over the 
sampling period in the Fitzroy River with the value of n = 1.33 from the power law 
formula,  r)004.0( 3273.1CWS = 2 = 0.73. Note the dashed line depicted the calculated 

single grain (stokes for d = 51.9 μm) to be 0.47 mm s-1. 
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The high correlation (r2 = 0.73) of the combined HWS and LWS indicate the 

presence of similar material in the water column during the flood and ebb tide. 

Although it can be seen that there is more scatter during the flood (HWS) tide 

(Figure 5.9) than the LWS, it can also be seen that the settling velocities (0.33 – 1.75 

mm s-1) are usually well above the single-grain settling velocity (0.47 mm s-1) This 

reveals that during the SW period flocculation, a dominant mechanism in the clear 

up rate of suspended particles in the Fitzroy River estuary, was evident. 

 

5.6. Conclusion  
 

The LAD system was developed for the non-perturbing, in situ investigation of 

suspended sediment transport and applied to investigate the upper water column of 

the Fitzroy River estuary. Past studies (Schacht and Lemckert, 2005) quantified the 

water-tracking ability of this unique device to follow a Lagrangian parcel of water to 

a depth of over 4.5 m over a SW period (HWS or LWS). Confidence in the LAD’s 

Lagrangian water tracking ability led to this direct study of bulk settling velocities 

(clear-up rates), as the device is truly advected with the net movement of the tide, 

thus eliminating any confusion derived from the source of material, i.e. whether it is 

locally suspended or advected. It also enabled the “real” determination of the bulk 

water settling velocity in the field where the water column is always turbid and tidal 

velocities never stand still (as in the case of most settling tube systems). 

 

The deployment of the LAD over the various HWS and LWS tidal regimes resulted 

in a data set that describes the settling characteristics of sediments in the Fitzroy 

River estuary. During HWS the water tends to clear up earlier (more than ~ 20 

minutes) than during LWS. This implies presence of the settling lag mechanism (as 

described by: Van Straatten and Kuenen, 1958; Postma, 1961; Pritchard, 2005), 

which also suggests a net movement of sediment transport upstream, with the flood 

tide. Of note is the importance in conducting high temporal resolution measurements 

to capture the dynamics of small-scale processes such as settling lag (Section 5.2). 

In this study, due to the nature of the Fitzroy River estuary, some of the net upstream 

movement of sediment is negated by the downstream movement during major 

flooding events, although as in the work of Bryce et al. (1998), a detailed 
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investigation into the effectiveness of the flood to deliver and remobilise sediments 

(from upstream) is needed.  

 

For both HWS and LWS, bulk settling velocity during the various tides showed 

results within the same order of magnitude. The mean error for bulk settling velocity 

during the HWS (+/-0.276 mm s-1) exceeded that of the LWS (+/-0.105 mm s-1). The 

LAD derived bulk settling velocity (mm s-1) as a function of the concentration (SSC) 

yielded a strong positive correlation (r2 = 0.73) with a settling index of n = 1.327. 

However, there was evidence of increased scatter during HWS deployments, which 

could be due to the nature of the tide and high levels of biological matter. It was also 

evident that flocculation played an important role in the clear-up of the water 

column during the SW period as all in situ settling velocities (0.33 – 1.75 mm s-1) 

exceeded the single grain approximation (0.47 mm s-1). 

 

The attempted derivation of SSC from the acoustic backscatter of the ADCP 

revealed a probable presence of light-dependent biological matter. This was 

somewhat validated by the low density of the particles as measured by the LISST-

100 (~1370 +/- 182.8 kg m-2), and also added a possible indication of the loose 

structure of the flocs. However, it mainly reveals the importance of simultaneously 

investigating the biogeochemistry properties of particles alongside similar 

suspended sediment studies. 

 

We have developed a deployable device that can be used in most estuaries (limited 

only by estuarine channel width and depth) to quantify the suspended sediment 

dynamics. We have also provided a methodology for which current Lagrangian and 

particle tracking models can be tested and verified with a real data set, rather then 

using parameters inferred from Eulerian data. 
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Conclusions and Future Research  
 

6.1. Conclusions 
 
Sediment transport models are developed to assist our understanding of complex 

sediment flow patterns present in coastal systems. These models allow us to predict 

sediment transport and therefore the ultimate fate of particles, which is essential to 

developing efficient management strategies for a systems nutrients and sediment 

loading. This knowledge is essential, as the delivery of these particles in high 

concentration may have an adverse impact on highly sensitive ecosystems. 

However, before models can accurately simulate such transport, small-scale 

processes such as flocculation, deflocculation, erosion, deposition and resuspension 

must be understood and quantified. These processes directly affect the sediment 

settling velocity, and are driven by the interaction between the sediment 

(characteristics and concentration), bed, hydrodynamic flow, and turbulent shear 

from the tidal current. Therefore, high priority is placed on detailed quantitative 

field-based studies (especially of settling velocity) in order to underpin model 

calibration and parameterisation. 

 

Previous measurements of settling velocity of estuarine suspended sediment within a 

water column have been taken using systems that isolate a water sample from its 

natural environment and place it into one free of natural water column motions. That 

is, the water sample no longer interacts with its natural surrounds, but instead with 

solid boundaries. Furthermore, these water samples are collected from points 
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(Eulerian) when the history of the suspended sediment (i.e. where it originated from, 

whether advected or locally suspended) is generally unknown. 

 

An alternative approach (developed during this study) to measuring settling velocity 

is through the Lagrangian investigation of suspended sediment dynamics. This 

approach requires a parcel of water to be tracked through an estuarine system, which 

means the history of particles can be known (to some extent). Through appropriate 

study, this can allow for accurate determination of in situ sediment settling 

velocities; for example, if a Lagrangian drifter is floating with the net movement of 

the advected tide, particles will drop out of suspension (settle) as soon as the 

velocity keeping them in suspension decreases below a critical level. In this study a 

new Lagrangian drogue was developed, not only to investigate the suspended 

sediment dynamics, but also to provide insight into the transport pathways and 

ultimate fate of sediment and contaminants within an estuarine system.  

 

The newly developed drogue device was tested in the tropical Fitzroy River estuary, 

Queensland, Australia, where a 50% reduction in sediment and nutrient loading has 

recently been mandated (Australian National Action Plan - Douglas et al., 2005). To 

achieve this drastic reduction of sediment loading, it is imperative that sediment 

sources and dominant processes driving the system are clearly understood. Whilst 

Douglas et al. (2005) investigated sediment sources in the catchment in order to 

generate an overall biophysical model of the system, here (in this study) the 

processes governing the tidal driven transportation of particles are investigated. This 

study also offers real in situ bulk settling rates for input into a future biophysical 

model.  

 

This study has demonstrated the potential of Lagrangian drogue (LAD) studies as an 

effective measuring platform for the accurate quantification of estuarine suspended 

sediment dynamics. In addition to this, the use of secondary instruments in the field, 

to support and validate the data gathered from the LAD, has been highlighted. The 

LAD device shows great promise for implementation in studies of similar estuaries 

and coastal systems. Here, the application of the LAD in the Fitzroy River estuary 

has led to a significant improvement in the understanding of the system’s bulk 
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setting velocity, tidal mechanisms and flow pathways and dynamics. The significant 

findings/outcomes of this study are outlined below.  

 

1. Prior to this study there was limited understanding of the processes 

governing the recovery of the Fitzroy River estuary system after the freshwater 

flushing from a major flood event. As this system has been highlighted as having a 

potential impact on the GBR, great focus has been placed on obtaining real in situ 

measurements from a number of Government agencies (such as the Coastal CRC) to 

quantify sediment sources and sediment transport (as in this work). Therefore, the 

investigation into the estuary’s recovery back to its normal saline state was vitally 

important to the success and safety of field studies (as a lot of debris and trees, etc, 

are carried with the flood plume), and also to the migration patterns of saline-

tolerant fish species (Chapter 2). The saltwater penetration was tracked by 

monitoring the recovery of the salinity front (above 33 practical salinity scale) from 

the ocean as it made its way to the barrage. After cessation of freshwater flooding, 

rainfall and land runoff from a major flood event in the Fitzroy River, the salinity 

recovery of the estuary (due to natural tidal processes) was modelled using an 

exponential decay relationship. It is envisaged that this graph will be of particular 

interest to the local fisheries department, as it indicates the stage of recovery 

(location of saltwater penetration within +/-6 km) along the entire length of the 

estuarine system.  

 

2. The initially-developed Lagrangian ASM drogue (Chapter 3) was tested in a 

local estuary, the Brisbane River, Queensland. The ASM drogue consisted of a 2 m 

ASM IV sediment staff to measure the suspended sediment concentration (SSC), 

which was attached to a Lagrangian float. The results from these preliminary tests 

revealed the potential for Lagrangian drogues in the investigation of suspended 

sediment dynamics, and also for their application within other estuarine 

environments. It is evident from this study that careful considerations must be made 

when selecting a suitable drogue deployment location. Ideally, the site must have no 

external inputs such as wind or freshwater inflows. The need to investigate other 

instruments for measuring SSC (other than the ASM IV- sediment staff) was  also 

highlighted, as this device was limited to the upper water column (~ 2 m). While this 
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project was limited to some extent by the investigation sites, it has certainly 

enhanced our understanding of sediment behaviour within the upper water column 

of an estuary.  

 

3. Slip-producing forces are important in drogue or drifter studies, as they 

indicate and quantify errors that can cause deviations to a devices’ true Lagrangian 

path. It has been noted that in oceans the most important slip-producing force is 

wind. Here, a second Lagrangian drogue (LAD) was developed with improved depth 

(spatial) and speed of measurements (temporal) for the later investigation of SSC- 

derived estimates (from acoustics backscatter intensity) for the entire water column 

(Chapter 5). Also the overall accuracy of tracking the drouge’s path and trajectory 

was improved by utilising a differential GPS (DGPS), with sub zero accuracy. By 

differentially correcting the GPS data (with another base station) we were able to 

collect more accurate positions. In this study, the LAD was deployed in an estuarine 

environment to measure the slip forces that were present. The LAD was deployed 

during periods of negligible winds, and it was determined that the measured slip was 

directly related to the magnitude of tidal velocity. Further investigation led to the 

overall quantification of the LAD’s water tracking ability to a depth of 4.5 m. This 

study also provided a unique insight into the flow patterns of the Fitzroy River. 

From this study, it was determined that the estuary was vertically well-mixed, with 

little velocity or density stratification.  

 

4. The LAD was deployed in the Fitzroy River estuary, to accurately quantify 

the bulk settling velocity, and to investigate the dominant processes governing the 

system’s suspended sediment concentration levels (Chapter 5). It was shown that a 

settling lag mechanism existed between low and high tide levels, which would 

initiate a net movement of sediment upstream, with the flood tide. The bulk settling 

velocity showed results within the same order of magnitude for both high and low 

water. The LAD-derived the bulk settling velocity (mm s-1) as a function of 

concentration (SSC), which yielded a strong positive correlation (r2 = 0.73). A 

settling index of n = 1.327 demonstrates similar particle characteristics during the 

deployments. However, there was evidence of increased scatter during high water 

deployments, which could be due to the nature of the tide and high level of 
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biological matter present. It was also evident that flocculation played an important 

role in the clear-up of the water column during the times of still water (high and low 

tide), as most of the in situ settling velocities (measured between 0.33 – 1.75 mm s-1) 

exceeded the single grain approximation (0.47 mm s-1).  

 

Through the deployment of the LAD, the determination of a real in situ value of 

bulk settling velocity has been determined. This value is vitally important to 

modelers, as it can provide a ‘ready-to use’ input value, or serve as a validation for 

the empirically-derived settling values. 

 

6.2. Future Research and recommendations 
 
In Dyer's (1989) summary of future research requirements of sediment processes in 

estuaries, it was stated that through 'any new instrumentation method or technique 

we gain a more thorough scientific understanding of the estuarine environment.'  

Here we have developed a new measuring device for suspended sediment dynamics 

in the form of a Lagrangian Acoustic Drogue. Given the already widespread 

application of ADCPs for flow velocity and now SSC measurements, this study has 

demonstrated the need to further explore other methods for measuring sediment 

transport in the field such as the implementation of a Lagrangian framework.  

 

In developing this new instrumentation, various shortcomings were identified which 

lead to the formulation of recommendations for future works. These 

recommendations pertain to both the overall work (Section 6.2.1) and the specific 

design modifications for the drogue itself (Section 6.2.2). 

 

6.2.1  General 
 

In accordance with the work of Douglas et al. (2005) and here, this study was 

conducted during a period of below average rainfall, therefore, we were not able to 

capture or monitor the dynamic effects from a major Fitzroy River flood. As a result, 

the focus of this study has been on the spring and neap tidally-induced dynamics. It 

is emphasised that in order to understand the overall state of the Fitzroy River 
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suspended sediment dynamics, the various stages of a major flood event must be 

monitored. It is further anticipated that the deployment of the LAD in the interaction 

zone between the upstream flood plume and the downstream estuary/ocean water 

would reveal a multitude of complex phenomena affecting the mixing dynamics 

within and around the propagation of the plume. 

 

This work was primarily based around the gathering of in situ field data, and so it is 

projected that the results from this new Lagrangian instrument be used to test current 

Lagrangian sediment transport models. The outcomes of this study invite further in 

situ investigations. Due to the nature of the design of the LAD, great potential exists 

for its future application within similar environments.  

 

6.2.2 Drogue Modifications 
 

A number of design modifications and additions have been identified throughout the 

duration of the study. These include:  

 

 -  The addition of a high resolution floc camera to take time lapse images of the 

particles in suspension (as in Sternberg et al., 1999), would benefit the overall data 

analysis capabilities of the drogue, and also validate the LISST-100 sediment 

distribution results. This is also required to gain a better understanding of the floc 

sizes, structure, and thus individual settling velocities within the water column. For 

this particular estuary, a fine resolution camera (less than 10 μm) should be used. 

 

- The simultaneous measurement of turbulent kinetic energy (thought to 

control floc size, [Hunt, 1986; Hill et al, 2000]) from the perspective of the drogue 

would provide valuable insight into the mechanisms controlling the settling velocity 

of suspended sediments (Fugate and Friedrichs, 2003). Attention to the influence of 

turbulence on the sediment velocity rather than only the tidal velocity should be 

made when studying suspended sediment in estuaries (Van Leussen, 1998). This 

relationship is still poorly understood. 
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-  In association with the bulk water samples for SSC measurements, the 

biological and chemical properties of the suspended sediment need to be examined 

and understood. In acoustic sediment transport studies, the clarification of these floc 

properties will help elucidate some of the complexities involved in understanding 

the received acoustic backscatter intensity. Furthermore, the promising application 

of suspended sediment-derived acoustics within estuaries (especially with high 

biological presence) needs to be investigated.  
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APPENDIX

A 
Quantifying the estuarine surface-sediment 

dynamics in the Brisbane River 

Abstract 
 
The majority of estuarine suspended sediment studies consider the benthic boundary 

layer as the primary source for sediment transport. This is due to the many 

mechanisms and processes that occur in this region, such as tidal resuspension in 

energetic estuaries and wind-wave resuspension in low-energy estuaries. However, 

significant sediment flux activity can also occur in the upper regions of the water 

column. This paper describes a novel Lagrangian-based drogue (consisting of three 

in-situ instruments: an ASM-IV OBS Argus Surface meter; a Lowrance Globalmap-

100 GPS; and a CTD350 Multiparameter sensor) used to quantify the suspended 

sediment dynamics in the turbidity maximum zone of the Brisbane River, 

Queensland. The study indicated that the high sediment concentration levels could 

counteract unstable salinity gradients and that the dynamics of the  

estuary are highly dynamic. 

 

 

 

 

 

 
The Quantification of Estuarine Suspended Sediment Dynamics: A Drogue’s Perspective 

128



 
Appendix A 

 
 
A.1. Introduction 
 

One of the most distinctive features of sediment transport in estuaries is the presence 

of a turbidity maximum (Dyer, 1986; 1989). A turbidity maximum is a dynamic 

zone in which physiochemical and compositional properties of the inherent water 

and sediments changes from the limnetic to the marine environment. It is caused by 

both bottom resuspension and deposition (Eisma, 1986) and/or by gravitational 

residual circulation. The onset and maintenance of the turbidity maximum zone is a 

phenomenon that is system sensitive.  

 

This paper will examine some of the sediment dynamics within the persistent 

turbidity maximum found in the Brisbane River, Australia. To conduct this study a 

novel Lagrangian drogue was used to assist in studying the sediment dynamics. The 

following sections will first describe the study site and methodologies used. The 

results will then be presented and discussed.  

A.2. Study site 
 

Locally renowned for its “dirty water” the Brisbane River, Queensland, Australia 

(see Figure A.1) is the subject of numerous ongoing water quality studies and 

management strategies. Anecdotal evidence suggests that between the 1840’s to the 

1860’s the Brisbane River was once clean, however due to anthropogenic forces this 

is no longer the case. As this study will uncover, the Brisbane River does posses the 

ability to ‘clean-up’ under the right conditions.  

 

The sub-tropical Brisbane River has a catchment of 13560 km2 and is located in 

South East Queensland (Eyre et al., 1998).  The Brisbane River is a micro-tidal 

estuary that has undergone extensive development and dredging activities since 

1974 (Capelin, 1990). These modifications are believed to be one of the major the 

reasons why the Brisbane River suffers from a high-concentration of Suspended 

Particulate Matter (SPM). Other major sources of suspended sediment include the 

upper agricultural reaches of the Brisbane River and the adjoining tributary, the 

Bremner River.   
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Figure A.1: The Brisbane River, Queensland, Australia. The black dots and 
associated numbers indicate the AMTD (in kilometres) from the mouth of the river. 

 

 

Recent studies on the suspended sediment dynamics in the Brisbane River 

(Hollywood et al., 2001; Schacht and Lemckert, 2003) have indicated that the 

turbidity maximum zone extends throughout the mid reaches of the Brisbane River 

from about 20 to 60 km upstream from the mouth, with the peak turbidity levels 

occurring at around 45 km. The turbidity in this area is caused and sustained by a 

number of different driving forces, including increased velocities as the result of 

channel narrowing and tidal straining. This need to develop a detailed understanding 

of the river was the driving force behind the development of a new drogue based 

measurement system (discussed later). It was necessary to develop a device that 

could follow the behaviour of the turbidity maximum during the ebb and flood tidal 

cycle with particular emphasis on the slack water periods where it was observed the 

turbidity levels dropped significantly.  
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Four field trips have been conducted to cover the area of Brisbane River that 

typically suffers from maximum turbidity. These sites are located at 35.7 km 

Adopted Middle Thread Distance (AMTD), 41.9 km AMTD, 44 km AMTD and 49 

km AMTD and were conducted respectively on 02/06/2003, 26/05/2003, 28/05/2003 

and 30/05/2003. This paper highlights the findings from the 28/05/2003. 
 

A.3. Field Conditions and observations 
 

The stratification of estuaries is affected by the freshwater flow of the connecting 

rivers and local rainfall events. The series of field trips were conducted in the dry 

season when the rainfall events were negligible.  

 

The Brisbane River experiences a tidal excursion of less than approximately 1.5 m. 

This small change in water level is however still enough to generate strong shear 

stresses on the estuarine bed, due to the narrowness of the estuarine.  

 

General observations of the Brisbane River from different locations suggest that the 

landward transport of fine suspended sediment is a result from the ebb-flood tidal 

asymmetries in salinity stratification rather than the classical estuarine circulation 

(Eyre et al., 1998). 

 

A.4. Instrumentation Methodology 
 

The most effective method of obtaining conclusive data in estuarine studies is to 

combine and synchronise instruments so that different measurements are made in 

similar water parcels on similar time scales (Sternberg, 1989). This was adopted 

when designing the Lagrangian drogue (Figure A.2). The drogue carried three self-

contained battery-operated instruments. These instruments were the Argus ASM-IV 

Sediment, a Greenspan CTD and a portable Global Positioning System. The ASM-

IV was the primary means of attaining suspended sediment concentration in the 

upper water column. The drogue-based instrument was primarily designed to track a 

parcel of upper estuarine water (depths ~ 2 m). The design and details of the drogue 

are included in Schacht and Lemckert (2003). 
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Figure A.2: Schematic diagram and photograph of the drogue. The numbers on the 
schematic diagram indicate the instruments: 1) ASM-IV Argus surface meter, 2) 

GPS tracking device and 3) Greenspan CTD 
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A.4.1. Argus Surface Meter (ASM) 
 
The 2-meter Argus ASM- IV (a high-resolution sediment staff) operates with 100 

infrared sensors (central optical frequency of 900 nm) per meter. These sensors are 

positioned on an active board protected by a clear epoxy resin and embedded in a 

stainless steel rod. Each sensor samples a fixed volume of approximately 0.5 cm3, at 

a fixed distance between 5 and 10 mm from the rod. The ASM-IV sensor blocks 

were then calibrated with bulk water samples collected in 20-minute intervals at 

three depths: surface (0 – 20 cm), one meter and two meters. This calibration 

process resulted in the successful transformation of reflectivity units to 

concentration in  

mg l-1. 

 

A.4.2. GPS and CTD 
 

Attached to the drogue was a Lowrance GPS tracking device with 5 – 10 m 

accuracy. The principle function of the GPS was to provide a trail consisting of track 

points updating every 2 seconds. This enables the trajectory of the drogue to be 

calculated. The other instrument attached to the drogue was the Greenspan 

Conductivity Temperature Depth (CTD) sensor. This sensor served as an indicator 

for the uniformity of the parcel of water, tracked by the drogue. Essentially, the 

drogue’s function is to track a ‘single parcel of water’ of temporally uniform 

conductivity and temperature.  

 

A.4.3. Other instruments 
 
Other instruments were used to validate the results and profile additional 

information about the study site. These include a profiling Seabird CTD sensor and a 

Nephelometer. 
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A.5. Results and Discussion 

 

A field trip was conducted on Wednesday 28 May 2003 in the Indooroopilly Reach 

situated approximately 44 km AMTD. The high tide at the Brisbane Bar was 1.91 m 

at 0145 (all time in 24 hr) and low tide was 0.40 m at 1351. The tidal lag of the 

study site is approximately 1.30 hrs. The drogue was deployed in the center of the 

river at 755 and retrieved at 940. At the actual turn of the tide the drogue remained 

stationary for a period of approximately 10 minutes and then changed direction, this 

can be observed by the GPS trail plot in Figure A.3. It was observed that when the 

tide was changing from flood to ebb, the water column appeared to clear up slightly. 

 

Figure A.3: GPS track of drogue path with Latitude and Longitude. 

 

Generally in microtidal estuaries the ebb tide advects relatively fresher water over 

saltier water, enhancing salinity stratification while the flood tide advects relatively 

salty water over fresher water reducing salinity stratification. However this is not the 

case observed here. As shown in Figure A.4 the salinity structure was generally 

found to be stable except near the surface where the more saltier water was above 
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fresher water. As this is an unstable situation (since in this estuary the temperature 

stratification was minimal) another source of density must exist for the profile to be 

maintained. In this case it was found to be the suspended sediment loadings. 

 

The results from the drogue (Figure A.4c) indicate that the suspended sediment 

levels increase with depth. It is this stratification in density that can therefore 

maintain the observed salinity profile. The two predominate plots in Figure A.4c 

portray the concentration fluctuations at depths of 1 and 2 meters. These fluctuating 

line indicate that the water column is extremely turbulent. A fourth-order 

polynomial regression line fit to the data with a correlation coefficient of 0.98 – 1. 

These lines were placed with the fluctuating data so as to view the overall trend of 

the concentrations. 

 

The data from the ASM-IV also show that the concentration levels fluctuate with 

time, with the 1 m and 2 m sensors showing similar trends. However, after 0900 

hours there was a marked increase in the 2 m levels.  

 

To help explain this it is necessary to examine the salinity profiles. These profiles 

show that the upper 2 m undergoes continual change, even though the drogue 

follows the upper water column. As the estuary was observed to be very turbulent in 

nature this salinity structure change, was likely the result of turbulent mixing. The 

dramatic increase in the 2 m sensor level reading after 0900 hours and the lack of 

relative change in the 1 m sensor readings (Figure A.4b) indicates that sediment is 

being advected from the lower layers into the upper layers. 
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Figure A.4: Time series. (a) Salinity profiles at various times, (b) Tide gauge depth 
at study site, (c) Calibrated suspended sediment concentration derived from the 

ASM 
 

 

A.6. Conclusions 
 

It has been found that by using a new Lagrangian drogue the Brisbane River does 

not behave as a typical microtidal estuary because of its unusual turbidity and 

mixing regime. It was discovered that the sediment concentration levels could 

counteract unstable salinity gradients and that the dynamics of the estuary are highly 

dynamic. These findings give rise for future studies and further instrument 

development for monitoring and quantifying these dynamic processes. 
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